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ABSTRACT

The influenza virus is a human respiratory virus that continues to ravage the world even in the presence
of a vaccine. Multiple viral protein targets have been identified to prevent and mitigate disease. However,
the most commonly used vaccines - split inactivated virus vaccines - only have standardized concentrations
of the hemagglutinin (HA) surface protein and elicit HA-specific antibodies. These responses are strain-
specific with limited ability to cross-react with antigenically drifted viruses. Therefore, these current
vaccines do not provide protection toward potentially pandemic influenza viruses from the avian, swine,
or other animal host reservoirs. The neuraminidase (NA) surface protein is not quantified or standardized
even though antibodies that target the NA protein are meaningful correlates of protection in humans and
mitigate disease in animal models. New NA vaccine immunogens are being investigated to increase the
vaccine’s protective breadth and longevity. An N1 NA subtype vaccine immunogen was designed with
the computationally optimized broadly reactive antigen (COBR A) methodology using wild-type NA
sequences originating from swine, avian, and human isolated HXNi1 viruses: N1-I COBR A NA. In the
mouse model, the wild-type Nr antigens elicited antigenically distinct patterns based upon the genetic
lineage (human, avian, or swine). The human and avian lineage did not cross-react between each other.
However, the N1-I COBR A NA elicited functional antibodies to all N1 lineages. Further, this functional
antibody profile corresponded with the protection from viral challenge in the ferret model. The Ni-I
COBRA NA protected as well as the homologous control proteins an HiN1 and an HsNr1 challenge (two
avian lineage viruses), whereas the human lineage N1 immunogen offered significantly less protection.
Lastly, in a contact transmission model, modeling a family unit, vaccination with any immunogen did
not inhibit the ability of the vaccinated ferret from transmitting to a naive ferret, or from a naive ferret
from transmitting to a vaccinated ferret. Overall, this dissertation provides an in-depth analysis of the
antigenic and protective profiles of wild-type and the Ni-I COBR A NA immunogen. The inclusion of
the N1-I COBRA NA or, at a minimum, wild-type NA protein into current vaccine compositions will
provide increased benefit.
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CHAPTER I

INTRODUCTION

Influenza viruses are common human respiratory pathogens transmitted through air-borne droplets and
contact with contaminated surfaces. Annually, millions of people are infected with a resulting estimated
o.s million deaths globally. Commercial vaccines direct the immune response to hemagglutinin (HA) -
a significant viral surface protein - and elicit high anti-HA antibody titers. Unfortunately, when there is
an antigenic mismatch between the vaccine HA and the circulating influenza strain, there is a decrease in
the vaccine effectiveness in vaccinated persons. Therefore, current vaccines are inadequate for long-term
protection (>1 year) due to the high epitope variability of the HA protein providing effectiveness between
10-60% depending upon the season (Centers for Disease & Prevention, 2021a). Often these vaccines elicit
little or no antibodies against the virus’ second-most abundant surface glycoprotein — the neuraminidase
(NA) - even though anti-NA antibodies contribute to protection. Furthermore, not only is NA more
antigenically stable than HA, vaccinating with only two antigenic subtypes of NA (N1and N2) can widen
the elicited antibodies’ protective breadth to cover human seasonal epidemics strains (HiINr; H3N2) in
addition to potentially pandemic strains (HsN1; H2N2, HsN2, H7N2, H9N2). This broad reactivity is
a crucial feature for future influenza vaccines. Vaccine researchers and companies have historically over-
looked the NA as a universal influenza vaccine antigen in favor of the HA protein. Previously, researchers
used the Computationally Optimized Broadly Reactive Antigen (COBR A) methodology to develop HA

antigens that elicit a polyclonal antiboody response that binds to and inhibits a broader range of HA pro-



teins than wild-type HA antigens. Hence, I hypothesize that an N1 NA antigen designed using the
COBRA methodology elicits antibodies with broadly inhibitory and protective activity towards
multiple influenza viruses that spans across N1 genetic lineages and HA subtypes in both mice

and ferrets.

1.1  Research Aims

Specific Aim 1: Design broadly reactive COBR A-based N1 NA vaccine candidates and define their
immunological and protective characteristics to seasonal and pre-pandemic influenza viruses in mice.

Hypothesis: Nt COBRA NA antigens elicit protective antibodies against a broader panel of N1 influenza
viruses than antibodies produced by wild-type influenza viruses of different subtypes.

Broadly reactive NA proteins designed by COBR A methodology used wild-type NA sequences as the
original input. Unique sequences of wild-type NI proteins were aligned and clustered for each NA sub-
type using a multi-layered consensus approach to generate COBR A NA vaccine sequences unique from
wild-type sequences. Soluble tetrameric COBR A or wild-type NA protein vaccines were administered to
BALB/c mice with adjuvant three times. Mice were bled pre- and post-vaccination, and the collected anti-
sera were tested for the ability to bind to the NA (anti-NA ELISA) and to inhibit NA enzymatic activity
(NA-inhibition assay) against a panel of wild-type influenza viruses across multiple HA subtypes. Vacci-
nated mice were challenged with varying challenge viruses (pandemic HiNT1, seasonal HIN1, swine HINT,
HsNi). Challenged animals were monitored for signs of morbidity for up to 14 days. Lung pathology and
viral lung titers were recorded at day three post-infection.

Specific Aim 2: Assess the elicitation of protective immune responses by COBR A NA antigens in
the naive and pre-immune ferret model.

Hypothesis: The COBRA NA vaccines elicit protective immune responses in ferrets against influenza
viruses from multiple subtypes and reduce disease pathology in challenged ferrets.

Naive and pre-immune ferrets will be vaccinated with adjuvanted COBR A and wild-type NA vac-

cines. The N1 COBR A antigen will be tested for efficacy in ferrets exposed to a prior sublethal seasonal



HiNI influenza infection to establish pre-existing seasonal influenza immunity. After a period of rest,
these pre-immune ferrets will be vaccinated with N1 COBR A antigens and tested for protection against
HiNr or HsNr viral challenges. Elicited serum responses were characterized similarly to mice. After the
challenge, ferrets will be assessed for weight loss and viral titers in nasal washes and pathology in tissues of
the respiratory tract. Results will be compared to non-pre-immune ferrets vaccinated with the same N1
COBR A vaccine antigens.

Specific Aim 3: Determine the effect of NA COBR A vaccination on influenza transmission in the
ferret model.

Hypothesis: COBRA NA vaccine elicits immune responses in _ferrets, and those responses can reduce or
block transmission of influenza viruses from host to host.

Ferrets vaccinated with N1 COBR A vaccines will be challenged with an HiN1 virus and subsequently
co-housed with an unvaccinated ferret for 14 days to determine if ferrets transmit the virus (both contact
and aerosol) to the unvaccinated animal. In a reciprocal experiment, unvaccinated ferrets will be challenged
and then housed with vaccinated ferrets to determine if the vaccination protects against influenza virus

infection via aerosol or contact transmission. Ferret challenge outcomes will be assessed as described above.

1.2 Signiﬁcance

With four historical pandemics since 1918, the influenza virus remains at the forefront of communicable
diseases. The virus maintains global seasonal epidemics and retains its pandemic potential through animal
reservoirs. The infectious virion is a negative-sense single-stranded RNA virus with an eight-segmented
genome. The surface of the virion is composed of the hemagglutinin (HA) and neuraminidase (NA)
glycoproteins involved in receptor binding and release, respectively. Neutralizing antibodies target these
proteins, and current antivirals (zanamivir and oseltamivir) target the NA. The HA and NA are indepen-
dently subtyped based upon serological cross-reactivity, which are used to classify viral isolates (e.g., HINT,
HsN1, H3N2). Currently, only N1 or N2 containing viruses have maintained substantial transmission in

humans. The N6, N7, N8 and N9 have been isolated from human infection but at much lower rates. The



NA has sialidase enzymatic activity contributing to cleavage of mucins, motility, the release of progeny
virions, and prevention of self-aggregation (Wohlbold & Krammer, 2014).

Vaccination remains the primary influenza prevention method and elicits protective antibodies against
the surface glycoproteins. One of the most commonly used seasonal flu vaccines is a split-inactivated
influenza vaccine that does not remove any of the virion components. Although all of the components
are present, the structural integrity of the proteins can be destabilized from the split-inactivation process
and the final NA protein concentration is not standardized unlike the HA protein (Solano et al., 2017).
Vaccination increases antibody titers against the HA protein but not against the NA. The lack of anti-NA
titers may be due to this decreased structural integrity from vaccine preparation and to the contribution
from the HA being more immunodominant than the NA (Wohlbold & Krammer, 2014).

Antibodies targeting the NA are protective to the host and viral neutralizing. The NA protein is
under different selective pressure than the HA, and at times has slower mutation rates compared to the
HA protein. Therefore, inclusion of the NA immunogen may elicit an antibody pool that complements
the HA elicited pool and may increase the protective lifespan of the vaccine due to the separation of the
HA and NA mutation rates.

The goal for influenza vaccine research is the development of a broadly protective vaccine. The Com-
putationally Optimized Broadly Reactive Antigen (COBR A) methodology combines diverse wild-type
protein sequences into a layered-consensus sequence. To develop a COBR A antigen, the wild-type pro-
tein of interest must be variable in sequence. The antigenic drift of the NA, the high mutation rate of
influenza polymerase, and the broad host range introduce and maintain this necessary sequence variability.
Therefore, I propose that application of the COBR A methodology to the N1 NA protein may produce
an computationally-derived NA antigen that is more broadly protective across viral strains than wild-type

N1 NA proteins.



1.3 Innovation

Current approaches for developing a universal or broadly reactive influenza vaccine have focused on elic-
iting antibodies targeting the HA surface protein with very little interest expressed in NA. However, one
broadly protective Nt COBR A NA vaccine can protect from human seasonal and pandemic Hi epidemics
and decrease the potential for avian HsN1 and swine HIN1 zoonotic pandemics. The N1 NA immunogen
protects against more HA subtypes and species-of-origin than the use of an HA immunogen. Ultilizing
the antibody response to the NA protein, in addition to, the HA protein will lead to an increase in the
longevity and neutralizing capacity of the influenza vaccine.

Current research has indicated that NA protein as a promising vaccine target. Previously, much of
the research focused on the NA protein primarily as a drug target. The NA protein has been directly
targeted as a site to prevent infection. Therefore, more preventative responses (such as antibodies induced
through vaccination) instead of therapeutic responses (antivirals taken after infection) to the NA protein
should be prioritized to decrease the prevalence of influenza. In addition, understanding more about
the NA protein as a vaccine antigen, as proposed here, will contribute towards understanding influenza

replication and protection from infection.
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]
LITERATURE REVIEW

'Skarlupka, A. L., & Ross, T. M. (2020). Immune Imprinting in the Influenza Ferret Model. Vaccines (Basel), 8(2).
doi:10.3390/vaccines8o20173. Reprinted here with permission of the publisher.



2.1 Abstract

Influenza virus’ have been prevalent and important throughout human history. With the initial exposure
to influenza virus occurring during childhood, this imprinting has long-lasting effects on the immune
responses to subsequent infections and vaccinations. Different vaccine candidates and regimens have
been proposed and used to combat the influenza disease symptoms. Thus animal models are used to
investigate influenza pathogenesis and vaccination. Therefore, this review covers in depth the influenza
virus-life cycle, vaccine candidates, and animals models, all of which are necessary in the development of

a broadly-protective influenza vaccine.



2.2 Influenza History in the Human Population

Influenza virus induces a respiratory disease with a broad host range that causes significant morbidity and
mortality in humans. The characteristic symptoms of the disease (fever, cough, chills, fatigue) allowed
for the classification of influenza outbreaks before the virus’ first isolation in 1933 (Potter, 2001, Wozniak-
Kosek et al., 2014)). Influenza pandemics were recorded throughout human history as early as 1175 AD
(Creighton, 18195 Hirsch, 1883), and the 1918 pandemic of HiN1 influenza placed an especially extensive
toll on global health. The 1918 pandemic had a conservative estimate of global mortality of so million
individuals. When accounting for factors such as missing records, misdiagnosis, and location, the count
may be as high as 100 million (Johnson & Mueller, 2002). After the pandemic, the HiNr1 influenza virus
remained prevalent in the population until 1957. In that year, an avian-origin H2N2 pandemic influenza
virus replaced the seasonally circulating HiN1 influenza virus, leading to an estimated 1.1 million excess
global deaths (Potter, 2oo1; Reneer & Ross, 2019; Viboud et al., 2016). Nine years later, another avian-
origin H3N2 influenza virus led to the subsequent pandemic in 1968, which accumulated between 1 to
4 million global deaths as well, and some postulate the severity of this pandemic was mitigated due to
the population having pre-existing antibodies to the neuraminidase component. (Honigsbaum, 2020}
Kilbourne, 2006). The last recorded influenza pandemic was in 2009. The pandemic virus arose from a
reassortment event between swine and avian influenza viruses, replicated and transmitted efficiently in
human hosts (Garten et al., 2009 G. J. Smith et al., 2009).

The pandemics are associated with zoonotic transmission of influenza viruses from animal reservoirs,
such as avian or swine, to the human population. This species transmission is possible due to the similarity
of the influenza virus receptors for infection. Human- or swine- isolated influenza viruses bind to N-
acetylneuraminic acids attached to galactose by an a-2,6 linkage (SAa-2,6Gal). In contrast, avian-isolated
influenza viruses bind at a higher strength and rate to the 2,3 linkage (SA-2,3Gal). In avian species, the
influenza virus infections are localized within the SAc-2,3Gal lined gastrointestinal tract. In mammalian

hosts, influenza viruses are respiratory pathogens. The human upper respiratory tract contains a higher



prevalence of SAa-2,6Gal expressing cells, and the lower respiratory tract SAa-2,3Gal. However, this
species specificity between the receptors is not absolute since the host epithelium cells express both linkages.
Furthermore, the receptor-binding site on the HA that recognizes and binds to the sialic acid can have
one or two amino acid mutations that allow for recognition of the other moiety. Thus, leading to the
zoonotic transmission observed with the avian-origin 1918, 1957, and 1968 pandemics, and swine origin
2009 pandemic. Therefore, zoonotic transmission of influenza from animal reservoirs remains a consistent
possibility.

During periods devoid of pandemics, the influenza virus remains endemic throughout the global
population. Two types of influenza viruses (Type A and Type B) circulate in a seasonal pattern (Moriyama
etal.,,2020). Initial exposure to influenza occurs during childhood; at six to nine years old, 80% of children
were seropositive to H3N2 (F. Liu et al,, 2017). Both types of influenza cause morbidity and mortality
annually. Currently, public health agencies attribute influenza virus infection to nearly s00,000 annual

global deaths (Paget et al., [2019).

2.3 Consequences of Influenza Pre-Immunity

The first influenza strain that infects a human or animal is the imprinting virus for that individual (Fran-
cis, McNeil, et al., 2019; Gostic et al., 2016). This initial strain biases the immune memory response to
subsequent infections in a phenomenon described as “original antigenic sin” or “immune imprinting”
(Arevalo et al., 2020; Gostic et al., 20165 Henry et al., 2018; Vatti et al., 2017). The premise is that when
mounting a secondary response to a closely related antigen, instead of creating a wholly new and distinct
response, the body recalls memory B-cells that have antibodies that recognize the first antigen (Vatti et al.,
2017). This quick recall allows for more robust and faster antibody response, but it may not be as eftective
as creating a custom response for the second infecting virus. The imprinting strain is associated with the
firstinfluenza virus infection. Correlations between the imprinting strain and age of birth resultin natural

serological groups. In human cohorts, these correlations are due to differences in the circulating influenza



viral subtypes and strains at the time of infection and the individual’s age of first exposure (Gostic et al.,
2016).

The immune responses of differentially imprinted age groups can be compared to uncover the long-
term biases due to differences in pre-immunity. Children from 1957 to 1968 were imprinted with circu-
lating H2N2 viruses, whereas children born between 1968 and 1977 were likely imprinted with H3N2
subtypes. Furthermore, even within the earlier group of children from 1957 and 1968, the children ex-
posed to pandemic H2N2 strains had differential neutralization responses to H2N2 viruses compared
to children exposed to the late seasonal H2N2 strains (Matsuzawa et al., |2o19). Hence, antigenic drift
contributes to imprinting biases. On a broader scale, the imprinting HA-phylogenetic group (group
1vs. group 2) is associated with susceptibility to future pandemics (Centers for Disease & Prevention,
2009; Gostic et al., 2016; Novel Swine-Origin Influenza et al., 2009; Simonsen et al., |2004; Skountzou
etal,, 2010). Immunological imprinting has also been observed with the NA. Individual that were poten-
tially imprinting with H2N2 or H3N2 due to their year of birth had lower Ni-specific antibodies than
individuals born after 1977 (Y. A. Desheva et al., 2015).

Although imprinting was initially characterized by serological results, the basis of this phenomenon is
cellular, with the initial infection driving the production of long-lasting virus-specific B- and T-memory
cells that bias the immune response to subsequence viruses (Francis, King, et al., 2019). After this initial
infection, pre-existing immunity is the culmination of the first and all following exposures and can also
be referred to as an individual’s entire influenza history (Francis, McNeil, et al., 2019)). A pre-immune
individual is one with any immune memory to influenza. Using pre-immune models to determine the
dangers of zoonotic transmission, especially from swine-origin, is particularly beneficial (Houser et al.,
2013; F. Liu et al,, 2017). During the HiN1 2009 influenza virus pandemic, the different priming patterns
in the population contributed to an unprecedented age-biased distribution in human morbidity (F. Liu
etal., 2o18)). Altogether, these factors highlight the necessity for unraveling the impact of imprinting and

pre-immunity on subsequent infection and vaccination.
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2.4 Influenza Virion Structure and Morphology

The Orthomyxoviridae tamily of viruses is characterized by its negative-sense, single-stranded segmented
RNA genomes, and it consists of the following genera: Thogotovirus, Isavirus, Alphainfluenzavirus, Be-
tainfluenzavirus, Deltainfluenzavirus, and Gammainfluenzavirus. The last four genera correspond to
the four types of isolated and identified influenza viruses, Type A influenza, Type B influenza, Type D
influenza, and Type C influenza, respectively. Of the four, Types A, B, and C have been documented
to infect humans, with Type A previously causing pandemics, Type B remaining endemic in the popu-
lation, and Type C rarely being isolated from a human host (Kumar, 2017). The influenza virus strains
are uniquely named based upon host origin, location, and year of isolation. Type A influenza is further
classified into subtypes based upon the surface proteins of the virion. Together those surface protein, HA
and NA, subtypes denote an overall viral subtype (e.g., HIN1 influenza; H3N2 influenza) (Tong et al.,
2012).

The envelope of Type A influenza viruses is a lipid membrane derived from the host cell. Influenza
viruses are pleomorphic, with the morphology of the virion ranging from spherical with a diameter of 100
nm to filamentous particles as long as 30oonm depending on the growth conditions of the virus (Dadonaite
et al., 2016; Harris et al., 2006; Hutchinson et al., 2014)). The HA, NA, and M2 ion channel proteins
protrude from the surface of the virion. The HA and NA are the majority of the surface proteins in a
ratio of 4 HA:1 NA protein (R. Du et al,, 2019). The NA proteins form clusters on the surface of the
envelope around the HA proteins, leading to some areas of the viral envelope devoid of NA (Harris et al.,
2006). The M1 integral membrane protein is located just beneath the envelope providing structure to the
virion, inhibiting the viral polymerase, and assisting genome segment packaging within the virion during
budding (M. Itoh & Hotta, 1997)). The viral components inside the envelope are encapsulated with the
viral ribonucleoprotein complex (VRNP), which contains the RNA genome segments, the polymerase

basic 1 (PBr), and polymerase basic 2 (PB2) polymerase proteins, the polymerase acid (PA), and the nucle-
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oprotein (NP). The nuclear export protein and nonstructural protein (NEP/NS2) are present within the

virion, but the function has yet to be elucidated.

2.5 Influenza Virus Genome and Antigenic Shift and Drift

Type A influenza viruses contain eight RNA segments that encode up to eleven difterent proteins. The
RNA segments are numbered based upon the length. In the order from longest to shortest, the RNA
segments are 1. PB2, 2. PB1, PB1-F2, PB1-N4o, and PB1-F2, 3. PA, PA-X, PA-Niss, and PA-N182, 4. HA,
5. NP, 6. NA, 7, M1, M2, and M 42, and 8. NS1, NEP/NS2, and NS3 (Hao et al.,, 2020} Jagger et al., 20125
Muramoto et al., 2013; Selman et al., 2o12; Wise et al., 20095 Wise et al., 2012)). The influenza viruses utilize
frameshifted start sites or spliced mRNA to encode different proteins, such as with the M2 gene within
the M1 RNA segment and the NEP/NS2 proteins within the NSt RNA segment (Garaigorta & Ortin,
2007; Valcarcel et al., 1991). The PB1-F2 protein originated from an alternate open reading frame in the
PB1 RNA segment. The PB1-F2 and the other nonstructural proteins are accessory proteins associated
with virulence and are not essential for some influenza A virus replication (Alymova et al., 2018)).

For Type A influenza, the HA and NA molecules are subdivided into different serotypes depending
on their ability to react with polyclonal antisera raised against a specific HA type or NA type (R. Yoshida
etal.,2009). Currently, there are eleven distinct NA subtypes, with two previously implicated in causing
pandemics and seasonal circulation in humans (N1, N2). Other NA subtypes (N3, N6, N7, N8, and No)
have been isolated from human infections from zoonotic influenza viruses that were short-lived in the
population (European Food Safety et al., po21; Wohlbold & Krammer, 2014). Type B influenza also has
different HA subtypes, but they are divided into two lineages: Yamagata-like and Victoria-like. Real-time
reverse-transcription polymerase chain reaction (PCR) methods quickly distinguish between Type A and
Type B influenza and, with optimization, can distinguish between H3N2 and HiNr1 influenza (Kaul et al.,
2010; Wozniak-Kosek et al.,2014)).

The influenza genetic segments undergo independent evolution with the RNA-dependent RNA

polymerase, which does not have proofreading capabilities (Boivin et al., 2010)). The mutation rate is
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estimated to be 1.8 x 10~ substitutions per nucleotide per strand copied (s/n/r) for HIN1and 2.5 x 10~*
s/n/r for H3N2 (Pauly et al., 2o17). These mutation rates indicate an average of 2-3 mutations for every
replicated genome. Although the mutation rate of the influenza polymerase does not change across
genome segments, the evolutionary dynamics of the segments difter (Joseph et al., 2015)). The proteins
have different amino acid mutation rates over time (J. M. Chen et al., 2009; Joseph et al., 2015; Raghwani
et al., 2017, Worobey et al., 2014b; Zhuang et al., 2019). The divergence between protein sequences are
commonly quantified by estimating the time to the most recent common ancestor (TMRCA) (Zhou
& Teo, [2016). Specifically, for the H3N2 viruses, the HA gene has the quickest turnover rate (1.90 years
TMRCA), followed by the NA gene segment (2.4 years) and then the internal genes, with the M1 gene
having a TMRCA of around seven years (Raghwani et al., 2017). These differences in TMRCA indicate
that the phylogency of the HA, followed by the NA, has more branching and divergence, indicating strong
selective pressure.

Combining the high mutation rate of the influenza virus polymerase and the strong selective pressures
of the host’s immune system, non-silent mutations on the surface glycoproteins become fixed over time.
These mutations occur in antigenic sites on both the HA and NA, which are recognized by neutralizing an-
tibodies and allows the virus to not be detected by antibodies in a previously immune host (Air et al., 198s;
Caton etal.,1982b; Colman et al.,1983; D. C. Jackson & Webster, 1982; Wiley et al., 1981). This mutational
change over time leads to antigenic drift of the virus. Antigenically drifted viruses evade the immune
system, replicate, and cause disease in what were previously immunologically immune individuals.

In addition to antigenic drift, reassortment of the segments are possible during replication. Reassort-
ment between different types of influenza (Type A, B, C, or D) has not been reported, which further
supports the evolutionary distinction between the genera. During co-infection of two or more strains
of influenza, the progeny virion may contain a mixture of the two parental virus segments. When the
HA and/or NA gene segments are reassorted, this leads to antigenic shifts. Within subtypes, there can
be distinct shifts in antigenicity, such as with the seasonal HiN1, which circulated in humans until the

emergence of the swine-origin 2009 pandemic HiN1. The internal genes can also undergo reassortment
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and may contribute to increased fitness or transmissibility between hosts. These shifts are unprecedented,
originate from reassortment with avian, human, or swine-origin viruses, and are often met with no neutral-
izing antibodies in the host population. Antigenic shifts can also occur from direct zoonotic transmission
from an animal host into the human population (Grebe et al.,2008). The lack of immunological memory

of these antigens increases the virus’ pandemic potential.

2.6 Neuraminidase Structure and Function

The NA is a type II membrane-anchored homo-tetramer glycoprotein. The overall structure has a glob-
ular head (residues: 76-470) distal from the membrane attached to a thin stalk portion (residues: 36-75).
Near the surface of the virion, the stalk meets with the apical transport and lipid raft association region
(residues: 11-33) and transmembrane domain (residues: 7-27), and lastly, the intra-virion region (residues:
1-6) (Laver & Valentine, [1969; UniProt, 2021). (Amino acid residue locations are in reference to A/Puerto
Rico/8/1934 HINI neuraminidase. UniProtKB accession number: Po3468). The protein is about 470 or
450 amino acids in length, depending upon the subtype and host-lineage (Air,|2012)). NA proteins isolated
for avian hosts may have a deletion of between 20 to 30 amino acids in the stalk region of the protein as a
compensatory deletion for poultry adaptation from aquatic avian hosts (Blumenkrantz et al,, |2o13). The
length of the stalk has been associated with infectivity and transmission of the virus and immunogenicity
of the protein (Bi et al., po16; Blumenkrantz et al,, 2013; S. Chen et al., 20205 Munier et al., 2o10; S. Park
et al,,or7; Stech et al., 2015)).

Of the protein, the head portion is highly immunogenic and contains the enzymatic cleavage site for
sialic acids. X-ray crystallography revealed the three-dimensional structure of the NA head protomer as
a six-bladed propeller structure; the other regions (stem, transmembrane domain, and cytoplasmic tail)
have not yet been successfully crystallized (Bossart-Whitaker et al., 1993). At least eight disulfide bonds
hold together the homo-tetramer conformation in addition to internal protein interactions (Selimova
etal.,|1982; Shtyrya et al., 2009; Ward et al.,1983)). Calcium ions are also necessary for enzymatic activity

and maintaining thermostability with a minimum of four Ca?t binding sites for some NA subtypes
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(Baker & Gandhi, [1976; Brett & Johansson, 2006; Giurgea et al., 2021; B. E. Johansson & Brett, 2003; H.
Wang et al.,, |2o19)). The enzymatic cleavage site is highly conserved and is the target of antiviral drugs and
monoclonal antibody development. There are four cleavage sites per NA tetramer. The SA-2,3Gal are
cleaved more efficiently than SAa-2,6Gal for all NA subtypes; however, human isolated NAs can cleave
SAa-2,6Gal more efficiently than SAa-2,3Gal (W. Du et al., 2018). The enzymatic activity needs a slightly
acidic environment to function (s.5-6 pH), with some NAs able to function in pHs as low as 4-5 pH
(Takahashi & Suzuki, 2o15).

Conversely the head of some NA subtypes also contains a SAa-2,3Gal-preferential sialic acid-binding
site (reviewed in W. Du, de Vries, et al., 2020) (W. Du et al., 2019; Varghese et al., 1997). This binding site is
not the same as the HA binding site (X. Sun et al., 2014)). This binding site is thought to help shuttle sialic
acids into the cleavage active site, especially since it may be overlapping or near the cleavage site (Dai et al.,
2017). Although the exact mechanism behind the need to the sialic acid binding site is not known, but
mutations in the binding site led to compensatory mutations in the HA protein. Avian isolated NAs have
highly conserved binding sites but the human isolated sites are less active indicating a potential adaptation
from avian influenza to human influenza (W. Du, Wolfert, et al., 2020)).

The surface of the NA may be highly glycosylated depending on the specific amino acid sequence,
the host, and the evolutionary lineage of the virus. For the N1 and N2 proteins, there are three and four
conserved N-linked glycosylation sites, respectively. Glycosylation, protein folding, and translocation are
mediated by host enzymes and cell mechanisms when the protein enters the lumen of the endoplasmic
reticulum (ER) (N. Wang et al,, 2008). After which, the glycans assist with the incorporation of the
NA into new virions and viral production (Ostbye et al., 2020)). In terms of evading the host immune
response, the addition of a glycosylation site increases the ability of the virus to avoid the immune system
sterically hindering antibodies from recognizing immunogenic antigenic epitopes and also making the
protein inaccessible to antiviral drugs, in a mechanism termed antigenic camouflage or glycan shielding
(Kendal, 1987; Seitz et al., 2020). Another mechanism includes allowing the immune system to recognize

the glycans as “self,” leading to no elicitation of an immune response (Kendal, 1987). The addition of
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N-glycans decreases the overall stability of the protein for the N1 but has not been found to affect the N2
stability (Ostbye et al., 2020]). For sites not protected by glycans, antigenic drift in the NA contributes
to evasion from the host immune system. Therefore, the potential for a vaccine that elicits cross-reactive

antibodies to neuraminidase is of great interest.

2.7 Neuraminidase Genetic Diversity

The NA diversity rivals that of the HA. The NAs are characterized into two nucleic acid-based phylo-
genetic groups. Group 1: N1, N4, Ns, and N8; Group 2: N2, N3, N6, N7; Bat NA-like Group: Nio
and Nig; and Type B influenza NA (Air, 20125 Krammer et al., 2018; Q. Li et al., 2012)). The subtypes
are identified through amino acid sequence and antibody reactivity with the NA-inhibition (NAI or NI)
assay. Recent computational advances utilize the DNA sequences and physical and structural properties
of the NA protein to determine subtypes (Humayun et al.,|2021). Further, the subtypes can be subdivided
into genetically distinct lineages (S. Liu et al., 2009; ]. Xu et al., 2012; Zhuang et al., 2019)).

The N1 subtype can be subdivided into three main lineages (Nr.1, Nr.2, and N1.3), which can be
subdivided even further if necessary (Fig. (Zhuang et al.,]2019). The N1.1avian lineage is comprised of
the avian-isolated HXNi1 viral subtypes, the highly-pathogenic avian HsNr influenza viruses, the Eurasian
swine-isolated HXNr viruses, and human-isolated HIN1pdmog viruses. The other two lineages are more
restricted in host isolation. The Nr.2 human lineage is comprised of human-isolated seasonal HiNI prior
to the 2009 pandemic. Whereas, the N1.3 classical swine lineage is comprised of mostly North American
swine-isolated HiN1 influenza viruses. All three of the main lineages contain sub-lineages specific to
geography and host with a high estimate of 64 sub-lineages (when using nucleotide sequences) for the N1
subtype (Shi etal., 2010). The genetic diversity has also translated to antigenically distinct groups between

divergent N1 NAs (Gao et al., 2o19).
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Figure 2.1: The clades of the N1 NA genetic lineages were determined through previous phylogenetic
analysis (J. M. Chen et al., 2007; Fanning et al., 2000} S. Liu et al., 2009; Schon et al., 2021, Zhuang et al.,
2019). Clades are color coded based upon host viruses are isolated from: grey: multiple host species; blue:
avian host species; red: swine host species; green: human host species. AIV: Avian influenza virus; SIV:
Swine influenza virus; HulV: Human influenza virus
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2.8 Influenza Entry and Replication Cycle

Before, during and after host cell infection, the neuraminidase contributes to motility, viral attachment,
and release of the virions (reviewed in Dou et al., |2018). Upon entering the host’s respiratory system, the
virion encounters mucins lining upper respiratory tract. The NA cleaves the mucin sialic acids facilitating
the movement of the virion until it comes in contact with epithelial cells surfaces that are expressing the
appropriate receptors for entry (Cohen et al., [po13; Vahey & Fletcher, |2o19; Yang et al,, 2o14)). The NA
activity, although dependent on environmental pH, is still functional at neutral pHs. Currently, it is
unclear if the microenvironment of the lung is acidic enough for maximum NA cleavage or if the reduced
efficiency at neutral pH is permissive for replication. During virus entry, the HA binds cell surface borne
sialic acids; if that SA is bound to an entry receptor, entry will be initiated. If the SA is not bound to a
receptor or is a decoy SA, the NA will cleave the sialic acid and releasing the HA to bind to other SAs.
This mechanism allows the virion to “walk” to a neighboring receptor (reviewed in de Vries et al., 2020)
(Hamming et al.,|2020). Therefore, the SA that the HA binds to needs to also be recognized by the NA
in order to maintain SA-binding-cleaving balance (de Vries et al., 20205 R. Du et al., 2019; W. Du, Wolfert,
et al.,2020)).

After the HA has bound to an entry receptor, the host cell internalizes the virion primarily through
clathrin-coated pits, followed by less common clathrin- and caveolin-independent mechanisms, such as
macropinocytosis (de Vries et al., 2o11; Rust et al,, |20o4). Upon entry the low pH in the endosomal
compartment triggers a structural change in the HA protein revealing the fusion peptide. The peptide is
inserted into the endosomal membrane initiating the fusion with the virion envelope. The M2 protein
pumps hydrogen ions from the endosome into the virion which disrupts and dissociates the VRNP from
the M1 protein. The vRNP travels into the host cell through the pore and is actively shuttled to the
nucleus.

The influenza virus replicates using host 5’ capped primers and the RNA polymerases in the vRNP.

Initially, mRNA is produced to create the proteins needed for the next generation of virions. After
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enough viral protein has been created, the production is switched to viral RNA segments for packaging.
Preferential temporal gene transcription of the different segments has not been observed for influenza
(Kawakami et al., o1z Vester et al., 2010)); usually viruses do not produce the surface proteins until later in
the cycle to limit pre-mature budding. However post-transcriptional modulation may contribute to HA
and NA production. Dependent on the NSt protein levels, the NSt may associate with the 5’ untranslated
region of the HA and NA transcripts. The mRNA is then associated with the either the ER-trathcking
machinery or ER ribosomes since the surface proteins’ transmembrane domains act as an ER targeting
sequence (Nordholm et al., 2017), but the mechanism has not been fully elucidated (Dou et al., 2018)).

Once the NA protein is associated with the Sec61 protein-conducting channel the transmembrane
domain becomes associated with the ER membrane, and the NA inverts during translocation with the
C-terminus inside the ER lumen (Bos et al., 19845 Hessa et al., 2007; Mandon et al., 2013). Inside the
lumen the NA protein becomes glycosylated with N-linked glycans which are associated with proper
folding by recruiting calnexin and calreticulin chaperones and an oxidoreductase which assists with the
disulfide bond formation (Daniels et al., 2003; N. Wang et al., 2008)). For the N1 monomers each contain
eight disulfide bonds, and the N2 subtype contains nine bonds. The NA dimers are co-translationally
formed first, and then the dimers are oligomerized to form the tetramer. The formation of the tetramer
requires at least two more additional disulfide bonds. It is currently not clear if the NA protein actively
cleaves SA inside of the Golgi during processing.

Starting from the beginning of protein synthesis the NA protein is present on the cell surface as soon
as 30 minutes and reaches a peak content at 1 hour (Hogue & Nayak, 1992)). The budding virion is initiated
at lipid rafts in the plasma membrane. The NA localizes to the lipid raft locations due to the C-terminus
of the transmembrane domain (Barman et al., 2004). The vRNPs are transported to the apical membrane
containing the lipid raft. The mechanism of budding is not fully understood, but budding has been
observed with expression of only the NA protein (B. J. Chen et al,, 2007; J. C. Lai et al., 2o10). Once
budding is complete the NA cleaves the SA attaching the nascent virion’s HA to the parent cell, releasing

it to infect a new susceptible cell.
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Successful replication can only occur with the cleavage of HAo into the functional disulfide-linked
HAi1-HA2 polymer. In human influenza viruses the single-basic cleavage site is recognized by human type
II transmembrane serine proteases such as TMPRSS2 and human airway trypsin-like protease (Beaulieu et
al., po13; Bottcher-Friebertshauser et al., |aorr). The serine proteases are present throughout infection and
cleavage may occur in the extracellular space, within the host after viral uptake, during protein processing
in the Golgi, and during budding of the new virion (Beaulieu et al., |2013). This need for specific pro-
teases restricts the pathogenesis range to only hosts and tissues expressing these specific proteases. Highly-
pathogenic avian influenza Hs and H7 HAs contain a multibasic cleavage site allowing it to be cleaved
by intracellular ubiquitous subtilisin-type proteases which may lead to increased viral tissue tropism and
pathogenicity (Suguitan et al., |2o12)).

The cleavage of the HAo may also be influenced by the NA. NA-dependent cleavage has been observed
in an A/WSN/33 HiNi strain derived from repeated passages of A/WS/33 in mice (closely related to 1918
HiN1 pandemic strain), an H7N6 avian influenza virus, and an H3N1 avian influenza virus (Chaipan
etal,[2009; Kwon et al.,2019; Schon et al., 2021, Zambon, 2001). With the absence of a glycosylation at
position 146 (N1 numbering) the NA binds to plasminogen leading to plasmin and the cleavage of the
HAo (Goto & Kawaoka, 1998)). This viral replication mechanism is not well studied but has emphasizes

the importance of NA glycosylation and role during infection.

2.9 Neuraminidase-specific Inmunobiology

During influenza infection both the innate and adaptive immune system are indispensable for control-
ling and clearing the viral infection (reviewed in X. Chen et al., 2018). The initial infection triggers the
innate immune system with the release of cytokines and interferons and the recruitment of monocytes,
neutrophils, blood borne dendritic cells, and natural killer cells. After dendritic cells present the viral
antigens to naive and memory T-cells; both CD4+ and CD8+ T-cells are activated and important for

influenza virus clearance (D. M. Brown et al., 20125 Ho et al., 2or1).

20



As early as 1972, the connection between N A-specific antibodies and decreased risk of infection was
observed (Murphy et al., [1972)). Inhibiting antibodies to the protein are created and reach peak NAI
titer by day seven post onset of disease (Changsom et al., 2017). The NA specific antibody response is
influenced by the age of the individual as well as the NA subtype that is eliciting the response (S. S. Wong
etal,,2020). In the human challenge model, pre-existing NA inhibiting antibody titers correlated stronger
with the decrease in viral shedding and symptom severity, compared to both the HA inhibiting antibody
titer and the HA-stem binding antibody titer (Maier et al., 2020; Memoli et al., 2016; J. K. Park et al., 2018;
Weiss et al., 2020)). In addition to the direct action of the antibodies, the presence of these pre-existing
antibodies may lead to differential gene expression in the peripheral blood leukocytes during infection
(Walters et al., [2019).

The NA inhibition titers do not always correlate with HAI titers or microneutralization (MN) titers
within the same individual (Y. Desheva et al., 2020; Y. A. Desheva et al., 2015). Polyclonal sera isolated
from humans indicate that the NAI antibodies were broader inhibiting than the HAI and MN titer were
(Changsom et al., 2017). Further, it was determined that only the serum NAI titers significantly predicted
influenza immunity to natural infection when comparing the HAI and NAT titers of both the serum and
nasal secretions (Couch et al., 2o13).

The main mechanism of action for antibodies targeting the NA is not fully understood (Krammer
et al.,2018). The most well studied mechanism is by stopping the virion from egress (Gilchuk et al., |2019)).
Many of the antibodies target the conserved active site of the protein, or sterically hinder accessibility
to the sialic acid for cleavage (Stadlbauer et al., 2019). Further, the antibodies may be used for antibody-
dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (Krammer &
Palese, 2015). However, during infection with either HIN1 or H3N2 individual’s antibody-dependent
cellular cytotoxicity (ADCC) antibodies were boosted to the both N1 and N2 proteins for each infection.
Whereas for the HiN1 infection, ADCC responses were boosted to also Hi, H3 and H7 proteins, for the

H3N2 infection, boosting was only observed to the NAs (Valkenburg et al., 2019).
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2.10 At-risk Populations

Influenza is able to infect the majority of the population, but the disease severity of the virus is not uni-
formly distributed across populations (Centers for Disease & Prevention, 2021b). Individuals who are five
years or younger or are sixty-five years and greater are at increased risk of additional complications from
influenza infection (Czaja et al., 2019; Sekiya et al., 2021). Sex has not been identified as a determining
factor, but pregnant and postpartum women are at increased risk. Non-Hispanic Black, Hispanic/Latino,
and American Indian/Alaska Native racial and ethnic groups have been identified to have increased risk of
hospitalization from influenza but have been found to also have lower rates of vaccination (Quinn et al.,
2011). Therefore, it cannot be concluded that race or ethnicity is causing the increased risk compared to
vaccination rates or socio-economic class (Hadler et al., 2016). In addition, previous medical conditions
contribute to the risk associated with influenza infection (Collins et al., 2020)). Medical conditions such
as asthma, chronic lung disease, blood disorders, obesity (BMI > 40), diabetes, heart disease, weakened

immune systems, and metabolic disorders, all increase the risk of complications from influenza infection.

2.1 Influenza Vaccine History

The current preventative method used to combat influenza is vaccination. The annual vaccine is rec-
ommended for all individuals greater than six months of age, especially if the person is within an at-risk
population (Uyeki, 2020). The most common vaccine is an intramuscular split-inactivated egg-based
influenza vaccine composed of four viral strains, an H3N2, an HiN1, and two type Bs, one each from
the Yamagata and Victoria lineages. For the seasons between 2014 and 2019, the adjusted overall vaccine
effectiveness (VE) in the United States ranged between 19% and 48% (Flannery et al., 2019; Flannery et al.,
2020; M. L. Jackson et al., 2017; Rolfes et al., 2019; Zimmerman et al., 2016)). The VE varies between
subtypes and year to year due to numerous viral (antigenic drift/shift), vaccine (egg-adaptive changes, im-
munogenicity), and host (age, immune-status, pre-immunity) factors. To address the viral contributions,

the World Health Organization (WHO) reviews data from its global influenza surveillance network to
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identify circulating strains, heavily weighting ferret serological cross-reactivity data to determine antigenic
drifts. Vaccine manufacturers are then provided a list of recommended vaccine strains for that particular
season for either the Northern or Southern hemisphere. A vaccine is considered to be an effective candi-
date and protective if the elicited serum titer of antibodies that inhibit the hemagglutination activity of
the HA protein is greater than 1:40.

Methods to increase the host response to vaccination and VE include different vaccine compositions,
especially in adults older than 65 years of age due to their decreased immune response to vaccination
(Wilkinson et al., 2017). The inclusion of adjuvants, varying the amount of antigen, using live-attenuated

viral vaccines, and varying the route of administration are all methods used to increase VE.

2.12 Influenza Vaccine Platforms

Inactivated influenza vaccines are intramuscular shots and are the most common influenza vaccine avail-
able and readily elicit HA-inhibiting serum antibodies. The vaccines are produced by numerous compa-
nies and can be either egg- or mammalian cell-grown. The egg-grown vaccines are the most common, with
one FDA licensed vaccine being produced in mammalian cell lines due in part to egg allergens. Flucelvax®
Quadrivalent manufactured by Seqirus contains no egg allergens and may also lead to greater protection
than egg-based vaccines due to the vaccine strain being grown in the same conditions as the circulating
strain and not undergoing egg-adapted changes (Boikos et al., 2020; Rajaram et al., [2020; Raymond et al,,
2016)). The egg-based intramuscularly delivered vaccines are manufactured by Seqirus (Alfuria®), GSK
(Fluarix™), ID Biomedical Corporation of Quebec (FluLaval™), Sanofi-Pasteur (Fluzone®; Fluzone®
High-Dose). Standard-dose vaccines are composed of four inactivated influenza viruses, two Type A
strains (HiN1 and H3N2 subtypes), and two Type B strains (B-Yamagata and B-Victoria lineages). The
HA content of the inactivated viruses is measured, and then the inactivated viruses are combined to
contain 15 ug HA of each virus within a soo ul volume. For elderly individuals (65 years and older), the

high-dose trivalent vaccine was initially formulated to contain 60 ug of each HA component (Hz, H3, and
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one Type B HA). In the 2020-2021 and following seasons, the high-dose trivalent vaccine was replaced
with a quadrivalent vaccine that included the other Type B lineages.

Adjuvanted inactivated influenza vaccines, Fluad® and Fluad® Quadrivalent by Seqirus, are also
available for elderly individuals in either trivalent or quadrivalent formulations, respectively. The vaccines
are egg-based split inactivated vaccines with 15 ug of standardized HA content, but they are formulated
with an MFs9® (Novartis) adjuvant to stimulate a senescing immune system. The addition of the MF59®
adjuvant has not been found to have adverse effects within the elderly population (Yoo et al., 2018).

Live attenuated influenza vaccines (LAIV) contain quadrivalent formulations that are administered
as a nasal spray. They are approved for non-pregnant individuals between the ages of two and forty-nine
years. The manufacturer, MedImmune, has acknowledged that the mechanism of action for FluMist®
is not fully understood. Unlike split inactivated vaccines, live-attenuated vaccines do not elicit high HA-
inhibiting serum antibodies. Instead, the localized mucosal responses in the respiratory pathway (nasal
cavity) are activated along with cell-mediated immunity. The live-attenuated vaccines rely on the weakened
virus actively infecting host cells which then elicit a directed immune response to the virus. This immune
response more closely mimics a wild-type infection, which may lead to a more protective adaptive response

later.

2.13 Adjuvants

Adjuvants are compounds that stimulate and enhance the immune response to an antigen (Di Pasquale
etal,ors). Vaccines that activate the innate immune system well enough on their own do not need the
addition of an adjuvant, such aslive attenuated influenza vaccines. One seasonal splitinactivated influenza
vaccine has been supplemented with an MFs9® adjuvant (Fluad® vaccines). Other adjuvants have been
approved for inclusion in influenza pandemic vaccine formulations, including ASo3, thermo-reversible
oil-in-water, and MFs9®. The adjuvant is able to increase vaccine efficacy in children and is safe to use
in seasonal human vaccines. The mechanism of action for MF59® includes increased recruitment and

activation of antigen-presenting cells (APCs) and antigen uptake. The adjuvant elicits a strong T and B
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cell response which leads to an increase in antibody breadth. The B cell repertoire with the adjuvant is
spread across to include the NA protein instead of focusing the immune response on only the HA protein
(O’Hagan et al., 2011).

Addavax™ (InvivoGen) is approved for preclinical grade adjuvant for research use only. Influenza
vaccine studies have used Addavax™ in place of MFs9® for animal studies, including mice and ferrets
(Reneer et al., 20205 J. Wang et al., |2018). The adjuvant formulation, a squalene-based oil-in-water na-
noemulsion, is similar to MFs9®. Which in turn, leads to similar immune activation eliciting a balanced

Thr and Th2 immune response (Calabro et al., 2013).

2.14 Neuraminidase as a Vaccine Antigen

The NA has been associated as a potential vaccine candidate as early as 1972, and then in 1974 when it was
tested in an inactivated whole virus vaccine with a mismatched HA protein (Couch et al., 1974; Murphy
et al.,[1972). Since then, the NA has been included in vaccines as an afterthought. Split-inactivated whole
virus vaccines do not provide the NA antigen in an accessible format for a cellular adaptive immune
response. This in turn can lead to low or non-responders of NAI activity (Ito et al.,, 2020). There are
different factors that contribute to this, such as the age of the recipient, the structural integrity of the NA
protein during the formulation process, the immunodominance of the other proteins, and the lack of
quantification, standardization, and regulation of the NA quantity in the vaccine preparations (Shultz
et al., 2020; Sultana et al., por4). When NAI antibodies are measured the kinetics are similar to the
HALI antibodies in their longevity after vaccination in healthy adults (Petrie et al., 2015)). Further, when
supplemented into split-inactivated vaccines, the immune response was broadened to encompass more
strains potentially due to the decrease in the immunodominance of the HA (B. Johansson, 1998).

The other vaccine formats provide more antibody response to the NA. The inclusion of adjuvants for
the elderly population has been shown to increase the breadth of the antibody response to include B cell
responses to the NA protein in addition to the HA protein. Adjuvanted vaccines are only used for elderly

individuals or in pandemic vaccine formulations for emergency use. The LAIVs do not have the issue
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of protein degradation and stability like the split-inactivated vaccines. Individuals that were immunized
with LAIV vaccines had an increase in inhibitory NA antibodies (Y. Desheva et al., 2020)).

Inclusion of the NA into the development of influenza vaccines will do more than add another strain-
specific antigen for antibodies to target. Broadly binding anti-NA monoclonal antibodies have been
isolated from human subjects and were shown to be protective in mice (Stadlbauer et al., 2019). The
polyclonal sera for the N1 subtype have been found to be cross-reactive, with antibodies inhibiting both
the HiN1 2009 pandemic and the HsNr highly pathogenic NAs (Y. Desheva et al., 2020; Y. A. Desheva
et al., 2o15; Krammer et al., 2018} Pei et al., 20155 Wan et al., po13). In addition, it has been found that
across a range of different concentrations NA concentrations used for vaccination, the NA vaccines did
not inhibit infection, however there was a limit on the viral load in the lung tissue of mice (B. E. Johansson
etal.,1989)). This permissive infection vaccine allows the body to mitigate the symptoms and still mount
an immune response which can contribute to boosting the response during reinfection.

The lack of reagents for working with the NA protein is a major hurdle that is beginning to be over-
come. The amount of NA in each vaccine dose varies widely based upon the vaccine platform, the man-
ufacturer, and the lot (Gerentes et al., 1999). In 2019, an experimental high-throughput technique for
quantifying the NA content in a variety of vaccine platforms was developed (Byrne-Nash et al., 2019).
Ideally, with the increase in tools, and more calls for its inclusion the NA, especially the N1 which was
shown to be cross-reactive, will be more thoughtfully designed into vaccine production (Eichelberger &
Monto, 2019; Eichelberger et al., 2018; Eichelberger & Wan, 2o15; Giurgea et al., 2020; Krammer et al.,

2018)).

2.15 COBRA Methodology

Of the candidates proposed in the race to design broadly-neutralizing influenza vaccines that remain
effective longer against circulating viruses longer than the current standard-of-care vaccines, the compu-
tationally optimized broadly reactive antigen (COBR A) methodology was conceptualized in 2011 (Giles

& Ross, 2o11a). This approach can be utilized for protein antigens that showcase a large variability in
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their antigenic sites and amino acid sequences. For influenza, the wild-type protein sequences for either
HA or the NA protein are retrieved from the surveillance databases (NCBI Influenza Virus Resource or
GISAID) (Bao etal.,[2008; Elbe & Buckland-Merrett, 2017). After cleaning the sequences to trim the ends
and remove sequences with ambiguities, only the unique sequences are moved forward to reduce the bias
of over sampling (Machalaba et al., po15). The unique sequences are then combined in multiple rounds
of consensus layering to obtain a final HA or NA protein sequence that captures the genetic variability
of the original wild-type input sequences.

The COBR A methodology has been shown to be effective in animal models with different subtypes
of influenza. Specifically, antigens for the Hi, H2, H3, Hs and H7 HA proteins, and for the dengue
virus envelope glycoprotein have been shown to be more broadly reactive than wild-type proteins (Allen
et al, 20195 Allen, Ray, et al., 2018a; Carter et al., 2017; Carter et al., 2016a; Crevar et al., 2015; Fadlallah
et al., 2020; Giles & Ross, [2o11a; Reneer et al., 20205 Ross et al., 20195 Skarlupka et al., |2019; Skarlupka,
Reneer, et al.,2020; Uno & Ross, 2020; T. M. Wong et al., 2017). Further these antigens elicited antibody
responses in variety of animal models including: mice, ferrets, chickens, swine, and non-human primates.
The mechanism of action of how COBRA antigens induce antibody breadth is not fully understood,
but is thought to be a combination of structural stability, antigenic regions exhibiting epitopes that are
partial matches for distinct viruses, and glycosylation (Y. Huang et al.,, 2020). Although, the COBRA
methodology has only been used for the HA protein, the NA protein is also an ideal candidate for a

COBRA construct and described further in this dissertation fruitful (Skarlupka et al., 2021).

2.16 Influenza Animal Models

Animal models are used to study influenza vaccination and infection. Mice, hamsters, guinea pigs, cotton
rats, rats, ferrets, and non-human primates are used for human influenza research. Swine, chickens, guinea
fowl, and horses have also been used to study non-human species-specific influenza. The mouse model
is commonly used due to the plethora of genetic tools and the availability of reagents. In addition, pre-

immunity can be established in the mouse model (Dong et al., |2018; Kreijtz et al., 2009; Kreijtz et al.,
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2007; Min et al., 20105 Nachbagauer et al., 2017; Novel Swine-Origin Influenza et al., |2009; Schulman &
Kilbourne, 196s; Yetter, Lehrer, et al.,1980). Within mice, pre-infection compared to vaccination elicited
similar innate immunity and antibody responses. Sterilizing immunity was achieved in pre-immune
animals that had reduced viral receptors and increased T-cell responses in the lungs (Dutta et al., 2016).
Although less utilized than mice or ferrets, guinea pigs produce similar results (Nachbagauer et al., 2017;
Steel et al., [2010)). However, mice are not naturally susceptible to influenza infection, and the virus may
need to be mouse-adapted before challenge (Matsuoka et al., 2009b)). Ideally, work done in the mouse
model, will be confirmed in other animal models that more closely match the human system, such as the

ferret model.

2.16.1 Influenza Ferret Model

The gold standard for influenza vaccine research is the ferret animal model (Belser et al., 2o11). Ferrets cap-
ture the physiological and immunological aspects of influenza vaccination infection. These include similar
lung architecture, natural susceptibility to human influenza viruses, and similar antibody responses (Mat-
suoka et al,, 2009a). Currently, there are models developed that capture infants (S. S. Huang et al., 2012)),
aged (Paquette et al., 2014), naive, and pre-immune scenarios (Allen et al., 2019). During vaccine selection,
experts consider only data generated from the naive ferret model for the determination of recommended
strains for currently administered human vaccines. However, the immune response in a naive host, com-
pared to a pre-immune individual, differs during subsequent vaccination and/or infection (Ellebedy et al.,
2011; McLaren & Potter, 1974)). Therefore, the use of naive ferret sera for vaccine strain selection is poten-
tially misrepresentative of the pre-immune human population that receives each season’s influenza virus
vaccines, contributing to the observed VE.

This initial infection primes the immune system and biases future immune responses to subsequent
infections and vaccinations (Gostic et al., 2016; Hancock et al., 2009} Lessler et al., 20125 Miller et al.,
2013; Monsalvo et al., 2o1x; Tesini et al., 2019; Worobey et al., 2014a). Due to the cost and resources of

human clinical trials, there are numerous animal models designed to study this viral pathogen (Bouvier
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& Lowen, 2010). The ferret model remains indispensable due to similarities in lung physiology (Enkirch
& von Messling, 2015; Maher & DeStefano, [2004), anatomical distribution of sialylated glycan receptors
(Jayaraman et al, 2o12), and glycomic profile of ferret respiratory tissues (Jia et al,, 2014; P. S. Ng et al,,
2014). These animal models are commonly used to study viral characteristics, host immune responses,
and vaccine/antiviral therapies. Therefore, animal models that mimic pre-existing human immunity to

influenza viruses may better represent the human immune responses to infection and vaccination.

2.7 Pre-immunity on the Ferret Inmune Response

The effects of imprinting and pre-immunity on subsequent humoral and cellular responses are still under
investigation. During initial pre-immune ferret infection, there are increased nasal protein secretions
compared to naive ferrets during a heterologous challenge (McLaren & Potter, 1974). Characterization
of the influenza virus infection during different stages of the infectious process, with and without prior
specificimmunity to influenza, has recently been reported (Leon et al., 2013). The differences in protection
of a pre-immune animal compared to a naive animal may be due to the recall of antibodies specific to
shared epitopes that do not necessarily need to be neutralizing (Belongia et al., 2017). Infection induces
T-cell responses to T-cell epitopes within the HA and other proteins, and even neuraminidase inhibiting
antibodies that are not elicited by split-inactivated vaccines (Y. Q. Chen et al., |2018; Dutta et al., 2016).
These responses may be either synergistic or antagonistic when paired with vaccination. For instance,
vaccination may boost the non-neutralizing antibodies leading to decreased vaccine efficacy compared to
a naive animal.

This back-boosting, also described as an anamnestic response, has been observed in the human pop-
ulation (Carlock et al., 2019; deBruijn et al., 1997; McElhaney et al., 1993; Nunez et al., 2or7) and has
been recapitulated within the ferret model. This similarity makes it a useful tool for determining vaccine
performance in a setting where back-boosting is present (Allen et al., 2019)). Specifically, back-boosting
was observed when imprinted with HiN1/Singapore/6/1986 followed by HiN1/California/o7/2009 VLP

vaccination. The breadth of HAI-specific antibody response was wider than just HIN1/Singapore/6/1986
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alone and covered more viruses. The breadth increased to include viruses before and after the 1986 sea-
sonal virus (Carter et al., 2017). The back-boosting observed after a VLP-vaccination was dependent
on the recognition of memory B-cell and T-helper cell epitopes specific to the HA of the virus. This
increase in the breadth was also observed after sequential infections with ELISA titers to total antibody
binding (Nachbagauer et al., 2017). This back-boosting is what contributed to the difference in the naive
vs. pre-immune antigenic maps of different H3N2 viruses (Kosikova et al., 2018). The exact mechanism
of back-boosting is not completely elucidated (Carlock et al., 2019).

Heterosubtypic protection between the Type A influenza strains suggest that cross-reactive cellular
immune responses may be contributing to virus control (Hatta et al., |2018). Protective T-cell responses
are elicited through recognition of cross-reactive epitopes (Gooch et al., 20195 Pulit-Penaloza et al., [2018)).
Cross-reactive memory B-cells can also be elicited post-imprinting (Webster, 1966). Characterization of
the cellular and humoral responses, similar to the human-based study conducted by Ryan et al. (Ryan
et al., 2018)), with imprinted and sequentially infected ferrets is a priority to determine if cellular immune
responses differ with HiN1 and H3Nz2 subtype infections (Ryan et al., 2018) or during H3N2 and HsN1
influenza virus co-infection (Cameron et al., 2008)), or with seasonal vs. pandemic HiNr influenza virus
infections (S. S. Huang et al,, borr; Rowe et al., 2010).

As the reagents for the ferret animal model continue to expand, the opportunities to investigate dif-
ferent correlates of infection and/or protection magnify. Before this reagent development, research was
limited to characterizing serum and nasal washes for neutralizing antibodies and measuring clinical signs
after infection. Therefore, future studies can capture the cellular immune reactions of T-cell responses
with IFN-y ELISAs (Ochi et al., 2008)), peripheral blood leukocyte tracking (Music et al., |2014), and
ELISpots (DiPiazza et al., 2016; Gooch et al., 2019), as well as the humoral immunity (Cheng et al., 2009;

Francis, McNeil, et al., 20195 Kirchenbaum et al., 2017; Upadhyay et al., 2018)).
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2.18 Conclusion

With the possibility of future pandemics due to zoonotic transmission and antigenic shifts the design of a
longer-lasting broadly-reactive influenza vaccine is necessary. The NA surface protein of the virion is a great
vaccine candidate given its important roles in viral replication, host and tissue tropism, and pathogenicity.
NA inhibiting antibodies are protective in animal models and correlate with decreased influenza-like
symptoms in humans. With innovation in vaccine development, such as the COBR A methodology, NA
COBR A antigens can be designed to be tested in the mouse and ferret animal models, before being tested
in human clinical trials. Therefore, N1 subtype which includes both endemic human HiNr influenza
virus and highly pathogenic HsNr influenza virus is the highest priority antigen for COBR A design to

protect the human population for both these and other influenza viruses.
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CHAPTER 3

UNIVERSAL INFLUENZA VIRUS
NEURAMINIDASE VACCINE ELICITS
PROTECTIVE IMMUNE RESPONSES
AGAINST HUMAN SEASONAL AND

O
PRE-PANDEMIC STRAINS

'Skarlupka, A. L., Bebin-Blackwell, A. G., Sumner, S. F., & Ross, T. M. (2021). Universal influenza virus neu-
raminidase vaccine elicits protective immune responses against human seasonal and pre-pandemic strains. J. Virol. 2021
Aug 10595(17):€0075921. doi: 10.1128/]VI.00759-21. Epub 2021 Aug 10. PMID: 34160258; PMCID: PMC8354223. Reprinted
here with permission of the publisher.
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3.1 Abstract

The hemagglutinin (HA) surface protein is the primary immune target for most influenza vaccines. The
neuraminidase (NA) surface protein is often a secondary target for vaccine designs. In this study, com-
putationally optimized broadly reactive antigen methodology was used to generate the N1-I NA vaccine
antigen that was designed to cross-react with avian, swine, and human influenza viruses of N1 NA sub-
type. The elicited antibodies bound to NA proteins derived from A/California/o7/2009 (HiN1)pdmoo,
A/Brisbane/s9/2007 (HiN1), A/Swine/North Carolina/154074/2015 (HiN1) and A/Viet Nam/1203/2004
(HsNi) influenza viruses, with NA-neutralizing activity against a broad panel of HXNr influenza strains.
Mice vaccinated with the Ni-I COBR A NA vaccine were protected from mortality and viral lung titers
were lower when challenged with four different viral challenges: A/California/o7/2009, A/Brisbane-
/59/2007, A/Swine/North Carolina/154074/2015 and A/Viet Nam/1203/2004. Vaccinated mice had little
to no weight loss against both homologous, but also cross-NA genetic clade challenges. Lung viral titers
were lower compared to the mock vaccinated mice, and at times, equivalent to the homologous control.
Thus, the N1-I COBRA NA antigen has the potential to be a complimentary component in a multi-
antigen universal influenza virus vaccine formulation that also contains HA antigens.

Importance The developmentand distribution of a universal influenza vaccines would alleviate global
economic and public health stress from annual influenza virus outbreaks. The influenza virus NA vaccine
antigen allows for protection from multiple HA subtypes and virus host origins, but it has not been the
focus of vaccine development. The Ni-I NA antigen described here protected mice from direct challenge
of four distinct influenza viruses and inhibited the enzymatic activity of a N1 influenza virus panel. The
use of the NA antigen in combination with the HA widens the breadth of protection against various
virus strains. Therefore, this research opens the door to the development of a longer lasting vaccine with

increased protective breadth.
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3.2 Introduction

Influenza remains in the forefront of communicable diseases due to reoccurring global seasonal epidemics
with pandemic potential. This negative-sense, single-stranded RNA virus contains an eight-segmented
genome with the virion surface studded with viral hemagglutinin (HA) and neuraminidase (NA) gly-
coproteins. The sialic acid binding activity of the HA controls receptor binding specificity and thus
host-cell fusion. Comparatively, the sialidase enzymatic activity of the NA contributes to cleavage of
mucins, motility, release of progeny virions and prevention of self-aggregation [1]. During infection, viri-
ons can be neutralized by antibodies targeting one of these two proteins (Eichelberger et al., 2018; Zhu
etal., 2019). Viral isolates are classified by the HA and NA subtypes that are independently characterized
based upon serological cross-reactivity (e.g. HIN1, HsN1, H3N2).

The N1 NA subtype can be matched with different HA subtypes and three distinct genetic NA clades
are defined by phylogenetic analysis based on the NA nucleic acid sequences: Nr.1, Nr.2, and N1.3 genetic
clade which correspond to avian-like, classical swine-like, and human-like respectively (J. M. Chen et al.,
2007; Fanning et al., 2000). The Nr.1 clade is the most diverse, and the N1.2 and Nr.3 clades follow more
closely a temporal evolution pattern. Prior to the pandemic in 2009, the N1 that dominated the human
infections belonged to the human-like N1.2 clade. Further, the Eurasian swine viruses commonly contain
the avian-like N1.1 clade NA protein. Thus, the 2009 pandemic NA which originated from the Eurasian
swine lineage with protein sequences more similar to the NA protein from highly pathogenic avian HsN1
viruses (N1.1) than either the seasonal human (Nr1.2) or classical swine NA (Nr.3). The classical swine NA
proteins continue to circulate throughout the North American swine populations. Furthermore, through
reassortment, some isolated swine-origin influenza viruses contain human-seasonal NA, which were in-
troduced to the swine population through human interactions. Each of the three clades: Nr.1 (highly
pathogenic avian HsNr influenza, 2009 pandemic HiN1 influenza), Nr.2 (seasonal HiN1 influenza; e.g.

A/Brisbane/s9/2007 ), and N1.3 (HiN1 variant influenza) has been isolated from virus-infected humans.
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NA from the three clades have been isolated from humans, indicating a potential for human adaptability
and designating N'A as a promising vaccine target (Gaydos et al.,[2006; S. Lai et al., 2016).

Indeed, vaccination remains the main method for prevention of influenza virus induced disease. One
of the most commonly used seasonal influenza virus vaccines for humans is a split-inactivated virus vaccine
without removal of components of the virion. Although all of the components are present, the immuno-
logical response to the NA protein is limited. The structural integrity of the protein, the relative ratio
of HA to NA, and immunodominance between antigens contribute to a minimal NA-specific immune
response after vaccination (Eichelberger & Wan, 2015; Sultana et al., 2014), even though influenza virus
infection elicits NA antibodies (Y. Q. Chen et al., 2018). Split-virion vaccination increases antibody titers
against the HA protein, but not against the NA protein (Ito et al., 2020)). This differential antigenicity
may be due to the vaccine preparation, but is difficult to determine due to the lack of methods for quanti-
tying and standardizing NA protein content in vaccine doses. Despite the NA not being a standardized
vaccine antigen, the clinical use of NA inhibiting antivirals have led the reduction of influenza disease
severity, duration, mortality, and hospitalization (Bassetti et al., 2019; Ison,[2013; S. Ng et al., 2010; Treanor
etal.,2000), and the anti-NA antibody titers are virus neutralizing (Couch et al., |2013; Kilbourne et al.,
1968; Murphy et al., 1972) and meaningful serological correlates of protection in humans (Clements et al.,
1986; Gilchuk et al., 20195 Monto et al., 2015).

Approaches towards the development of a universal or broadly-reactive influenza virus vaccine have
focused on eliciting antibodies targeting the HA surface protein with less interest focused on the NA
(Berlanda Scorza et al., |2016). However, with a broadly-protective Ni-based vaccine, both human seasonal
and pandemic Hi epidemics can be managed along with decreasing the potential for zoonotic pandemics
from avian HsNr1 and another swine-origin HiNr1 pandemic. The use of the NA as an immunogen
crosses more HA subtypes and species-of-origin than the use of one HA subtype immunogen. Specific
monoclonal antibodies (mAbs) bind conserved epitopes on human seasonal HiIN1, human 2009 pandemic
HiNI and pandemic HsN1 NA proteins (Wan et al., [2o13). Within the human host the HA has higher

nucleic acid substitution rates than NA (J. Jang & Bae, 2018), therefore, HA-specific protective antibodies
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are not as effective over many seasons compared to antibodies against NA. The use of an NA-based
vaccine may potentially provide a longer lasting vaccine antigen than current vaccination methods that
rely primarily on immune responses against HA. The standardization of NA antigen in the influenza
virus vaccine may contribute to increased vaccine efficacy. Clinical symptoms, peak viral titers and viral
shedding are inversely correlated with NA-inhibiting antibody titers (Clements et al., 1986).

In this report, the development and characterization of a computationally optimized broadly (CO-
BRA) reactive N1 NA antigen is described. Previously, the COBR A methodology was used to design
broadly-reactive HA-based vaccine candidates for H1, H2, H3, and Hs influenza A virus subtypes. These
COBRA HA candidates are effective in mice, ferrets, chickens and non-human primates (Carter et al.,
2017; Giles, Crevar, et al., 20125 Giles & Ross, 2011a; Reneer et al.,[2020; Ross et al., 2019; T. M. Wong et al.,
2017). The design of a COBRA antigen requires variability in the target antigen amino acid sequence
to produce a unique immunogen protein sequence after consecutive consensus layering. The diverse
genetic clades of NA, antigenic drift, and influenza virus antigen sequencing surveillance contributes
to the variability of the available wild-type NA sequences. Nt COBR A NA protein immunogens were
designed using wild-type NA sequences from human, avian and swine influenza isolates. N2 COBRA
NA antigens were also produced and covered in more detail in Appendix The N1 COBR A and wild-
type NA proteins are immunogenic as tetrameric soluble protein vaccines. They elicit broadly-reactive

antibodies across a panel of N1 viruses.

3.3 Materials and Methods

3.3.1 COBRA NA antigen construction and synthesis

Full length N1 NA amino acid sequences for avian (2000-2015; 4891 sequences), swine (1990-2015; 3515
sequences), and human (2001-2014; 9976 sequences) influenza A viruses were downloaded from the GI-
SAID database (www.gisaid.org) (Elbe & Buckland-Merrett, 2017). Full length sequences were aligned

using Geneious alignment (global alignment with free end gaps; Blosum62 cost matrix: open gap penalty
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12, gap extension penalty 3; 2 refinement iterations) (Geneious vir.1.s). After alignment the most common
amino acid at each position was determined, and resulted in primary consensus sequences. The resulting
primary sequences from each clade were then realigned to generate a secondary consensus. This process
was continued until a single final consensus was obtained. Finally, the ultimate amino acid sequence was
reverse translated and optimized for expression in mammalian cells, including codon usage and RNA
optimization (Genewiz, Washington, DC, USA). The resulting sequences were termed computationally
optimized broadly reactive antigens (COBR A). The Ni-INA COBR A gene was synthesized and inserted
into the pcDNA3.3 vector for soluble tetrameric recombinant NA protein production which contained

the tetramerization domain in replace of the stem region (replaced amino acid residues 1-74).

3.3.2 Viruses and Wild-type NA antigens

N1 viruses were obtained through the Influenza Reagents Resource (IRR), BEI Resources, the Cen-
ters for Disease Control (CDC), or a generous gift from Dr. Mark Tompkins laboratory at the Uni-
versity of Georgia. Viruses were passaged once in the same growth conditions as they were received or
as per the instructions provided by the WHO, in either embryonated chicken eggs or Madin-Darby
canine kidney (MDCK) cell culture (Organization & Network, 2011). Virus lots were aliquoted for
single-use applications and stored at -80°C. Hemagglutination titer of the frozen aliquots was deter-
mined with turkey RBCs. Viruses with NA protein GenBank accession numbers and NA genetic clade
distinctions were as follows: A/California/o7/2009 (HiIN1)pdmog (ACQ63272.1; CA/09; Nr.1c2bi),
recombinant virus containing HA and NA from A/Brisbane/s9/2007 (HiNI) and all internal genes
from A/Puerto Rico/8/1934 (HiN1) (PR8) virus (AHG96686.1; Bris/o7; N1.2d), A/Swine/North Car-
olina/154074/2015 (HINI) (Amino acid sequence available upon request; Sw/NC/1s; N1.3b), and BSL-2
recombinant virus containing HA and NA from A/Viet Nam/1203/2004 (HsNi) and all internal genes
from A/Puerto Rico/8/1934 (HINI) virus (AAWS80723.1; Viet/o4; Nric2a). Viruses included in the
enzyme-linked lectin assay panel included: A/Texas/36/1991 (HiN1) (TX/91; N1.2d), A/Brisbane/02/2018
(HiN1)pdmog (Bris/18; Nr.ic2br), A/Hubei/1/2010 (HsN1) (Hub/10; Ni1c2a), A/Swine/Iowa/1931-
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(HiNi1) (Sw/1A/1931; N1.3a), and A/Swine/Nebraska/Ao144614/2013 (HiN1) (Sw/NE/13; N1.3b). The
NA genetic clade distinctions were classified with widely utilized designations used previously through
rigorous phylogenetic analysis (J. M. Chen etal., 2007; Fanning et al., 20005 S. Liu et al., 2009; Schon etal.,
2021; Zhuang et al., 2019)). Viruses were chosen to from each genetic clades to account for the breadth of

the N1 protein diversity and to provide a range of antigenic diversity.

3.3.3 Phylogenetic comparison of avian, swine, human, and COBRA NA se-

quences

NA amino acid sequences were visualized on a phylogenetic tree (Fig. [3.2JA). Briefly, the truncated NA
sequences were aligned, and the Geneious Tree Builder, which observed the same alignment characteristics
as Geneious alignment, was used to obtain a neighbor-joining Jukes-Cantor phylogenic tree with no
indicated outgroup. The scale bar represents 0.02 amino acid substitutions per site of the region between

the amino acid residues 74 through 470 (Kearse et al., 2o12).

3.3.4 Soluble tetrameric recombinant NA (tetNA)

The full NA codon optimized sequences were originally commercially sourced in the pTR600 vector
for virus-like particle (VLP) production (Genewiz, Washington, DC, USA). The wild-type NA amino
acid sequences were aligned to CA/09 NA and truncated between residues 74 and 7s. Truncated NA
coding regions were subcloned into pcDNA3.3 vector containing a soluble tetramerization sequence for
tetNA production. Starting from the N-terminal of the protein, the tetramerization region is composed
of a CDs signal sequence (for efficient secretion of protein), a hexahistidine afhinity tag (used for protein
purification), a thrombin cleavage domain (maybe used to remove hexahistidine tag), the tetrabrachion
domain from Staphylothermus marinus (forms and stabilizes the tetramer), and followed by the NA
coding sequence (Fig. ) The NA sequences of the HiN1 influenza viruses included the amino acid
residues 74 to 470 and NA sequences from HsN1 influenza viruses included the residues 55 to 449. All

sequences ended with a dual stop codon (nucleic acid sequence: TGATGA, TAATGA or TGATAG).
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N-terminal truncation of the original NA sequence was necessary to replace the transmembrane and stem
domain with the soluble tetramerization region. After successful cloning, plasmids were sequence verified.

Soluble tetrameric NA proteins were expressed through individual transient plasmid DNA trans-
fections of EXPI293F cells (ThermoFisher Scientific) following the ExpiFectamine 293 transfection kit
protocol. Cell supernatent from transiently transfected cells were collected, centrifuged to remove cellular
debris, and filtered through a 0.22 um pore membrane. Proteins were purified through a HisTrapExcel
column and washed and eluted using the AKTA Pure System following manufacture’s protocol (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden). Eluted protein fractions were concentrated in phosphate
buffered saline + 0.1% w/v sodium azide (PBSA) using Amicon Ultra-15 centrifugal filter unit (Millipore-
Sigma, Burlington, MA, USA). Total protein content was determined with the Micro BCA Protein Assay
Reagent kit (Pierce Biotechnology, Rockford, IL, USA). Single use aliquots were stored at -80°C until use.

The NA proteins were confirmed to have NA sialidase activity, and thus be a tetramer, with the ELLA

assay [f]

NA Activity of Type AWT Virus H1IN1
4 -e- A/Chile/1/1983
~ s § = AlTexas/36/1991
3 3 2 -+ A/Brisbane/59/2007
] g o -v- A/California/04/2009
2> / Z}ﬁ -
£ 2 10//9?1 E‘ —— A/Brisbane/02/2018
2 (5 3 H3N2
<" ol p
/ z -+ AlTexas/50/2012
- A/Switzerland/9715293/2013

102 10 10* 105 105 107 108 02505 1 2 4 8 16 32 64 128

. -&- A/Hong Kong/4801/2014
PFU/ml NA protein (ng/well of 0.1mL)

Figure 3.1: Neuraminidase activity of: wild-type influenza A virus (A); and the corresponding recom-
binantly expressed and purified NA proteins from stably-transfected cell lines (B). Recombinant NA
proteins from HiNi1 strains and H3N2 strains were evaluated for neuraminidase activity measured as the
ability to cleave sialic acid displayed on the fetuin glycoprotein. LOD represents the limit of detection.

*Figure from: Ecker JW, Kirchenbaum GA, Pierce SR, Skarlupka AL, Abreu RB, Cooper RE, Taylor-Mulneix D, Ross
TM, Sautto GA. High-Yield Expression and Purification of Recombinant Influenza Virus Proteins from Stably-Transfected
Mammalian Cell Lines. Vaccines (Basel). 2020 Aug 21;8(3):462. doi: 10.3390/vaccines8030462. PMID: 32825605; PMCID:
PMC7565037. Reprinted here with permission from the publisher.
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3.3.5 Mouse vaccination and challenge studies

BALB/c mice (Mus musculus, females, 6 to 8 weeks old) were purchased from Jackson Laboratory (Bar
Harbor, ME, USA) and housed in microisolator units and allowed free access to food and water. Mice
(10 mice per group) were vaccinated with a 1:1 mixture of soluble tetNA in PBS (1.0 ug tetNA/mouse)
and AddaVax squalene-based oil-in-water adjuvant (InvivoGen, San Diego, CA, USA) in a total volume
of 100 pl. Mice were vaccinated via intramuscular injection at week o and boosted with the same vaccine
formulation at the same dose at weeks 4 and 8. PBS mixed 1:1 by volume with adjuvant served as a mock
vaccination. Blood samples were collected from mice via cheek bleeds twenty-eight days after final vaccina-
tion in 1.5 ml microcentrifuge tubes. The samples were incubated at RT for 30 min and then centrifuged
at 10,000 rpm for 10 min. Serum samples were removed and stored at -20°C.

Four weeks after final vaccination, mice were challenged intranasally with one of four challenge viruses.
Mice were challenged with 5 x 10* plaque forming units (PFU) of CA/09; 1 x 107 PFU of Sw/NC/15
4.375 x 10° PFU of Bris/o7; or 1 x 10% PFU of Viet/o4. Infectious doses were determined to be ten times
the 50% lethal dose, except for Bris/o7 which was a non-lethal dose. The viral inoculum were delivered
in a volume of so ul. Mice were monitored, at minimum, daily for weight loss, disease signs, and death
for 14 days post-infection. Individual body weights were recorded daily post-infection for each group
during weight loss until stable recovery. Any animal exceeding 25% weight loss or a humane-endpoint
score greater than two was humanely euthanized. Surviving mice were confirmed for successful infection
indicated by HA titer seroconversion to the challenge virus.

Lung samples were harvested three days post-infection. Mice (n=3) were anesthetized using tribro-
moethanol (Avertin; Sigma Aldrich, Darmstadt, Germany). The right lung was clamped and excised, and
the tissue was snap frozen on dry ice in a 2.0 mL cryogenic vial for storage at -80°C. After right lung exci-
sion, the trachea was intubated and the remaining lung lobes were perfused with 10% buffered formalin.
After the perfusion, the lung was excised and placed in a 15 mL conical tube with minimum 10 mL of
10% buftered formalin. The fixed lung tissues were embedded in paraffin wax, sectioned, and stained with

hematoxylin and eosin (H&E). All procedures were performed in accordance with the Guide for the Care
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and Use of Laboratory Animals, Animal Welfare Act, and Biosafety in Microbiological and Biomedical

Laboratories (AUP: A2018 06-018-Y3-A13).

3.3.6 ELISA for elicited antibody quantification

A high-affinity, 96-well flat-bottom enzyme-linked immunosorbent assay (ELISA; Immulon 4HBX) plate
was coated with so ml of 10 mg/ml of virus-like particles with NA expressed on the surface in ELISA
carbonate bufter (somM carbonate buffer (pH 9.5) with 5 ug/ml bovine serum albumin (BSA)), and the
plate was incubated overnight at 4°C. The next morning, nonspecific epitopes were blocked with 1%
BSA in PBS with 0.05% Tween 20 (PBST+BSA) solution for 1 h at RT or overnight at 4°C. Bufter was
removed and three-fold serial dilutions of raw sera were added to the plate with an initial dilution of 1:100.
Plates were incubated at 37°C for 9o min. The plates were washed in PBS, and goat anti-mouse IgG-HRP
was added 1:4000 in PBST+BSA (cat. no. 1030-0s, Southern Biotech, Birmingham, AL, USA). Plates
were incubated at 37°C for 1 hr. After washing, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) substrate in Mcllvain’s Buffer (pH 5) was added to each well, and incubated at 37°C for 15 min.
The colorimetric reaction was stopped with the addition of 1% SDS in dH20, and the absorbance was
measured at 414 nm using a spectrophotometer (PowerWave XS; BioTek, Winooski, VT, USA). Endpoint
titers were determined as the last dilution above five standard deviations of the negative control wells after

subtracting the background absorbance.

3.3.7 ELLA for NA inhibition

High affinity Immunoblot 4HBX 96-well flat-bottom plates (ThermoFisher Scientific, Waltham, MA,
USA) were coated overnight with rooul of 25ug/ml fetuin (Sigma-Aldrich, St. Louis, MO) in commercial
KPL coating buffer (Seracare Life Sciences Inc, Milford, MA, USA) and stored at 4°C until use. Influenza
virus was diluted in sample diluent (Dulbecco’s phosphate-buftered saline containing 0.133 g/L CaCl2 and
o.1g/L MgCla (DPBS), 1% BSA, 0.5% Tween-20) to an initial dilution of 1:10. Before virus addition, fetuin

plates were washed three times in PBS-T (PBS + 0.05% Tween-20). After which, soul of two-fold serial

41



dilutions of virus were added to the fetuin-coated plate containing soul of sample diluent in duplicate. A
negative control column was included containing 1oopl of only sample diluent. Plates were sealed and
incubated for 18 h at 37°C and 5% CO2. After incubation, plates were washed six times in PBS-T, and
1oopl of peanut agglutinin-HRPO (Sigma-Aldrich, St. Louis, MO) diluted 1000-fold in conjugate diluent
(DPBS, 1% BSA) was added. Plates were incubated at RT for 2 h. Plates were washed three times in PBS-T,
and 1oopl (soopg/ml) of o-phenylenediamine dihydrochloride (OPD; Sigma-Aldrich, St. Louis, MO) in
0.05 M phosphate-citrate bufter with 0.03% sodium perborate pH 5.0 (Sigma-Aldrich, St. Louis, MO)
was added to the plates. Plates were immediately incubated in the dark for 10 mins at RT. The reaction was
stopped with 1ooul of 1 N sulfuric acid. The absorbance was read at 49onm using a spectrophotometer
(PowerWave XS; BioTek, Winooski, VT, USA). NA activity was determined after subtracting the mean
background absorbance of the negative control wells. Linear regression analysis was used to determine
the dilution of the influenza viruses used in the assay necessary to achieve 90-95% NA activity and was
used for subsequent NA inhibition enzyme-linked lectin assays (ELLASs).

Mouse sera was treated with 3 parts receptor destroying enzyme (RDE, Seneka, Japan), incubated at
37°C for 16-18 h and heat inactivated at 55 °C for 6 h to completely inactivate the NA activity from the
Vibrio cholera NA; this inactivation procedure has previously been shown to be efficient (Westgeest et al.,
2015). From an initial dilution of 1:100, NI ELLA titers were determined by two-fold serially diluting
treated sera in sample diluent. Duplicate dilutions were added to fetuin plates in sopl. The virus diluted
t0 90-95% NA activity in sample diluent was added to the plate in sopl. Controls were each a minimum
of 8 wells, and included a positive NA antigen control (sopl virus + sopl sample diluent) and a negative
control (rooul of sample diluent) on each plate. Plates were incubated for 16-18 h at 37°C and 5% CO2
after which they were processed as described above. NA percent activity was determined by subtracting
the mean background absorbance of the negative control wells, and then dividing the serum absorbance
by the mean virus positive control wells multiplied by 100. Nonlinear regression lines were fit using Prism,

and the log 50% NI titer was estimated.
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3.3.8 Determination of viral lung titers

Frozen right lung samples were thawed on ice, weighed and per o.1 g tissue a volume of 1 ml of Dulbecco
modified Eagle medium (DMEM) supplemented with penicillin-streptomycin (P/S) was added. The
tissue was macerated through a 0.70 um nylon filter (Corning Cell Strainer, Sigma Aldrich, St. Louis,
MO, USA) until thoroughly homogenized. Ten-fold serial dilutions of lung homogenate were overlaid
onto MDCK cells seeded at 1 x 10° cells per well of a six-well plate for enumeration of viral lung titers.
Samples were incubated for 1 h at RT with intermittent shaking every 15 min. Medium was removed, and
the cells were washed twice with DMEM + P/S. Wash medium was replaced with 4 ml of Lis medium
TPCK-trypsin plus 1.2% avicel (Cambrex, East Rutherford, NJ, USA) and incubated at 37°C with %
COa2 for 48-72 h. After incubation, avicel was removed and discarded. MDCK cells were washed with
PBS and then fixed with 10% buffered formalin for 15 min and stained with 1% crystal violet for 15 min.
The human viruses were incubated with 1 ug/ml of TPCK trypsin, and the Viet/o4 and Sw/NC/15 were
incubated with 2 pg/ml. The plates were thoroughly washed in distilled water to remove excess crystal

violet, and the plaques were counted and recorded to determine the PFU per ml lung homogenate.

3.3.9 Statistical analysis

Statistical significance was defined as a p-value less than o.05. The means of the viral lung titers and day 6
weights were analyzed by an ordinary one-way ANOVA followed by Tukey’s multiple comparisons test,
with a single pooled variance. The viral lung titers were transformed by l0g ¢ and the mean calculated. The
lowest limit of detection for viral lung titers was 1.0 [0g1o(PFU/ml lung homogenate), and this value was
used for the statistical analysis of samples below that. Comparisons of peak weight loss were determined by
dividing the measured weight on the peak of weight loss by the pre-challenge weight on day o, multiplied
by 100. The standard deviations for weight curves, viral lung titers and peak weight loss were determined.
If an animal was sacrificed before the peak due to a greater than 25% drop in original weight or a humane-

endpoint score of greater than or equal to three, a percent weight of 75 was used as the limit of detection
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for the statistical analysis. The mean log;o(NA s0% inhibitory (NAI) titers) were presented with the 95%

confidence interval. Analyses were done using GraphPad Prism software.

3.3.10 COBRA sequences

The amino acid sequence for the COBR A NA has been reported in U.S. patent filings PCT/US21/12695.

3.4 Results

3.4.1 Design of N1 COBRA NA sequences

The computationally optimized broadly reactive NA antigen was designed from sequences obtained from
the GISAID database(Elbe & Buckland-Merrett, 2or7). The Ni-I COBRA NA antigen was designed
using human, avian and swine origin influenza virus NA sequences from 1990-2015 depending on host
origin. The N1-I COBR A NA was phylogenetically located close to the branch point of the human-like
NA clade N1.2 (Fig. [3.2]A). When aligned to representative wild-type sequences, the Ni-I COBRA NA
had between 31 to 44 amino acids differences. The Sw/IA/1931 NA protein was the most similar to Ni-
I COBRA NA and the Bris/18 and Sw/NE/13 NA proteins were the least similar with 44 amino acids

different compared to the Ni- COBRA NA.

3.4.2 Soluble recombinant tetrameric NA protein vaccines are immunogenic

Sera was collected at week 12 (Fig. [3.2/C) from mice (BALB/c) vaccinated at week o, 4, and 8 with one of
five tetNA (Fig. [3.2]D). The adjuvanted tetNA soluble protein vaccines elicited an NA-specific antibody
response and were confirmed to be immunogenic (Fig. . All' NA vaccinations elicited IgG antibodies
that bound to all four wild-type NA antigens which were presented in a tetramer formation on the surface
of avirus-like particle. The Ni-I COBR A NA group had endpoint titers of 1:1000 or greater to each of the
challenge virus NA proteins (Fig. [3.3A). The greatest titers were to CA/09 and Viet/o4 NA antigens, and
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Figure 3.2: Experimental groups and design used for influenza challenge. (A) Phylogenetic tree of trun-
cated NA amino acid sequences (74 to 470). The Ni-I COBR A NA (black) branched closer to the root
of the tree than all other wild-type NA proteins. Representative viruses for each N1 clade (N1.1, orange;
Nr.2, blue; N1.3, green) were included. Scale bar = substitutions per site; total sites = 396 amino acids.
(B) Cartoon schematic of soluble tetrameric NA protein used for vaccinations. From the N-terminal to
C-terminal ends of the protein sequence, the domains were CDs signal sequence (CDs; cleaved during
protein processing), hexahistidine domain (6 xHis), thrombin cleavage domain (Thrombin), Staphylother-
mus marinus tetrabrachion domain (Tetramerization Domain), the NA head region of the select antigen
(NA Head), and a double stop codon (Stop). (C) Vaccination and challenge regimen followed for each
challenge. Female BALB/c mice (n = 10) were vaccinated with tetrameric soluble NA (tetNA) in a prime-
boost-boost at 4-week intervals. Sera were collected after vaccinations and prior to challenge for serological
assays (enzyme-linked lectin assay [ELLA]; enzyme-linked immunosorbent assay [ELISA] with virus-like
particles [VLP]). Each of the four vaccine groups were challenged with one of the four challenge viruses.
Over the course of infection, weights were monitored for up to 14 days, and lungs (n = 3) were harvested
on day 3. (D) The vaccine groups for each challenge. Vaccine group 1 for each challenge varied and was
the homologous control for the matched virus.
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the lowest endpoint titer was to the Sw/NC/15 antigen. But the binding to Sw/NC/15 was comparable to
the what the wild-type Sw/NC/15 NA vaccination elicited endpoint titers of 1:890 and 1:5620 respectively
(Fig. [3.3). Mice vaccinated with the Viet/o4 NA had the highest anti-NA IgG titers when binding to
the homologous protein of 1:316,000 (Fig. ) CA/o09 and Viet/o4 NA antigens, elicited the highest
binding towards the Nr.1 clade proteins (Fig. and D). Whereas, Bris/o7 had higher titers to itself and
Viet/o4 (Fig. ) Sw/NC/15 NA antigen elicited antibodies bound at similar titers to Bris/o7, Viet/o4
and Sw/NC/15 NA protein. All vaccine antigens elicited antibodies that were able to bind to the Viet/o4
NA protein. The mock vaccinated group did not elicit detectable antibodies to the tested proteins (data

not shown).

3.4.3 Soluble recombinant tetrameric NA protein vaccines elicit NA inhibiting

antibodies

Collected antisera was examined for the ability to inhibit the NA enzymatic activity through an enzyme-
linked lectin assay (ELLA) (Fig. Fig. [3.5). The ELLA measures the ability of NA to cleave sialic acids
from the terminal ends of fetuin. Mice vaccinated with the COBR A Ni1-I NA vaccine had antibodies that
inhibited all tested HXNi viruses in the Nr.1, N1.2 and N1.3 genetic clades (Fig. [3.5]A). Mice vaccinated
with CA/09 NA protein had broad NA inhibition with cross reactivity in the Nr.r and swine-like N1.3
clades (Fig. ) Conversely, sera collected from mice vaccinated with the Bris/o7 NA had the narrowest
response, only inhibiting the human-like clade N1.2 HiNr viruses (TX/91 and Bris/07) and no viruses
from either clade Nr.1 or N1.3 (Fig. ) Mice vaccinated Viet/o4 NA proteins had a NA inhibition
activity pattern similar to CA/o9 vaccinated mice (3D). However, the CA/09 NA vaccinated sera were
able to inhibit Bris/18, and the Viet/o4 sera had higher NA inhibition titers to Viet/o04, Hubei/10, and
Sw/NE/13 viruses. The Sw/NC/15 NA elicited sera had a narrow breadth and inhibited the swine origin
viruses and Hubei/1o (Fig. [3.5E). In conclusion the COBR A Ni-I NA protein elicited a broad inhibitory

response mediated by antibody binding.
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Figure 3.3: Total IgG antibody binding of vaccinated mouse sera to tetrameric NA expressed on the surface
of a virus-like particle. The homologous sera had the highest reciprocal endpoint titer for each challenge
virus. The Ni-I COBRA NA elicited binding to all four challenge NAs, and the mock vaccinations
produced no measurable binding (not shown). Reciprocal serum endpoint titers were determined with
raw serum starting from an initial dilution of r:100 after a prime-boost-boost vaccination regimen with
soluble tetNA. The endpoint titer was the last serum titer that produced an absorbance greater than s
standard deviations above the background absorbance. Serum that did not produce an absorbance greater
than the cutoft was defined as below the limit of detection (LOD), depicted as so reciprocal endpoint titer.
The serum was analyzed in triplicate and the geometric mean reciprocal endpoint titer was calculated.
Error bars represent the geometric standard deviation.
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Figure 3.4: NA enzymatic inhibition of N1 influenza viruses with sera from NA vaccinated mice. The
sera were two-fold serially diluted from the starting dilution of 1:100 to a dilution necessary to quantify
the NAI titer. Non-linear regression (resulting fit: solid line) was conducted from these results to obtain
the l0g19(NAI reciprocal titer) that inhibited 50% of the NA activity (dotted horizontal line). Before
conducting non-linear regression, the NA activity was normalized with 100% NA activity being defined
with a ‘virus only with no sera’ control that included at least 8 wells. Error bars represent the standard

error of the mean.
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Figure 3.5: Reciprocal NA inhibition (NAI) titers across a panel of N1influenza viruses. The Ni-I COBRA
vaccinated sera (A) inhibited all representative viruses in the panel (B). The wild-type sera (B to E) elicited
various levels of inhibition breadth from very broad (D) to narrow (C and E), but was not as broad as
the N1-I COBRA. The enzyme-linked lectin assays (ELLAs) were performed with RDE-treated and
heat-inactivated sera initially diluted to r:100 followed by 2-fold dilutions. The limit of detection was
defined as 2.0 log;o(NAI reciprocal titer). The mean log;o(NAI reciprocal titer) that inhibited 50% of the
NA activity with 95% confidence intervals was estimated with nonlinear regression of the ELLA dilution

curves in [3.4}
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3.4.4 Vaccinated mice challenged with human pandemic HiNr1 influenza virus.

To determine if the antibody binding to an NA molecule correlates with inhibition of NA enzymatic
activity and protection against infection, mice were challenged intranasally with CA/o9 virus (Fig. [3.6).
During the course of infection, all of the mock vaccinated mice reached humane endpoints and were
sacrificed by days 5-6 post-infection (Fig. [3.6A). The COBRA Nr-I NA and CA/09 NA vaccinated
mice survived challenge, but lost 14-17% weight between days 3-5 post-vaccination, but recovered almost
all body weight by day 12 (Fig. [3.6B). At day 6, the average weight of the CA/o9 vaccinated mice was
not significantly different from the COBRA Ni-I NA vaccinated mice (Fig. [3.6C). The CA/o9 NA
vaccinated mice had the lowest mean viral titer of 2.24 log1o(PFU/ml) on day 3 (Fig. ) The titer was
significantly lower than the mean viral titer of 4.72 log;o(PFU/ml) from mice vaccinated with COBRA
Nr-I NA. Although greater than the CA/09 homologous control, the N1-I COBRA NA also had a
significantly lower titer than the mock negative control with mean viral titer of 6.41 log,o(PFU/ml) (Fig.
3.6D). Formalin-fixed lung tissue stained with hemolysin and eosin (H&E) showed more inflammatory
infiltration for the mock vaccinated group in the CA/o09 challenge than either the CA/09 (homologous)
or the N1-I COBR A vaccinated groups (Fig. [3.7]A-C). Visually the CA/09 and Ni-I COBR A NA were

similar in the amount inflammatory reaction.

3.4.5 Vaccinated mice challenged with human seasonal HiN1 influenza virus.

In addition to enzymatic inhibition of the human pandemic virus CA/o9 NA, the COBR A N1-I NA also
inhibited the human seasonal virus Bris/o7 NA enzymatic activity. All Bris/o7 challenged mouse groups
did not reach humane endpoints, and all the mice survived challenge (Fig. [3.8)A), with a peak weight loss
at day 3 post-infection with quick recovery (Fig. and C). However, there were significant differences
in the lung viral titers on day 3 between the vaccinated groups (Fig. sD). Mice vaccinated with the Ni-I
COBRA NA had a mean viral lung titer of 1.97 log;o(PFU/ml) that was not significantly different from
the Bris/o7 NA vaccinated control group of 1.00 logo(PFU/ml) (Fig. [3.8D). Furthermore, the Ni-I
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Figure 3.6: A/California/o07/2009 (HIN1)pdmog challenge results after vaccination with NA antigens. (A
and B) Survival (A) and weight loss (B) curves of mice postinfection are shown. (C) The day s peak weight
loss of the CA/o09-vaccinated mice was significantly different than the mock vaccinated. The variation of
the CA/09 NA-vaccinated group was greater than the N1-I-vaccinated group. (D) The viral lung titers
determined through plaque assay from lung tissue on day 3 postinfection. All error bars depict standard
deviations, and the statistical analysis was conducted using a one-way ANOVA with Tukey’s multiple
comparison. Not significant (ns); P value < 0.05 (*); P value < o.01 (**); P value < o.00r (
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Figure 3.7: Vaccine-specific inhibition of influenza inflammatory lung infiltration. Day 3 postinfection
lungs were perfused and fixed with 10% buffered formalin. Representative images from hematoxylin
and eosin (H&E)-stained sections are depicted. The vaccine groups along the horizontal axis include
the homologous control vaccine groups in the first column with the appropriate vaccine per challenge
virus listed in the vertical axis: CA/o9 challenge (A to C), Bris/o7 challenge (D to F), Viet/o4 challenge
(G toI), and Sw/NC/15 challenge (J to L). The unchallenged controls were age-matched unvaccinated,
unchallenged mouse lungs (M to O). Each image represents separate individual mice. The magnification
for all images was 4, and the scale bar represents 0.6 mm.

52



COBRA NA vaccinated mice had significantly lower mean viral lung titers than the mock vaccinated
mice with a mean titer of 4.39 l0g1o(PFU/ml). In addition to the difference in viral lung titer, the mock
vaccinated lung H&E resulted in greater inflammatory infiltration compared to the Bris/o7 and Ni-I
COBRA NA vaccinated mice (Fig. —F). The Bris/o7 and N1-I COBR A NA lung stains were similar
to each other and to the unchallenged mouse lung (Fig. 5.7M-O).
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Figure 3.8: A/Brisbane/s9/2007 (HiN1)xPR8 challenge results after vaccination with NA antigens. (A
and B) Survival (A) and weight loss (B) curves of mice postinfection. (C) The day 3 peak weight loss was
not significantly different between any of the groups. (D) The viral lung titers were determined through
plaque assay from lung tissue on day 3 postinfection. All error bars depict standard deviations, and the
statistical analysis was conducted using a one-way ANOVA with Tukey’s multiple comparison. Not
significant (ns); P value < 0.05 (*); P value < o.01 (**).
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3.4.6 Vaccinated mice challenged with avian HsNr1 reassortant influenza virus.

The reassortant HsNr avian virus, Viet/o4 challenge virus contains the HA and NA gene segments origi-
nating from the highly pathogenic Viet/o4 wild-type virus, but the multi-basic cleavage site of the HA
is mutated to infer a low pathogenic phenotype. Mice vaccinated with Viet/o4 NA and challenged with
the Viet/o4 virus containing the homologous NA protein all survived viral challenge (Fig. [3.9]A) with
little weight loss (Fig. [3.9B). In contrast, mock vaccinated mice all reached humane endpoint by day 4
(Fig. [3-9)A). Ninety percent of mice vaccinated with Ni-I COBR A NA survived challenge (Fig. [3.9lA),
but these mice did lose between 10-15% of their body weight between days 4-6 post-challenge and then
returned to full body weight by day 14 (Fig. ) At the peak of weight loss on day 5 post-infection,
mice vaccinated with the N1-I COBR A NA had significantly more weight loss than mice vaccinated with
the homologous Viet/o4 NA, but had statistically less weight loss than mock vaccinated (Fig. ) At
day 3, mice vaccinated with N1-I COBR A NA vaccine had 3.67 log1o(PFU/ml) mean lung viral titers that
were significantly lower than viral titers in mock vaccinated mice (Fig. 3.9D). The mock vaccinated mean
lung titer was 4.77 l0g10(PFU/ml). The mock vaccinated group challenged with Viet/o4 had the greatest
amount of infiltration of all groups of mice across all challenge viruses (Fig. [3.7). As such, the Viet/o4
and N1-I COBR A NA vaccinated groups had comparatively less infiltration (Fig. [3.7{G-I).

3.4.7 Vaccinated mice challenged with swine-isolate HIN1 influenza virus.

While all mice in the N1-T COBRA NA, Sw/NC/1s NA, and mock vaccinated groups had significant
weight loss following infection with Sw/NC/1s (Fig. [3.10B), few mice reached humane endpoint and
were sacrificed (Fig. [3.10A). At day 6, the weight of the Ni-I COBRA NA vaccinated mice was not
significantly different from the Sw/NC/15 NA vaccinated mice, but was significantly higher than the mock
vaccinated mice (Fig. [3.10[C). The Sw/NC/1s NA vaccinated mice was not statistically greater than the
mock vaccinated animals. Furthermore, mice vaccinated with the Ni-I COBR A NA had lower lung titers

on day 3 post-infection (mean viral titer of 3.25 [0g1o(PFU/ml)) compared to the mock vaccinated mice
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Figure 3.9: A/Viet Nam/1203/2004 (HsN1)xPR8 challenge results after vaccination with NA antigens.
(A and B) Survival (A) and weightloss (B) curves of mice postinfection. (C) The day 5 peak weight loss was
significantly different between all vaccination groups. The weights that reached humane endpoint before
day s were analyzed at the limit of detection (75% body weight). (D) The viral lung titers determined
through plaque assay from lung tissue on day 3 postinfection. All error bars depict standard deviations,
and the statistical analysis was conducted using a one-way ANOVA with Tukey’s multiple comparison.
P value < 0.05 (*); P value < 0.01 (**); P value < o.001 (***); P value < 0.0001 (****).
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(5-88 log10(PFU/ml)) (Fig. ) There was no significant difference between the mean viral lung titer
in Ni-I COBR A NA vaccinated mice and mice vaccinated with the Sw/NC/15 NA (4.64 log1o(PFU/ml)).
The mice vaccinated with Ni-I COBR A NA had less inflammatory infiltration than either the Sw/NC/15
and mock vaccinated groups (Fig. ]—L), and was more similar to the unchallenged controls (Fig. —
0).
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Figure 3.10: A/Swine/North Carolina/154074/2015 (HiN1) challenge results after vaccination with NA
antigens. (A and B) Survival (A) and weight loss (B) curves of mice postinfection. (C) The day 6 peak
weight loss was significantly different between the N1-I COBRA and mock groups. The weights that
reached humane endpoint before day 6 were analyzed at the limit of detection (75% body weight). (D)
Viral lung titers were determined through plaque assay from lung tissue on day 3 postinfection. All error
bars depict standard deviations, and the statistical analysis was conducted using a one-way ANOVA with
Tukey’s multiple comparison. Not significant (ns); P value < 0.o1 (**).
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3.5 Discussion

Following influenza virus infection, the HA surface glycoprotein binds to sialic acids on the surface of
ciliated epithelial cells lining the respiratory tract (Gottschalk & Lind, 1949; Suzuki et al.,[2000). Following
entry, genome replication, and viral protein production, nascent virions assemble and bud from the
infected cell surfaces (Pohl et al., 2016). The influenza virus NA is expressed on the surface of viral particles
and infected cells and the protein assists in the budding and release of nascent virions from the cell surface
(B.]. Chenetal.,2007;J. C. Lai et al.,, 2010; Rossman & Lamb, 2011). The NA sialidase enzymatic activity
cleaves the host sialic acid receptors allowing newly formed virions to efficiently bud from the cells surface,
and also increases viral penetration through mucus (Cohen et al., 2013; Wagner et al., 2002).

Both influenza virus HA and NA proteins are targets for the immune system to protect the host
against infection and disease. Antibodies directed against HA bind to the protein and block receptor
binding, viral fusion with and release from host cells, and NA activity (Y. Q. Chen et al., 2019; Kosik et al.,
20195 Kosik & Yewdell, 2o17; Whittle et al., porr; Williams et al., 2018; Yamayoshi et al., 2017). Several
mechanism(s) may inhibit NA responses following antibody binding. In addition to steric hinderance
from the anti-HA antibodies, anti-NA antibodies can bind multiple epitopes on the NA protein on the
cell surface during budding and sterically hinder NA activity (Y. Q. Chen et al., 2019; Gilchuk et al., [2019)).
For Bris/o7 NA-specific elicited antibodies bound to the NA protein of Viet/o4 (Fig. [3.3C), but they did
not inhibit the NA enzymatic activity of the Viet/o4 (HsNi) virus (Fig. .5|C). Antibody binding to NA
can inhibit the enzymatic activity of molecule to cleave sialic acid residues thereby reducing virus release
from infected cells. In this study, NA protein vaccinations were immunogenic and antigenic. The elicited
anti-NA antibodies successfully bound NA proteins as observed through ELISA (Fig. and blocked
the NA activity of several N viral NA genetic clades as observed through the ELLA assay (Fig. [.).
NA antibodies can also target infected cells for destruction via the bound antibody Fc receptor to attract
macrophages and other cells for antibody-dependent cellular cytotoxicity (ADCC) but those functions

were not measured here (Broecker et al., 2019; Wohlbold et al., 2017).
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Opverall, influenza NA proteins are attractive targets in the development of a universal influenza virus
vaccines (Eichelberger & Wan, 2015; W. Sun et al., 20205 Sylte & Suarez, 2009)). As outlined by the U.S.
National Institutes of Allergy and Infectious Diseases, a next generation influenza virus vaccine should be
75% effective against symptomatic influenza and virus induced disease and elicit protective immunity that
lasts for a minimum of one year (Erbelding et al., 2018). A broadly-reactive NA antigen was generated
from N1 NA amino acid sequences using COBR A algorithms (Giles & Ross,|2o11a)) and termed N1-I. The
Ni-I COBRA NA elicited protective antibodies against four different HXNr1 influenza viruses. These
elicited antibodies inhibited sialidase enzymatic activity and inhibited virus replication of N1.1, N1.2, and
Nr.3 HXNr influenza viruses (Fig. . In addition, these vaccines mitigated clinical signs of disease in
vaccinated mice following challenge with four diverse influenza virus strains (Fig. 3.10).
The ELLA assay quantifies the serological titers necessary to inhibit the influenza virus NA from cleaving
2,3- or 2,6- sialic acids presented on fetuin, the host receptors utilized during infection (Baenziger & Fiete,
1979). In humans and animal models, polyclonal NA inhibition titers have been correlated positively with
increased influenza virus protection, similar to hemagglutination inhibition titers (Monto et al., 2015; Walz
etal., 2018; Weiss et al., 2020). Anti-NA antibodies are not able to inhibit the initial entry of the virus into
the host cells, but they limit the viral spread during infection and contribute to immunity (Clements M-L.
& Murphy, 1986; Kilbourne et al., 1968; Murphy et al.,1972; Rockman et al., [2013).

Conserved epitopes on NA proteins that are responsible for eliciting broadly reactive antibodies have
been identified using monoclonal antibodies (mAbs) (Jiang et al., |2020; Shoji et al., |zor; Wan et al.,
2013). For example, there was a single conserved epitope on the HiN1 and HsN1 NA proteins that elicited
cross-reactive antibodies against both HiN1 seasonal, HiNipdm, and HsN1 NA proteins (Wan et al.,
2013). Prophylactic treatment of mice with mAbs that bound these conserved epitopes resulted in less
weight loss and mortality in virally challenged mice compared to non-treated mice. The N1-I COBRA
NA immunogen retains this conserved epitope (amino acid residues 273, 338, 339) and mice vaccinated
with Ni- COBR A NA elicited antibodies that reduced the overall viral titer (Fig. [5.8]D), as a result of

potentially eliciting antibodies specific to this conserved NA epitope. However, this does not rule out
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that neutralization and protection against viral challenge are a result of binding to multiple NA epitopes
on each NA protein. Total antibody binding may not always be associated with sialidase activity, since
Viet/o4 NA and Sw/NC/15 NA elicited sera bound to Bris/o7, but did not inhibit Bris/o7 NA enzymatic
activity (Fig. , F). The similar antibody binding and NA inhibition profiles of CA/09 and Viet/o4
are a combined contribution of conserved epitopes regions and originating from the same Nr.1c2 clade
(Job etal., 2018)).

There may be a direct correlation between antibody binding to severity of disease. Mice vaccinated
with the Viet/o4 NA and then challenged with the Viet/o4 virus had little weight loss and undetectable
lung virus titers (Fig. —D). These mice had high anti-NA antibody titers (Fig. ) Mice vaccinated
with NA derived from CA/o9 or Sw/NC/15 had more weight loss and higher viral titers when challenged
with their respective homologous viruses (Fig. and , but had lower titer antibodies that bound
to each NA protein. Soluble tetramerized NA proteins were used to provide appropriate NA protein
conformation to elicit protective antibodies, as previously described (McMahon et al., 2020). However,
differences in protein integrity and chemistry could have played a role in the variation in the magnitude of
antibodies elicited (Fox et al., 2013; Scheiblhofer et al., 2017). Itis unlikely that glycans shielded difterential
epitopes between NA proteins since all NA proteins were predicted to express the same N-linked glycans
(NetNGlyc1.o) (R. Guptaetal.,2004)). Other factors, such as protein stability, folding, or hydrophobicity,
may have contributed to the protein’s ability to elicit the immune responses. To further elucidate whether
the lack of protection was due to protein integrity, different vaccine platforms can be used to deliver the
NA antigen. Attenuated live reassortant viruses or virus-like particles that express NA antigens may be
used in future studies to determine the contribution of the soluble protein format to these titer differences.

The addition of a standardized NA antigen component to a multi-antigen influenza vaccine provides
advantages and disadvantages. The inclusion of the NA protein may slow the overall antigenic drift of
the vaccine since the HA and NA antigens evolve independent of each other (Kilbourne et al., 1990),
and the NA protection is not dependent on the HA subtype of the infecting virus. However, with the

addition, immunodominance between proteins may occur, and studies to determine the optimal ratio
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of protein will be necessary to overcome this similar to previous vaccine optimization (Y. H. Jang et al.,
2014)). Lastly, in a live-attenuated virus vaccine platform, the computationally derived NA protein will
need maintain stability and functionality to allow viral infection to be immunogenic. Before inclusion
into a multi-valent vaccine platform, the NA antigen should be confirmed to elicit NA inhibition titers
and mitigate clinical signs independently of the other antigens.

The COBR A methodology was previously used to design broadly-protective influenza HA antigens
(Allen, Ray, et al., 2018a; Fadlallah et al., 2020; Reneer et al., 20205 Ross et al., [2019), as well as other
viral antigens, such as the E protein of dengue viruses (Uno & Ross, 2020). In this study, the COBRA
methodology was applied to NA to design an antigen that elicited broadly-reactive antibodies against N1
proteins from different subtypes. The COBRA Ni1-I antigen has the possibility of eliciting protective
immune responses against both current human influenza viruses, but also zoonotic and pre-pandemic

viruses from multiple subtypes, which moves a step closer to a universal vaccine antigen.
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4.1 Abstract

The neuraminidase (NA) of the influenza virus presents a promising target for next-generation influenza
vaccines. Even with current vaccines, influenza continues to negatively impact the global economy, with
the US facing a total estimated burden of $11.2 billion in 2018. The Ni-I computationally optimized
broadly reactive NA antigen (N1-I COBR A NA) resulted from the combination of avian, human, and
swine isolated N1 virus NA protein sequences and elicits NA inhibition titers across a panel of N1 viruses.
The protection induced by vaccination with the Ni- COBR A NA was characterized in the both the naive
and pre-immune ferret animal models with A/California/o7/2009 (HiNi CA/o9) and
A/Vietnam/1203/2004 (HsN1x; Viet/o4) influenza challenges, as well as in the CA/o09 contact transmis-
sion model. Ferrets were naive or pre-immunized with A/Singapore/6/1986 (HiN1; Sing/86) to mimic
individuals imprinted and after 1986. The ferrets were prime-boost vaccinated with Addavax adjuvanted
NA or HA protein (15 pg) vaccines including: mock, Ni-I COBRA NA, Viet/o4 NA, CA/o9 NA,
A/Brisbane/s9/2007 (Bris/o7) NA and CA/o9 HA. In both the naive and pre-immune CA/o9 challenge
model, the Ni-T COBR A NA vaccinated animals maintained similar weight as the CA/09 HA control and
significantly reduced viral titers compared the mock control. In the naive Viet/o4 challenge model, the N1-
I COBRA NA and Viet/o4 NA vaccinated ferrets were well protected with minimal clinical symptoms
and negligible weight loss. Whereas, the CA/09 NA group lost weight with 25% mortality. Vaccination
with either HA or NA vaccines did not inhibit contact transmission of CA/09 to a naive cage mate. When
the receiving ferrets were vaccinated, the Ni-I COBR A NA and positive controls still mitigated disease
compared to the mock group. The route of infection, intranasal or contact, adjusted the viral kinetics but
did not significantly change the magnitude of the viral titer observed over the course of infection. Overall,
the N1-I COBRA elicited protection in the naive and pre-immune ferret model with HiN1 and HsN1
infections, and mitigated disease in a contact transmission model for the vaccinated receivers. The cur-
rent results indicate that the Ni-I COBR A NA performed similarly to the CA/0o9 HA and NA positive

controls. Therefore, the N1-I COBR A NA alone induces protection from both highly pathogenic HsNi1
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and human 2009 pandemic HiNT, indicating its value as a vaccine component to increase the breadth of

protection induced by vaccination.
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4.2 Introduction

Influenza viruses, type A and B, circulate pervasively in the global human population and upon infection,
induces a contagious upper respiratory illness. Influenza virus infection often results in fatigue, fever,
sneezing, body aches, nausea, and in severe cases, pneumonia and death. Type A influenza virus has
a broad host species range, whereas Type B influenza viruses are mainly human isolated. Avian, swine
and other host species act as reservoirs for zoonotic transmission, and lead to constant reintroduction
of influenza viruses with pandemic potential due to individuals lacking pre-existing immunity to novel
strains. The two major surface proteins, hemagglutinin (HA) and neuraminidase (NA), classify the
influenza A viruses into subtypes. The sequentially numbered protein subtypes denote antigenically
distinct groups. In humans, the HiNr and H3N2 viral subtypes co-circulate seasonally with occasional
zoonotic spillover infections, most commonly with avian-origin HsNrand H7No viruses (Philippon etal.,
2020)). Broadly protective influenza virus vaccines are currently unavailable for seasonal human influenza
or zoonotic pandemic viral variants (Levine et al., 2o19). Governmental agencies prioritized the funding
of the development of such a vaccine in 2019 (Y. H. Jang & Seong, [2019; Krammer et al., 2020)). Influenza
viruses transmit primarily through airborne transmission or direct contact with infectious individuals and
surfaces. Ideally, an effective influenza virus vaccine will prevent infection and prevent transmission to
another person. Vaccination can also lower viral shedding from virally exposed vaccinated individuals by
either reducing the peak viral load or decreasing the shedding timeframe (Music et al., 2019). Currently,
split-inactivated vaccines are non-sterilizing and infection-permissive, but vaccination reduces disease
signs and adverse outcomes following infection (A. Choi et al., 2020} Ferdinands et al., 2021).

Influenza virus vaccine development has often overlooked the influenza virus neuraminidase as a
potential vaccine candidate antigen. Split-inactivated vaccines are standardized based upon HA content
and not quantified or standardized for NA content. The immunodominance of the HA further dampens
the immune response to NA (B. E. Johansson et al., 1987; Zheng et al.,|2020). The NA surface protein

cleaves sialic acid receptors on the surface of cells, which the HA protein of the virus then uses as a
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receptor to mediate entry into cells. In addition, NA improves viral motility, allowing the release of nascent
virions from host cells and preventing self-aggregation (Krammer et al., 2018)). Anti-NA polyclonal and
monoclonal antibodies protect mice and ferrets from influenza virus infection (Y. Q. Chen et al., 2018;
G. E. Smith et al., por7; Wohlbold et al., 2015). The NA inhibiting antibodies decrease influenza virus
disease severity; the vaccine effectiveness can be enhanced through the synergy of NA and HA inhibiting
antibodies (Couch et al., 20135 Krammer et al., 20205 Monto et al., 2015).

The goal of the current study was to evaluate a next-generation neuraminidase vaccine based upon
computationally optimized broadly reactive antigen (COBR A) methodology in ferrets (Giles & Ross,
20113; Skarlupka et al,, po21). The NA antigen was designed for the N1 influenza subtype, designated
Ni-I (Giles & Ross, 2011a; Skarlupka et al., |2021). This COBR A NA antigen elicited inhibitory antibody
responses to a panel of HXNI viruses encompassing all three genetic lineages of N1: N1.1 (avian; human
pandemic), Nr.2 (human seasonal), and N1.3 (classical swine). In contrast, wild-type Nr.1and N1.3 antigens
elicited cross-reactive NAI antibodies among the lineages, but could not inhibit the NA of HiN1 N1.2
viruses. Likewise, the antisera to the N1.2 NA did not inhibit the N1.1 or N1.3 clade viruses. Previously, our
group demonstrated that mice vaccinated with a recombinant Ni-I COBR A NA protein were protected
against viral influenza challenge. The challenge results of the N1-I COBR A NA vaccinated groups and
homologous vaccine groups were similar. Further, the N1-I COBR A NA groups maintained lower viral
titers than the mock vaccinated animals. Consequently, the protective efficacy of the NA COBR A vaccine
was quantified in the ferret model.

The ferret model is the gold standard for vaccine efficacy testing due to its natural susceptibility to
human influenza, the ferret’s sizeable respiratory system, and similar immunological and physiological
responses to vaccination and infection (Roubidoux & Schultz-Cherry, 2021). The ferret is an excellent
model for pre-immunity studies that more closely model human infection due to humans experiencing
immune imprinting from previous viral infections (Skarlupka & Ross, [2020). In this study, we tested the
ability of the N1-I COBR A NA to elicit protective immune responses in a naive and HiNI1 pre-immune

ferret model. The N1-I COBR A NA results were compared to ferrets vaccinated with homologous and
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heterologous wild-type NA and HA antigens following challenges with either A/California/o7/2009
(H1Ni1) or A/Vietnam/1203/2004 (HsNr). Vaccines were evaluated for the ability to elicit broadly reactive
antibodies, protection against both morbidity and mortality, as well as the inhibition of viral transmission

between ferrets.

4.3 Materials and Methods

4.3.1 Viruses

The historical HIN1 A/Singapore/06/1986 (Sing/86; HIN1; BSL-2) virus was used for establishing pre-
immunity, while A/California/o7/2009 (CA/09; HIN1; BSL-2) and A/Vietnam/1203/2004 (Viet/04;
HsNi1; BSL-3 select agent) were used for challenge infections. In addition to Sing/86 and CA/o9, the
following viruses were used in the hemagglutination inhibition assay (HAI) and enzyme-linked lectin
assay (ELLA): A/Vietnam/1203/2004 PR8 reassortant (Viet/04xPR8; HsN1; BSL-2; 6:2 reassortant virus
with A/Puerto Rico/8/1934 internal genes and Viet/o4 HA and NA gene segments), A/Brisbane/s9/2007
(Bris/o7; HiN1; BSL-2), and A/swine/North Carolina/154704/2015 (Sw/NC/15; HIN1; BSL-2). Sw/NC/15
was cultured in Madin-Darby canine kidney (MDCK) cells; all other viruses were grown in egg-culture.
MDCK cells were maintained with Dulbecco’s modified Eagle’s medium (DMEM) with 10% heat-inactivated

fetal bovine serum (FBS) with 1% penicillin-streptomycin (P/S) at 37°C with 5% COs,.

4.3.2 Vaccines

Recombinant soluble proteins were used for vaccination included: CA/09 NA, Viet/o4 NA, Bris/o7 NA,
N1-I COBRA NA, and CA/o9 HA. The optimized coding sequence for wild-type and COBR A proteins
ina pcDNA3.3 vector was expressed into soluble protein using a HEK-293T cell expression line as described
previously (Ecker et al., |2020; Skarlupka et al., 2021). Protein was extracted using His TrapExcel columns
with the AKTA Pure System (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Purified proteins were

concentrated with phosphate-buffered saline + 0.1% w/v sodium azide (PBSA). Protein concentration
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was determined using Micro BCA Protein Assay Reagent kits (Pierce Biotechnology, Rockford, IL, USA)

and stored at -80°C until used for vaccination.

4.3.3 Animals

Female Fitch ferrets (Mustela putorius furo) between six to fifteen months of age were sourced from
Triple F Farms after descenting and spaying (Gillett, PA, USA). Each animal was confirmed to be sero-
logically naive to the A/California/o7/2009 HiN1 influenza virus with sera collected prior to vaccination
or pre-immunization. When not infected, ferrets were pair housed with free access to food, water, and
enrichment. Ferrets were anesthetized with vaporized isoflurane before bleeds, vaccination, infection,
nasal washes, and euthanasia. All animal procedures were performed following the Guide for the Care
and Use of Laboratory Animals, Animal Welfare Act, and Biosafety in Microbiological and Biomedical
Laboratories (AUP: A2020 11-016-Y1-AG6).

Ferrets were vaccinated intramuscularly in the thigh muscle with 15 g of protein in a total volume
of soo nL. Addavax adjuvant (InvivoGen, San Diego, CA, USA), was mixed in a 1:1 ratio (250 wL sterile
PBS with protein: 250 uL. Addavax). Mock vaccinated groups received 250 uL of sterile PBS with 250 pL
of Addavax. Four weeks following the prime vaccination, the animals received a booster vaccine of the
same mixture. At least two weeks after the boost, blood was collected in BD Vacutainer SST tubes. After
30 min at room temperature (RT), serum was separated by processing the tubes at 2500 rpm for 1o min.

Purified serum was stored at -20°C until analysis.

4.3.4 Direct and contact transmission ferret infections

Ferrets were directly infected either to establish pre-immunity before vaccination (Sing/86) or to challenge
the vaccine groups for protection characteristics (CA/09; Viet/o4). Direct infection was performed
intranasally with 1 mL total volume with soo pL administered to each naris. The infection dose used for
Sing/86 and CA/o09 was 1 x 10° plaque-forming units (PFU)/mL. Whereas the infection dose used for

Viet/o4 was 1 x 10° PFU/mL. After infection, animals were observed twice daily for clinical signs and
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weighed once daily until two consecutive days without signs. On days 1, 3, 5, and 7 post-infection (p.i.)
nasal washes were performed with 3 mL of sterile PBS. The receiving ferret was placed with the directly
infected ferret on day 1 p.i. after nasal wash to evaluate contact transmission. The receiving ferret remained
pair housed with the transmitting ferret until the end of the observation period. The receiving ferret was
nasal washed on days 3, 5, 7, and 9 p.i. of the transmitting ferret, i.e., days 2, 4, 6, 8 post-contact. All nasal
wash samples were stored at -80°C until viral titration.

When a cumulative clinical score of three was reached, the animal was humanely euthanized. Clin-
ical signs with their scores were as follows: nasal discharge/sneezing/diarrhea (o.s; not used for humane
endpoint calculation but used for graphical representation), lethargy (1), dyspnea (2), cyanosis (2), neu-
rological signs (3), moribund (3), laterally recumbent (3), failure to respond to stimuli (3), weight loss of
20-25% (2), and weight loss of greater than 25% (3). The maximum of the two clinical scores recorded for

each day was used for analysis.

4.3.5 Histopathological analysis

Histopathological samples were collected from designated animals prior to challenge and were euthanized
with B-euthanasia on day s p.i. The left cranial and caudal lobes were sectioned into quarters, placed on
dry ice, and stored at -80°C until viral titration. The right cranial, middle, caudal lobe, and accessory lobe
were infused intratracheally with neutral-buffered, 10% formalin fixative solution (BF). The trachea and
right lung were extracted and placed in BF. The submandibular lymph node was extracted and set in
BF. The head was removed at the junction of the cricoid cartilage and tracheal rings. The nasal cavity
was fixed with BF administration through the pharyngeal isthmus until BF drained from both nares. All
samples were stored in BF for one week, after which 70% ethanol solution replaced the BF. The skull was
decalcified in Kristensen’s solution for two weeks. All tissues were embedded in paraffin, and sectioned
as follows: coronal sections through the nasal cavity, transverse sections through the middle and inner
ear, and cross sections through the submandibular lymph node, trachea, and right lung lobes. The s

wm thick sections were stained with hematoxylin and eosin (H&E). To assess proliferation of T-cells in
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the submandibular lymph nodes, CD3+ immunohistochemistry for T-cells (polyclonal rabbit anti-CD3
antibody (Dako Ao4s2) was performed.

Microscopic exam consisted of evaluation of the nasal cavity (at 9 levels), ear (middle and inner),
trachea, and the right lung lobes (cranial, middle, and caudal) for the presence or absence of inflammation.
Microscopically, lesion (tissue change or alteration) incidence, severity, and distribution were recorded.
If absent (i.e., histologically normal), a score of o was assigned. If present, the severity of the lesions was
recorded as minimal, mild, moderate, or severe, with severity scores of 1 through 4, respectively, based
on an increasing extent and/or complexity of change, unless otherwise specified. Lesion distribution was
recorded as focal, multifocal, or diffuse, with distribution scores of 1, 2, or 3, respectively.

All histopathological work was conducted following the US FDA Good Laboratory Practice regula-
tions (21 CFR Part s8 and subsequent amendments) and all microscopic evaluations of the H&E stained

sections was performed by a board-certified pathologist (UBM).

4.3.6 Influenza virus plaque assay

The nasal wash and lung samples were processed for viral titration. The nasal wash samples were diluted
in 10-fold serial dilutions in DMEM+P/S before addition to the cells. The lung samples were weighed
and then homogenized in a corresponding quantity of DMEM+P/S such that 0.1 g was resuspended in
1 mL DMEM+P/S. The homogenized lung was passed through a. 0.70 pum nylon filter (Corning Cell
Strainer, Sigma Aldrich, St. Louis, MO, USA). The filtrate was then diluted in 1o-fold serial dilutions in
DMEM+P/S before addition to the cells. The upper right quadrant of the left cranial lobe and the lower
left quadrant of the left caudal lobe were processed for viral lung titers.

MDCK cells were seeded at 2.5 x 10° cells per well of a r2-well tissue-culture treated plate. The next
day the confluent cells were washed with DMEM+P/S and overlaid with 100 pL of the viral sample. Plates
were incubated at RT with shaking every 15 min. The cells were then washed with DMEM+P/S and
overlaid with 1 mL of plaque medium (minimum essential media with P/S, 2 mM L-glutamine,1.s mg/mL

NaHCO3, 10 mM HEPES, s ug/mL Gentamycin, and 1.2% Avicel RC-591 NF (MFC corporation, PA,
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USA). For Viet/o4 virus, trypsin was not added, but for CA/o9 virus, 1.5 pg/mL TPCK-treated trypsin
was added (Sigma-Aldrich). Plates were incubated at 37°C with 5% CO,. After 48 hours (Viet/o04) or 72
hours (CA/09), plates were removed, washed with PBS, and fixed with BF for 15 min. After, the plaques
were visualized by staining with 1% crystal-violet for 1o min. The plaques were counted and back-calculated
to determine the PFU/mL for nasal wash viral titers and the PFU/g for lung tissue viral titers. All plaques
were conducted in duplicate for each sample, and the average value was taken for analysis. The limit of
detection of nasal wash and viral lung titers were 1.0 log1o(PFU/mL) and 2.0 l0g1o(PFU/g). The limit of
quantification was defined as greater than or equal to 10 countable plaques, which led to reliable lower

limits of 2.0 log1o(PFU/mL) and 3.0 log1o(PFU/g) for nasal wash and viral lung titer values respectively.

4.3.7 Hemagglutination inhibition (HAI) assay

Ferret sera were treated with three parts receptor destroying enzyme (RDE, Seneka, Japan). Seraand RDE
were incubated at 37°C for 18-20 hours and then heat-inactivated at 56°C for 1 hour. After reaching RT,
six parts PBS was added to the samples. The HAI assay was performed as previously described. The HiN1
viruses and Viet/04xPRS8 virus were titered to 1:8 HA units/so pL with 0.8% turkey erythrocytes (Lampire
Biologicals, Pipersville, PA, USA) and 1% horse erythrocytes (Lampire Biologicals, Pipersville, PA, USA),
respectively. The serum was diluted two-fold in V-bottom 96 well plates and incubated in equal volume
with the virus for 20 min at RT. After which, an equal volume of the respective erythrocytes was added.
After 30 min for HiN1 viruses and 6o min for Viet/o4xPR8 HsNi1 virus, the plates were tilted, and the
reciprocal dilution of the last well to not be agglutinated was recorded as the HAI titer. The last column

of the plate contained no sera — only PBS, virus, and erythrocytes — and served as the negative control.

4.3.8 Neuraminidase inhibition assay (NAI); Enzyme-linked lectin assay (ELLA)

Sera treatment for the ELLA assay was similar to the treatment for the HAT assay, except heat inactivation
was for 8 hours to completely deactivate the NA activity of the Vibrio cholerae neuraminidase. The NA

activity of the virus was determined as previously described and diluted to a concentration providing
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90-95% NA activity (Skarlupka & Ross, 2021). From an initial dilution of 1:100, sera was diluted two-
fold in Dulbecco’s phosphate-buffered saline containing 0.133 g/L CaCly and o.1 g/L MgCl, (DPBS),
1% BSA, 0.5% Tween-20 (DPBS-BT). The sera were added to a PBS+Tween-20 (PBS-T) washed fetuin
plated coated previously overnight with 100 uL of 25 ug/mL fetuin. The serial dilutions were added in
25 wL in duplicate per ferret sample. In the control wells, so nL of DPBS-BT was added in substitution
of sera. The control wells included at least six wells with no sera and no virus for the subtraction of the
background absorbance and another minimum of six wells with no sera and only virus to serve as the
100% NA activity threshold. The diluted virus was added in so uL, and the plate was rocked to mix. Plates
were incubated at 37°C with 5% CO for 16-18 hours. After which, they were washed 6X with PBS-T, and
100 uL of peanut agglutinin-HRPO (Sigma-Aldrich, St. Louis, MO) was added at a dilution of 1:1000
in DPBS-T. Plates were incubated in the dark for 2 hours at RT. After washing 3X in PBS-T, 100 uL of
o-phenylenediamine dihydrochloride (OPD; Sigma-Aldrich, St. Louis, MO) in 0.05 M phosphate-citrate
buffer with 0.03% sodium perborate pH 5.0 (Sigma-Aldrich, St. Louis, MO) was added to the plates.
They were incubated in the dark at RT for 10 min and stopped with 100 pL of 1 N sulfuric acid. The
absorbance was read at 490 nm using a spectrophotometer (PowerWave X§; BioTek, Winooski, VT, USA).
The background absorbance was subtracted, and the serum-containing wells were normalized with the
average of the virus-only wells defining 100% NA activity. Nonlinear regression was conducted in Prism

9.1 using the duplicates to provide the average estimated log;0(50% NAI titer) for individual ferrets.

4.3.9 Statistical analysis

The data were analyzed by either a two-way ANOVA or a REML mixed effects model if data were missing.
Repeated measures were used to account for the ferret variation. Initially, the interactions were fit between
the two main effects (usually vaccine group and day p.i.). If the interaction was not significant with an
F-test, the analysis was then conducted with only the main effects. Tukey’s multiple comparison test
was conducted first. If there was no significant difference between the vaccinated groups to each other,

a Dunnett’s multiple comparison test was conducted using the mock vaccinated as the control group.
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Survival curves were analyzed using the log-rank Mantel-Cox test with asymmetrical 95% confidence in-
tervals. The mean value with standard deviation error bars were depicted on all figures except for clinical
scores. Clinical score figures depicted the standard error of the mean, with the individual values shown in
the background. The offsetting values of the weight loss and viral nasal wash titers were determined by
adjusting the days in increments of one, until the mock vaccinated groups were visually aligned with each

other.

4.4 Results

4.4 Nr1-I COBRA NA mitigated clinical signs and viral titers in naive ferrets

directly challenged with CA/09 HIN1x

Ferrets were vaccinated with the Ni-I COBR A NA or one of the wild-type NA or HA vaccines. Follow-
ing vaccination, immunologically naive ferrets were infected with the CA/o9 virus (Fig. [4.1A). Mock
vaccinated ferrets infected with CA/o09 lost 15-20% of their body weight by day 7 p.i. (Fig. [4.2JA). In
contrast, ferrets vaccinated with N1-I COBR A NA lost significantly less weight (5-7% of their original
body weight) by day 3 p.i. (adj. p-value < 0.05) and then maintained that weight for the remainder of the
study (Fig. [4.2]A). This weight loss was similar to ferrets vaccinated with CA/09 HA, and less than those
ferrets vaccinated with wild-type NA vaccines (Fig. ) Higher clinical scores and morbidity were
observed for ferrets with greater weight loss (Fig. [4.2JB-C). As an example, by day 2 p.i., ferrets vaccinated
with Ni-I COBR A NA or CA/09 NA vaccines had lower scores than ferrets vaccinated with the Viet/o4
NA group. At day 4 p.i., mock vaccinated ferrets had greater clinical scores than the N1-I COBRA NA,
Viet/o4 NA, and CA/09 NA vaccinated ferrets (Fig. [4.2JB). Four of the eight mock vaccinated ferrets
had high clinical scores, reached the clinical endpoint, and were sacrificed by day s p.i. (Fig. ) The
Bris/o7 NA and mock vaccinated groups exhibited 50% and 60% survival by the end of the observation

period, respectively. All other vaccinated ferrets maintained 100% survival.
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Figure 4.1: Naive, pre-immune, and contact transmission ferret model design. Naive or pre-immune ferrets
were vaccinated with 15 pug of adjuvanted recombinant protein in a prime-boost schema after prebleeding
and pre-immunization if necessary (A). Animals were challenged with either Viet/o4 or CA/09. Day s
p.i. four animals were harvested for lung viral titers and histopathology for CA/o9 challenge. Contact
transmission between vaccinated transmitters and influenza naive receivers was studied by vaccinating
the transmitter with 15 ug recombinant protein with adjuvant in a prime-boost, infecting with CA/o9,
and on day 1 p.i. co-housing the intranasally infected ferret with the naive receiver after nasal wash (B).
Contact transmission between influenza naive infected transmitters and vaccinated receivers was similar,
except the naive ferret was infected and then the vaccinated ferret was co-housed on day 1 p.i. (C). Weights
and clinical signs were recorded for all ferrets for a maximum of 14 days post-influenza exposure. Nasal
washes were harvested on days 1, 3, 5, and 7 p.i. for intranasally infected animals and on days 3, 5, 7, and 9
p.i. relative to the day of infection for the transmitting ferret for the contact transmission animals.
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Figure 4.2: N1-I COBR A NA vaccines performed similarly to CA/09 HA and NA vaccines in the naive
ferret model intranasally challenged with CA/o9 HiN1. (A) After challenge with CA/09, the weight
during challenge was normalized to the percentage of the original starting weight before infection. (B)
The maximum clinical scores from the morning and evening checks were displayed with a score of three or
greater indicating clinical endpoint. Individual ferret clinical scores are shown with the line connecting the
mean score and the range of the standard error of the mean shaded. (C) The survival was determined while
accounting for the censored ferrets on day s p.i. that were purposefully removed from the study for sample
collection. The 95% asymmetrical confidence intervals are shown for the groups that did not have 100%
survival. (D) The viral nasal wash titers for all vaccinated groups were determined through plaque assay and
analyzed with a mixed effects model. (E) The viral lung titers were quantified by plaquing homogenized
tissue each the upper and lower left lung lobes. The lobe location was not a significant factor, and thus
the titers were analyzed with a one-way ANOVA. Viral lung titers were not harvested for the Viet/o4
NA group. The limit of detection (LOD; dashed line) was 1.0 log1o(PFU/ml) and 2.0 log;o(PFU/g)
for the nasal wash titers and lung titers, respectively. The limit of quantification (dotted line) was 2.0
log1o(PFU/ml) and 3.0 log1o(PFU/g) for the nasal wash titers and lung titers, respectively. Tukey’s test
for multiple comparisons was used for viral titer comparisons. All error bars represent standard deviation.
The minimum weight before clinical endpoint was 75% with 80% denoting an increase in clinical scoring.
Adjusted p-value: * = < 0.05, ™ = < 0.01, ™" = < 0.001, **** = < 0.0001.
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Opver the course of infection, nasal wash samples were taken every other day to quantify viral titer in
the upper respiratory tract (Fig. [4.2]D). Virus was recovered from all vaccinated ferrets at day 1 p.i. and
not detectable by day 7 p.i. On day 3 p.i., Ni- COBR A NA vaccinated ferrets had significantly lower viral
titers than the mock group. By day s p.i., the CA/0o9 HA, N1-I COBRA NA, and CA/o9 NA ferrets had
viral titers significantly lower than the mock, and at or near the limit of detection (1.0 log1o(PFU/mL)).
The Bris/o7 NA and Viet/o4 NA groups were not significantly different from mock, with the Bris/o7
NA having a higher mean titer on day 5 p.i. than Viet/o4 NA. These results were corroborated by the viral
lung titers of the left lung lobes collected on day s p.i. (Fig. [4.2JE). The CA/09 HA group was below the
limit of detection (2.0 log1o(PFU/g lung tissue)). The N1-I COBR A NA group had significantly lower
viral loads compared to the mock group (adj. p-value = 0.0167). The antigenically distinct Bris/o7 NA
group was not significantly different from mock, and had a greater mean titer than the CA/09 HA group.
Again, the N1-I COBRA NA performed similarly to the CA/o9 positive controls.

In addition to lung viral titers, histopathological samples were analyzed at day s p.i. (Fig.
and . Of all tissues examined, significant tissue alterations consisted of tissue inflammation, which
was most consistently observed in the lungs, followed by the nose. The severity and distribution of the
inflammation in the right lung was significantly greater in all vaccine groups compared to the unchal-
lenged unvaccinated control group (Fig. and Fig. . The inflamed lung tissue was hyperemic
and hypercellular about the airways (bronchi and bronchioles), respiratory (or terminal) bronchioles,
and blood vessels. In the most severe cases, the terminal bronchioles had necrosis and sloughing of the
mucosa, with hypertrophy and hyperplasia of the adjacent mucosal epithelia. The sloughed, necrotic
epithelia extended into the adjacent alveoli, which contained foamy macrophages. In the adjacent blood
vessels, mild to moderate collections of lymphocytes obscured and expanded the perivascular tissues and
extended into the adjacent alveolar and terminal bronchiolar interstitial tissue. In the larger bronchioles,
the mucosa was thickened and hypercellular, with loss of cilia. Within a loose fibrocollagen tissue stroma,
lymphocytic, plasmacytic and neutrophilic infiltrates obscured and expanded the peribronchiolar and

peribronchial tissues; infiltrates often extended into the lumens through the mucosal walls and periph-
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erally into and between the bronchiolar smooth muscles, peribronchiolar and bronchial blood vessels,
and spaced bronchiolar glands. The lumens of the larger bronchioles and bronchi contained sloughed
necrotic cells, neutrophils, necrotic debris, and proteinaceous material mixed with mucus.

Of the vaccine groups, the CA/09 HA had significantly less inflammation compared to all NA vaccine
groups. Comparing the degree of inflammation of the N1-I COBR A and CA/o9 NA groups, they had
the same mean severity score, which was lower than that of the mock vaccinated although insignificantly.
Inflammation was observed in the lung of all challenged animals. Inflammation in the trachea was more
variable (Fig. [4.3B). The CA/09 NA group had a greater inflammation score than the unchallenged
animals, and 100% of the animals having signs of inflammation. The mock challenged animals had similar
inflammation levels with 75% of the animals having inflammation in the trachea. Comparatively, N1-I
COBRA NA and CA/09 HA vaccine groups had an inflammation incidence of 50% and 25% respectively.
The middle/inner ear was similar to the trachea, with the prevalence of inflammation varying between
groups (Fig. [4.3C). Ni-I COBRA NA, CA/09 NA and unchallenged animals had the similar profile
of 25% prevalence with one animal exhibiting a score of two. The CA/09 HA vaccinated group had s0%
prevalence with two severity scores of three and four. The mock vaccinated animals had 100% prevalence
of inflammation with a mean of 2.5 severity score. There were no statistically significant comparisons
between the middle/inner ear samples.

Of the nasal cavity sections, the unchallenged animals had a low level of inflammation further in the
nasal cavity between sections three to eight (Fig. and Fig. [4.5). The inflamed nose tissue was diffusely
hyperemic and hypercellular. Large number of neutrophils and macrophages, mixed with debris and
embedded in basophilic mucinous material filled the nasal meatus and covered the mucosa. In some areas,
there was loss of ciliated epithelia and replacement with low cuboidal to squamous epithelia. Neutrophils
expanded the loose tissues of the underlying lamina propria and often extended into the overlying mucosa
(leukocytic exocytosis). Neutrophil, macrophage, and lymphocytic infiltrates extended along the loosely
arranged lamina propria/submucosa between the spaced nasal glands and dilated lymphatics and blood-

engorged vessels. For all challenged animals regardless of vaccine group, the inflammation was greater than
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the unchallenged, but no different when compared to each other. The submandibular lymph node had
no inflammation, lymphocyte necrosis, or lymphoid depletion across all groups. The T-cell populations
were investigated through immunohistochemistry. The lymphoid hyperplasia of the CD3+ cells were

elevated in all challenged groups when compared to the unchallenged, but not different among each other
(Fig. [+.6).
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Figure 4.3: N1-I COBRA NA vaccine induced similar inflammation in the upper and lower respiratory
tract as the CA/o9 HA and CA/o9 NA vaccines in naive ferret model after intranasal challenge with
CA/o09 HiN1. H&E-stained formalin-fixed and embedded tissues were scored for the severity and distribu-
tion of inflammation. (A) The NA-based vaccines had the same mean severity score and were significantly
greater than the CA/o9 HA vaccine group. All groups were significantly different (p < 0.01) compared to
the unchallenged group (notshown). (B) The trachea was examined for inflammation and the CA/o9 NA
vaccinated group had higher incidence and mean severity scores compared to all other groups. (C) The
inflammation in the middle and inner ear were mild. The mock group had 100% incidence. (D) Sections
of the nasal cavity from the nares to the eye were examined for inflammation. All challenged animals were
similar in inflammation compared to the unchallenged group. A two-way repeated measures ANOVA
with Tukey’s test for multiple comparisons was used for statistical analysis of the lung, trachea, and ear
sections, and the same analysis conducted separately for the nasal cavity sections.

4.4.2 N1-I COBRA NA mitigated clinical signs and viral nasal wash titers in

HiNi1 pre-immune ferrets directly challenged with CA/09 HiNx

pre-immunity to a historical HIN1 influenza virus was established in ferrets by intranasal inoculation
of Sing/86 HiN1 influenza virus, (Fig. [4.]A) and they were vaccinated after with NA protein vaccines.

After challenge with CA/09, pre-immune ferrets that were mock vaccinated lost 10% of their original
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Figure 4.4: H&E staining of CA/o9 challenged ferret lungs. Ferrets were vaccinated with Ni- COBRA
NA, CA/o9 NA, and CA/o9 HA proteins in a prime-boost regimen. Vaccinated and unvaccinated (Pos
Control) were challenged with CA/o9 virus intranasally, and lungs harvested on day s p.i. Tissues from
unvaccinated unchallenged ferrets were also harvested (Neg Control). Formalin-fixed paraffin embedded
tissue was stained with H&E for visualizing inflammation. (Left) Lower magnification of lung sections.
(Right) Closer examination of the bronchioles of the lung with a scale bar of 200 pum.
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Figure 4.5: H&E staining of CA/o9 challenged ferret nasal cavity. Ferrets were vaccinated with N1-I CO-
BRANA, CA/o9 NA, and CA/09 HA proteins in a prime-boost regimen. Vaccinated and unvaccinated
(Pos Control) were challenged with CA/o9 virus intranasally, and nasal cavities harvested on day s p.i..
Tissues from unvaccinated unchallenged ferrets were also harvested (Neg Control). Formalin-fixed paraf-
fin embedded tissue was stained with H&E for visualizing inflammation. (Left) Entire nasal cavity section.
(Right) Closer examination of the nasal cavity turbinates with a scale bar of 200 um.
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Figure 4.6: H&E staining and CD3+ immunohistochemistry of CA/o9 challenged ferret submandibular
lymphnode. Ferrets were vaccinated with N1-I COBRA NA, CA/o9 NA, and CA/o9 HA proteins in
a prime-boost regimen. Vaccinated and unvaccinated (Pos Control) were challenged with CA/o9 virus
intranasally, and the submandibular lymphnode was harvested on day s p.i.. Tissues from unvaccinated
unchallenged ferrets were also harvested (Neg Control). (Left) Formalin-fixed paraffin embedded tissue
was stained with H&E for visualizing inflammation, lymphocyte necrosis, and lymphoid depletion or
atrophy with a scale bar of 500 um. (Right) Lymphode section stained for CD3+ for visualizing CD3+
lymphoid hyperplasia with a scale bar of 500 pm.
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body weight by day s p.i (Fig. ) There was little or no weight loss for pre-immune ferrets that were
vaccinated with the NI-I COBRA NA, Viet/o4 NA, and CA/09 NA vaccines. pre-immune vaccinated
ferrets had an average clinical sign score of o.5 (Fig. [4.7B) with the mock vaccinated ferrets maintaining
an average score of 1 for days 2 to 4 p.i.. During infection, three mock ferrets recovered, and one reached
the clinical endpoint (Fig. [4.7IC). pre-immune, mock vaccinated ferrets had significantly higher viral
nasal wash titers (1.0-2.0 [0g1o(PFU/mL) compared to pre-immune NA vaccinated ferrets, regardless of
the NA vaccine (Fig. [4.7]D). There was no statistical difference in the nasal wash titers between any of the

pre-immune, NA vaccinated ferret groups. Viral nasal wash titers were undetectable by day s p.i.

4.4.3 N1-I COBRA NA mitigated clinical signs in naive ferrets directly chal-

lenged with Viet/o4 HsNr virus

The efficacies of the vaccines were tested in the highly pathogenic Viet/o4 virus challenge model with
naive vaccinated ferrets. Mock vaccinated naive ferrets had a continuous weight loss after infection, and all
of the ferrets reached clinical endpoint by day 6 p.i. (Fig. [4.8]A-C). Naive ferrets vaccinated with CA/o9
NA vaccines lost §% of their original weight by day 4 p.i. with slow decline to 10% of their body weight
by day 9 p.i. (Fig. [4.8A). Ferrets vaccinated with the Ni-I COBR A NA or the Viet/o4 NA all survived
challenge with little to no weight loss or clinical signs over the 14 days of observation (Fig. [4.8]A-C). There

were no viral nasal wash titers detected at any time point post-infection.

4.4.4 pre-immunity to historical HINT influenza viruses mitigated clinical
signs and mortality when directly challenged with Viet/o4 HsN1 in-

fluenza virus compared to naive animals

Ferrets that were initially pre-immunized with the Sing/86 HiN1 influenza virus, then vaccinated, and
then challenged with Viet/o4 virus had no weight loss, had minimal clinical signs, and no mortality over

the course of the infection (Fig. [4.8]D-E). No viral nasal wash titers were detected over the course of
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Figure 4.7: NA vaccinated ferrets pre-immunized with Sing/86 HiN1 exhibited minimal clinical signs after
intranasal challenge with CA/09 HiNI. (A) After challenge with CA/09, the weight during challenge was
normalized to the percentage of the original starting weight before infection. (B) The maximum clinical
scores from the morning and evening checks were displayed with a score of three or greater indicating
clinical endpoint. Individual ferret clinical scores are shown with the line connecting the mean score
and the range of the standard error of the mean shaded. (C) The survival percentage for each group was
determined. (D) The nasal wash titers for all vaccinated groups were determined through plaque assay.
The limit of detection (LOD; dashed line) was 1.0 l0g1o(PFU/ml), and the limit of quantification (dotted
line) was 2.0 l0g1o(PFU/ml). A two-way repeated measures ANOVA and Dunnett’s test for multiple
comparisons was used for statistical analysis with the mock vaccinated as the control group. All error bars
represent standard deviation. The minimum weight before clinical endpoint was 75% with 80% denoting
an increase in clinical scoring. Adjusted p-value: * = < 0.05, ** = < 0.01, *** = < 0.001, ™ = < 0.000I.
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Figure 4.8: N1-I COBR A NA vaccine performed similarly to the Viet/o4 NA vaccine in the naive ferret
model intranasally challenged with Viet/o4 HsNr. (A) After challenge with Viet/o4, the weight during
challenge was normalized to the percentage of the original starting weight before infection. (B) The
maximum clinical scores from the morning and evening checks were displayed with a score of three or
greater indicating clinical endpoint. Individual ferret clinical scores are shown with the line connecting
the mean score and the range of the standard error of the mean shaded. (C) The survival percentage for
naive ferret model were determined for each vaccine group. (D) Weights were also monitored for the
Sing/86 HiNI pre-immune group, in addition to the clinical signs (E). Survival was 100% for all groups
in the pre-immune vaccinated Viet/o4 challenge model. All error bars represent standard deviation. The
minimum weight before clinical endpoint was 75% with 80% denoting an increase in clinical scoring.
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infection. There was no distinguishable difference between pre-immune ferrets vaccinated with the Ni-
COBRA NA, CA/o9 NA, or Viet/o4 NA vaccines and pre-immune mock vaccinated ferrets. When
compared to the mock vaccinated naive ferret group in Fig. [4.8/A-C, the mock vaccinated pre-immune

ferrets had less clinical manifestations due to Sing/86 pre-immunity.

4.4.5 Serological responses following vaccination

Serum samples were collected from each ferret ( and assayed for the elicitation of anti-NA antibodies
with the ability to inhibit NA enzymatic activity against a panel of HxN1 viruses (Fig. and Fig. [4.10).
The N1-I COBR A NA elicited antibodies with ELLA activity to all four viruses in the panel. Not all of
the Ni-I COBR A NA vaccinated animals seroconverted to Bris/o7 (Clade: Ni1.2). The CA/09 NA and
Viet/o4 NA vaccinated animals only had ELLA titers to the CA/o9 (Clade: Nr.1), Viet/o4 (Clade: Nr.1)
and Sw/NC/15 (Clade: Nu1.3) viruses. The Bris/o7 NA antibodies was even more restricted in breadth,
with ELLA titers to only Bris/o7 and Sw/NC/15 viruses.

Sera with HAT activity against CA/o9 was detected in naive ferret vaccinated with CA/09 HA (Fig.
). The CA/09 HA vaccine-elicited titers ranged between 4.32-9.32 logo(HAI titer), with a mean
of 7.031 logo(HAI titer). All ferrets pre-immunized with Sing/86 HiNr1 seroconverted with an average
logs titer of 7.978 £ 0.5453 standard deviation (Fig. ) pre-immunity elicited no cross-reactive HA

antibodies that inhibited either the CA/09 HiN1 or Viet/04xPR8 HsNr influenza virus HA activity.

4.4.6 Contact transmission from vaccinated ferrets to naive ferrets

To determine if NA vaccination reduces the ability of infected ferrets to transmit virus to another co-
housed ferret, naive receiver ferrets were co-housed with CA/o9 influenza virus infected, HA- or NA-
vaccinated transmitter ferrets 1 day p.i. ([4.1). Contact transmission occurred between all vaccinated
transmitter and influenza-naive receiver pairs. All naive receiving ferrets lost body weight that was not
statistically different compared to mock-vaccinated animals, regardless of the transmitting ferret’s vaccina-

tion (F-statistic: 0.1029; DF: 4, 155 p-value: 0.9797) (Fig. ) Further, the transmitting ferret’s vaccine
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Figure 4.9: N1-I COBR A NA vaccine elicited NA-inhibiting antibodies to a panel of genetically diverse
HXNi1 viruses. The 50% NA inhibition (NAI) titers elicited by the NA-based vaccines were measured
for a panel of Nr influenza viruses that belong to different N1 genetic clades. Nonlinear regression of the
ELLA results using RDE treated ferret sera was used to determine the 50% NAI titers (Fig. . The
Ni-I COBR A NA vaccination elicited inhibitory antibodies to viruses in the panel. The CA/0o9 NA and
Viet/04 NA elicited cross-reactive NAI antibodies to each other. The Bris/o7 NA vaccine elicited NAI
antibodies to itself. All NA vaccines elicited antibodies that inhibited the Sw/NC/15 virus. The initial
serum dilution used for the ELLA assay (1:100) was defined as the limit of quantification at 2.0 log10(50%
NAI titer).
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A A/California/07/2009 (H1N1) B AlViet Nam/1203/2004 (H5N1xPR8)
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Figure 4.10: NA enzymatic inhibition curves of four N1 influenza viruses from sera taken from NA
vaccinated ferrets. On average the Ni-I COBR A NA antigen inhibited all four strains, reducing NA
activity by at least 50%. The RDE treated sera were two-fold diluted from a starting dilution of 1:100 to a
dilution necessary to quantify the NAI titer. The mean of ferret curves in duplicate is shown as the solid
line with standard deviation error bars. NA activity was normalized with 100% NA activity being defined
with a ‘virus only with no sera’ control that included at least 8 wells. The dotted line indicates 50% NA

activity.
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Figure 4.11: HAI results of CA/09 HA vaccinated and Sing/86 pre-immunized ferrets. (A) HAIT titers
for ferrets vaccinated with CA/o9 HA, split up by study group, with the mean of all ferrets in that group
shown asasolid line. Ferretidentification numbers are also given to identify each data point. (B) HAI titers
to Sing/86 were measured after Sing/86 pre-immunization and before vaccination. The x-axis indicates
the challenge virus group of either CA/09 and Viet/o4. Dotted lines indicate 1:40 and 1:80 HAI titers.

group did not significantly contribute to the naive receiving ferrets’ clinical scores (F-statistic: 1.916; DF:

3, 12; p-value: 0.1809), or nasal wash titer (F-statistic: 2.549; DF: 4, 155 p-value: 0.0825) (Fig. and D).

4.4.7 Contact transmission from naive ferrets to vaccinated ferrets

A second set of vaccinated ferrets were designated as the receiver ferrets and co-housed with naive ferrets
that were intranasally infected with CA/o9 virus (Fig. . All the naive transmitting ferrets exhibited
similar weight loss, clinical scores, and nasal wash titers amongst each other (Fig. [4.2JA-D). The mock
receiver ferrets lost 15-20% of their body weight, whereas CA/09 HA vaccinated receiver ferrets only lost
marginal weight over the 14 days of co-housing (Fig. [4.13}A). In contrast, ferrets vaccinated with the Ni-I
COBRA NA lost 10% of their original body weight by day 7 p.i., which was not statistically different to
ferrets vaccinated with CA/09 NA vaccine (Fig. [4.13A). The Ni-T COBR A NA was statistically different

to CA/o9 HA on days 4, 9, and 12 p.i. The CA/09 NA group initially maintained weight, but steadily lost
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Figure 4.12: Vaccination of contact transmitting ferrets did not limit the transmission to other ferrets
or affect the receiving ferret’s clinical or viral outcomes. Naive ferrets were co-housed one day after the
CA/o9 intranasal infection of ferrets vaccinated with different influenza protein antigens (see legend;
Fig. ) The normalized weights, regardless of the transmitting ferret’s vaccination status, were the not
significantly different, and the combination of all the naive receivers is shown in grey with the ’All Receivers’
group (A). The clinical scores (B), and survival (C) were recorded over the course of the study and shown
as All Receivers. (D) The viral lung titers determined through plaque assay were also unsignificant. The
maximum clinical scores from the morning and evening checks were displayed with a score of three or
greater indicating clinical endpoint. Individual ferret clinical scores are shown with the line connecting
the mean score and the range of the standard error of the mean shaded. Mixed effects analysis or two-
way ANOVA with repeated measures were used for statistical analysis. All error bars represent standard
deviation. The minimum weight before clinical endpoint was 75% with 80% denoting an increase in
clinical scoring.
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weight over time, never dropping below an average of 5% of their original body weight. This decrease in the
group’s average weight and large standard deviation bars was due to two of the four ferrets experiencing
considerable weight loss and the others maintaining their original weight during infection (Fig. [4.14]B).
Overall, the HA vaccine provided complete mitigation of weight loss, and the NA vaccines, including

the N1-I COBRA NA, provided partial mitigation of weight loss with few clinical signs observed (Fig.

[4.13A-B). All vaccinated ferrets survived the challenge (Fig. [4.13C).
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Figure 4.13: Vaccination of contact receiving ferrets did not limit transmission. Vaccinated ferrets were
co-housed one day after the CA/o9 intranasal infection of naive ferrets (Fig. [4.1C). (A) The weight
during challenge were normalized to the percentage of the original starting weight before co-housing on
day 1 p.i. (B) The maximum clinical scores from the morning and evening checks were displayed with
a score of three or greater indicating clinical endpoint. Individual ferret clinical scores are shown with
the line connecting the mean score and the range of the standard error of the mean shaded. (C) The
survival percentage for each group was determined. (D) The nasal wash titers for all vaccinated groups
were determined through plaque assay. The limit of detection (LOD; dashed line) was 1.0 log;o(PFU/ml),
and the limit of quantification (dotted line) was 2.0 log;o(PFU/ml). Mixed effects analysis with repeated
measures was used for statistical analysis. Tukey’s test for multiple comparisons was used for the weight
analysis, and Dunnett’s test was used for nasal wash titers with the mock receivers as the control group.
All error bars represent standard deviation. The minimum weight before clinical endpoint was 75% with
80% denoting an increase in clinical scoring. Adjusted p-value: * = < 0.05, ** = < 0.01, ™ = < 0.001, **** =
< 0.000L.
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The viral nasal wash titers did not differ significantly between the HA and NA vaccinated receivers (Fig.
[4.13D). In comparison to the mock vaccinated receiver ferrets, only the CA/09 HA vaccinated receivers had
significantly lower viral nasal wash titers on day 3 p.i. Contact transmission provided increased variability
in the nasal wash titers on day 3 p.i. The standard deviation of the mock receivers was ranged from 0.478
to 1.104 [0g19(PFU/mL) between days 3-9 p.i. The N1-I COBRA NA vaccinated receiver ferrets had a
wide standard deviation of 2.453 log19o(PFU/mL) on day 3, followed by more narrow intervals up to day 9

p.i. Viral titers peaked for all groups of ferrets at day 5 p.i. and then declined to undetectable levels on day

9 p.i. (Fig. [4.13D).

4.4.8 Comparison of the inoculation methods

The results from the two ferret transmission studies were compared to determine differences in vaccine
effectiveness between the two routes of virus administration: intranasal and contact. The contact transmis-
sion weights were normalized by three days to match the intranasal inoculated ferret study (Fig. [4.14/A-D).
The N1-I COBRA NA vaccinated ferrets had similar weight loss profiles regardless of the inoculation
method. Ferrets maintained between 90-97% of their original body weight (Fig. [4.14/A). CA/0o9 NA
vaccinated receiver ferrets lost less body weight than the intranasally inoculated transmission ferrets, how-
ever these animals also had the largest variability (Fig. [4.14]B). The receiver ferrets that lost weight when
using the direct contact method had weight loss curves that were similar to the weights of transmission
ferret directly receiving virus via the intranasal method. Similar results were observed for CA/o9 HA
vaccinated ferrets (Fig. [4.14)C). The mock ferrets had similar responses to both inoculation methods, but
had greater variability with a range of peak weight loss (80-95%) (some animals reached clinical endpoint
at bodyweight 80% from the resulting increase in clinical score) (Fig. [4.14]D).

The nasal wash titers from intranasal and contact transmission were also compared by offsetting the
contact groups by two days (Fig. [4.14[E-H). The mean peak viral titer did not differ between the intranasal
and contact methods in any of the vaccine groups. The mock vaccinated contact group had a significantly

higher peak titer compared to the intranasal inoculated ferrets (adj. p-value: o.0oor). All groups reached
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Figure 4.14: Magnitude of weight loss and viral loads did not change based upon intranasal or contact
transmission inoculation method. Vaccinated animals that were challenged by either direct intranasal
inoculation (intranasal) or through contact transmission from an intranasally inoculated cage mate (con-
tact) were compared by offsetting the contact weights by three days and the nasal wash titers by two days.
The offset days were chosen by to maximize the alignment of the mock vaccinated animals (D and H).
Each individual ferret’s weight loss over time was depicted for each vaccine group (A-D). The average
nasal wash titer with standard deviations were depicted for each vaccine group as well (E-H). Comparisons
were conducted within vaccine groups with a two-way repeated measured ANOVA and Sidak’s multiple
comparison test. The minimum weight before clinical endpoint was 75% with 80% denoting an increase
in clinical scoring. The limit of detection (LOD; dashed line) was 1.0 l0g;o(PFU/ml), and the limit of
quantification (dotted line) was 2.0 log,o(PFU/ml). Adjusted p-value: * = < 0.05, ** = < 0.01, *** = < 0.001,
X = < 0.0001.
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a peak titer between 4 to 6 log1o(PFU/mL). The viral dynamics differed between the vaccinated groups.
For instance, the intranasal CA/o9 NA group had significantly lower titers on the third day compared to
the contact CA/09 NA group (Fig. [4.14]F). The contact CA/09 HA vaccinated ferrets had a delay in the
increase in viral titers (Fig. ), but still reached the same viral peak titer observed on day 1 p.i. for the

intranasal group.

4.5 Discussion

Antibodies elicited to the influenza NA protein have been associated with decreased influenza HiN1
shedding and illness in humans (Maier et al., 2020). Therefore, the N1-I COBR A NA was investigated
for its potential as an influenza vaccine antigen. The naive CA/o9 ferret model was used to thoroughly
characterize the protective responses elicited by the N1-I COBR A NA after infection. The Ni- COBRA
NA induced similar ferret responses and viral titers compared to the CA/09 HA and NA positive controls.
The Bris/o7 NA vaccine was included as a heterologous NA and does not elicit NAI antibodies to either
the HiNr1 or HsNi challenge viruses. The Ni-I COBR A NA and positive controls consistently had lower
mean viral titers in nasal washes and lung tissue compared both the Bris/o7 NA and mock vaccine groups.
Although differences in the mean weight loss compared to other vaccines were similar, the survival of
the Bris/o7 NA group was only s0%. The severity and distribution of inflammation in the vaccinated
animals were similar in the ear and nasal cavity. Even in the CA/o9 HA vaccinated group, which had
below detectable viral titers in both the nasal wash and lung tissue, the inflammation levels were similar
to all other challenged groups. The Ni-I COBR A NA reduced inflammation similarly to the CA/09 NA
control, but less than the CA/o9 HA. These results correlate with the presence of virus still in the lungs
in the NA vaccinated animals on day s p.i. compared to the CA/09 HA group, which was below the limit
of detection.

The Ni- COBR A NA provides protection against seasonal and pandemic N viruses. In concordance
with the naive CA/o9 ferret model, the Ni-I COBRA NA performed identically to the Viet/o4 NA

positive control in the naive Viet/o4 ferret model. The N1-I COBRA NA vaccine elicited lower NAI
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titers than the Viet/o4 NA vaccinated animals, but both were equally protected. This implies that the
NATI titers and magnitude of protection for the HsN1 virus may not be a linear relationship, and there
potentially is a minimum NAI titer threshold for protection. Further, the Ni-I COBR A NA avoided the
weight loss and mortality observed in the CA/09 NA vaccine group over the course of infection.

The protective responses in ferrets corresponded with the elicited serological responses. The Ni-I
COBRA NA clicited strong responses to both CA/o09 and Viet/o4 viruses for 100% of the ferrets. The
inhibition was lower for Bris/o7, but was similar for the Sw/NC/15. The wild-type NA’s showed antigenic
profiles based upon their lineages similar to what has previously been observed (Skarlupka etal., 2021). One
contrasting observation was that the Bris/o7 NA elicited antibodies that inhibited the NA of Sw/NC/1s.
Previously in the mouse model, there was no cross-reaction between clades (N1.2 and Nr.3) (Skarlupka
etal.,2021). This difference in specificity may be due to the change in animal models, from mice to ferrets.

The majority of the human population has pre-existing immunity to influenza through both vacci-
nation and infection. This pre-existing immunity biases the immune recall response is termed immune
imprinting. The N1-I COBRA NA was tested in a pre-immune ferret model to mimic individuals ex-
posed to HiN1 influenza viruses. The Ni-I COBR A NA vaccine performed equally well as the CA/o09
controls in the naive and pre-immune ferret models. Therefore, even with the pre-existing anti-Sing/86
N1 antibodies, a protective response was elicited when vaccinated with the Ni-I COBR A NA. This effect
was prominent in the CA/o9 challenge. In the Viet/o4 pre-immune challenge, there was no weight loss
for any group. Contrary to expectations, the pre-immunity to Sing/86 HiN1 was more protective in the
Viet/o4 HsNi challenge than in the CA/o9 HiNiI challenge. It was expected that due to the shared Hr
subtype that the Sing/86 pre-immunity would be more protective in the CA/o09 challenge than in the
Viet/o4 challenge. Since, the serum from Sing/86 pre-immunized ferrets did not have HAI activity to
either of the challenge viruses (all HAI titers were less than 1:10), the differences in protection may be from
stem binding antibodies or T-cell responses induced from pre-immunization with a live virus infection.

Vaccination with either NA- or HA-based vaccines did not inhibit the contact transmission of the

CA/og9 virus. This was previously observed in the pig model as well (Everett et al., 2021). These vaccina-
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tions thus should protect just the individuals who are vaccinated. In the contact transmission model, the
ferrets were co-housed for the entirety of the observation period. This transmission model mimicked fam-
ily transmission between individuals who are frequently in contact. One of the limitations of this model
is that it does not capture shorter exposure periods. Since the viral dynamics differed in the vaccinated
groups, it may suggest varying windows for transmission post-infection.

There were a few limitations of this study. Previously mentioned was the limitation of only observing
direct contact transmission with a long period of exposure, similar to a family structure or co-housing
instance. The viral dynamics after acrosol transmission in vaccinated ferrets may also differ due the dif-
ferences in inoculum particulate size. In addition to this, inflammatory responses were only measured
on day s p.i. This day, although informative for the lung tissue, may have been past the day necessary
for nasal cavity inflammation quantification. Earlier time points of the upper respiratory tract may have
provided differential results when comparing vaccine groups. Lastly, within the pre-immune ferret model,
the pre-existing antibodies to the HA protein of Sing/86 interfere with the measurement of the func-
tional NA-specific antibodies and prohibit comparison between the elicited NA antibodies in a naive and
pre-immune models.

Ni-I COBRA NA is a promising candidate for a broadly protective influenza vaccine. Inclusion of the
Ni-I COBR A NA can enhance current split-inactivated vaccines or be included in new influenza vaccine
formulations. Split-inactivated vaccines elicit mostly an HA-specific antibody response with minimal
NA response. Inclusion of the broadly-protective NA antigens, such as the Ni-I COBR A NA, opens the
door to eliciting a more balanced response after vaccination. New influenza vaccine candidates, whether
subunit or microparticles, can also be designed to include the Ni-I COBRA NA. The Ni-I COBRA NA
can help us achieve the future of the influenza vaccines eliciting a broadly-protective response to multiple

antigens and increasing the potential protection that individuals receive.
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CHAPTER §

DisCcUsSSION

s Ni1-I COBRA NA as a Vaccine Immunogen

The high incidence of influenza virus infection with the availability of a vaccine has spurred the research
and development of vaccines with a wider protective range that is resistant to the antigenic drift observed
currently in the human population, as well as the different subtypes that may contribute to a viral pan-
demic from zoonotic reservoirs. The computationally optimized broadly reactive antigen (COBRA)
methodology was developed to overcome the antigenic variability that pathogens use to circumvent the
immune system response.

The influenza viruses of the H3N2 and HiNi1 subtype circulate globally among the human population.
Since 1918, the HiNTI viruses that have seasonally infected humans are from two of the three Nr1 genetic
lineages. From 1918 to 1958, and 1977 to 2009, the human-lineage (N1.2) NAs were dominated. After 2009,
the HiN1 swine influenza arose from a reassortment with a Eurasian swine virus contained the N1 protein
from the avian-lineage (Nr.1c2b). In addition to these lineages, constant reassortment between swine
and human influenza viruses indicates that viruses with a swine-lineage NAs (N1.3) may also induce a
productive infection in humans. Further, swine are seen as a’mixing vessel’ that catalyzes the reassortment

of avian and mammalian viruses since swine are susceptible to both. Since arising in a mammalian host,
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these reassortments may have more efficient transmission in humans, than viruses directly crossing the
species barrier from avian to human.

Therefore, a vaccine that induces protection to influenza viruses that contains any of the three N1
genetic lineages greatly increases the value of the vaccine. Similar to HA, the N1 genetic lineages are
antigenically distinct. Antigenic maps created with the serological NAI titers in mice (Chapter 3)) show
the clustering of the lineages (Fig. . The human pandemic CA/o09 and Bris/18 antisera and CA/o9
virus have antigenically drifted from the original avian lineage Nis (Viet/o04 virus; Viet/o4 and Hubei/10
antisera). The human lineage clusters well amongst themselves and are the furthest from the avian and
swine lineages. The presence of antigenic diversity in the N1 subtype indicates that vaccination with one
wild-type NA protein will not be sufficient for protection from antigenically distinct NA lineages.

To develop an NA vaccine antigen that does elicit NA inhibiting antibodies to the three different N1
lineages the COBR A methodology was utilized to design the Ni-I COBR A NA. The input sequences for
the Ni-I COBR A NA included wild-type NA sequences from isolated viruses from all three lineages. In
the mouse model, the N1-I COBR A NA vaccination elicited protection to all three of the differentlineages
compared to mock vaccinated animals and depending upon the measurement of protection equivalent
to homologous NA vaccinated animals (Chapter . However, the mouse model has some limitations;
mice are not naturally susceptible to human influenza infection, their inbred nature does not represent
the heterogeneity of the human population, and their respiratory system does not accurately model that
of humans.

To alleviate these limitations, the N1-I COBR A NA was introduced in to the naive ferret model - the
gold standard of influenza animal models. These cross protective characteristics of the Ni-I COBRA NA
were still observed (Chapter . The N1-I COBR A NA in some measures (body weight loss, clinical signs,
survival, and nasal wash titers) performed equivalent to the CA/09 HA protein. Protection induced
by vaccination with the HA protein is the current standard-of-care, since all the current vaccines are
designed around the HA-inhibiting antibody elicitation. The remaining measures (lung viral titer and

lung inflammation) were equivalent to the CA/09 NA homologous control. In the highly pathogenic
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Figure s.1: The resulting s0% NAI titers of antisera from mice thrice vaccinated with N1 antigens to N1
influenza viruses were visualized through antigenic cartography. Cartography analysis was completed
using Acmacs Web Cherry application (https://acmacs-web.antigenic-cartography.org/). The multidi-
mensional scaling was conducted with no minimum column basis, 100 optimizations, and dodgy titer set
to false. The final stress was 82.3393. 1 Antigenic distance unit = 1.0 logs change in the 0% NAI titer.
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HsNi avian influenza challenge, the N1- COBR A NA again performed as well as the homologous control
NA (weight loss, survival and clinical scores). Therefore, ferret animal model the N1-I COBRA NA
performed as well as can be expected in both an HiN1 and HsNi challenge.

All together, the Ni-I COBR A NA is a good candidate component for future influenza vaccines.

s.2  COBRA as Vaccine Antigen Development Tool

The COBR A method for vaccine antigen development has been utilized for at least three different proteins
for two different virus families. The HA and NA surface glycoproteins of the influenza A virus, and the
envelope glycoprotein (E) of Dengue virus (DNV) have been tested in numerous animal models includ-
ing mice, ferrets, and non-human primates (Uno & Ross, 2020). The production of a broadly-reactive
antigen from the COBR A method remains consistent even across different research groups (Carter et al.,
2016b; Fadlallah et al., |2020). In addition to the Ni-I COBR A NA, there has been only one other CO-
BR A antigen that attempted to increase the breadth between species isolates. The P-t COBRA HA was
developed with input wild-type sequences of both swine- and human-isolated Hr influenza viruses and
elicited protection two both groups (See Appendix |C} Skarlupka et al., j2019).

The main response toa COBR A designed protein is suspected to be a B-cell response (Sautto, Kirchen-
baum, Ecker, et al.,2018). To more thoroughly investigate the profile of antibodies produced, the mono-
clonal antibodies elicited to the P-t COBR A HA was conducted. The mainly IgG antibodies recognized
both either conformational or linear epitopes with the proportions not being greatly biased either way
(Sautto etal.,2020). Overall, the monoclonal antibody profile indicated that COBR A antigen vaccination
elicited broadly-reactive monoclonal antibodies with diverse functions that bind to conserved epitopes.
Elicited antibody functionality profiles and epitope identification for the Ni-I COBR A NA provide a
future set of experiments that will assist with uncovering the mechanism behind the broadly-reactive
response. Effector functional characterization of the antibodies includes antibody-dependent cellular-

mediated cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP) and complement-
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dependent cytotoxicity. Lastly, the T-cell mediated responses induced from a COBR A vaccination are
currently being investigated.

The COBRA methodology has produced protective vaccine antigens from a myriad of scenarios.
The N1-I COBRA NA and the P-t COBRA HA are examples of the cross-isolated species COBR As,
whereas the DNV COBRA E, influenza COBR A Hi, and influenza COBR A Nrantigens are constructed
from different glycoproteins. Promising future applications of the COBR A methodology include other
surface glycoproteins that are the target of antibody responses that also exhibit epitope variability, such as

norovirus (Parra et al., 20125 Tan & Jiang, 2014).

5.3 Antigenic Cross Reactivity of Wild-type NAs

The antigenic diversity of the influenza NA subtypes has not been thoroughly characterized. Seminal
research analyzed the cross-reactome of antibody binding (Nachbagauer et al., 2017). However, in the
panel of representative N1 viruses there was only one human-lineage N1 virus (A/Texas/1991) and two
avian-lineage N1 viruses (A/California/2009; A/Viet nam/1203/2004). A broader N1 panel including the
diversity of the lineages has not been conducted. Further, this research focused only on antibody binding,
and not a functional response such as inhibition of NA enzymatic activity. Antigenic diversity of the HA
is classified by the hemagglutination inhibition functional assay results and not by total antibody binding.
Therefore, the NA proteins should be similarly classified into antigenic groups based upon functional
assays correlated to protection, such as enzyme-linked lectin assay (ELLA) titers.

Research into antigenic clustering and drift of the NA has been conducted. Human-lineage N1 viruses
and human H3N2 N2 viruses were analyzed with using the NI assay (the precursor assay to the ELLA,
which measures small molecule cleavage) (Sandbulte et al., 2011). They found that the NA protein under-
goes antigenic drift that does not coincide with the HA antigenic drift, and that one amino acid mutation
provided a major shift in antibody recognition from the A/Solomon Islands/2006 HiNI virus to the
A/Brisbane/s9/2007 HiN1 virus. Another group has characterized the antigenic drift of the human HiNi1

viruses from 2009 onward. Antigenic drift of the N1 protein from the original A/California/o7/2009
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virus through time to HiN1 viruses isolated in 2016 (Gao et al., 2019). The most recent isolates had been
drifting away from the original pandemic strain. This drift was also observed in these studies specifically
comparing the distance between the CA/09 and Bris/18 antisera and CA/o9 virus (Fig. . Thus, the
antigenic clustering research of the N1 subtype has mainly focused on the human-isolated viruses. Due
to this, the N1 swine genetic lineage and the avian-isolated N1 virus strains have not been thoroughly
investigated. Recent work that has focused on zoonotic viruses was specifically for the N2 swine-isolated
viruses, but did not characterize N1 swine-isolated viruses (Kaplan et al., 2021).

Characterization of the antigenic clustering informs on the inhibition range of the antibodies elicited
by an antigen. Therefore, if two N1 antigens are close together (TX/91; Bris/o7 of Fig. , they have
similar inhibition profiles against a panel of diverse sera. As they become more distant, they do not react
similarly to the same sera (Bris/o7 and CA/09). If one wild-type protein was able to elicit inhibitory
antibodies to all other N1 proteins, there would be no need for COBR A vaccine antigen. However, as
observed in the animal models, the Nr are antigenically distinct. Ideally, a vaccine antigen should be in
the middle of all target viruses since it should inhibit a wide panel of N1 viruses and not a single cluster.
As such, the N1-I COBR A NA was placed between the three different genetic lineages assisting with the
visualization of the cross-reactive nature of the antigen (Fig. [5.1). This centering of a COBR A antigen
between different antigenic clusters has been previously observed with the P-t COBR A HA (See Appendix
@ Skarlupka, Reneer, et al., [2020). The P-t COBRA HA was situated between both the swine-isolated
HiNX viruses and the human-isolated HiN1 viruses. The most promising DNV COBRA (COBRA 1)
was also positioned between the four different serotypes of DNV (Fig. [5.2). Hence visualization of the
multidimensional data generated during vaccine animal trials may assist with vaccine selection for future
studies.

Advances in computational biology have been used to predict antigenic relatedness from the amino
acid sequence of the protein. A computational method instead of the experimental techniques used
currently would be a great benefit. Computational approaches use less time, money, and do not need access

to the virus, unlike the HAI or ELLA assays traditionally used. Methods have included analyzing tree
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Figure 5.2: The resulting 50% focus reduction neutralization results (FRNT) from mice twice vaccinated
with DNV E subviral particles were visualized through antigenic cartography. Colors indicate different
DNV serotypes, and shapes indicate sera (square) and viruses (cirlce). Cartography analysis was completed
using the Racmacs package in R statistical software (R-Project, 2017). The multidimensional scaling was
conducted with no minimum column basis and 100 optimizations. The final stress was 74.77. 1 Antigenic
distance unit = 1.0 logs change in the 50% FRNT titer. Original data from Fig. 3 of Uno and Ross, 2020
was extracted using the WebPlotDigitizer application (https://apps.automeris.io/wpd/; Rohatgi, [2020).

distances and biased percentages of the number of amino acid differences in specifically the epitope regions
(C.S. Anderson etal., 2018; Neher et al., 2016; Pan et al., 2011). Currently the HA computational antigenic
distances have been studied and have been found to correlate with vaccine effectiveness in humans and
animal studies (See Appendix [E; Pan et al., porr). However, if used to predict the efficacy of a vaccine
antigen in animal models the computational antigenic distance measures’ prediction confidence intervals
were too wide to be conclusive. Therefore, more refinement may be necessary before computational
methods can be used as a vaccine selection tool.
To be prepared for future zoonotic pandemics, future experiments should include further character-
ization of the antigenic clustering of the wild-type NAs from different genetic clades and host isolates.

Only after characterization of the breadth of inhibition will we be more informed how much protection

can be expected to other circulating viruses after vaccination.
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CHAPTER 6

CONCLUSION

Humans have been developing vaccines to protect against influenza viruses since the 1930s. Initially start-
ing from monovalent split-inactivated virus vaccines available to a select portion of the population to a
quadrivalent formulation using egg-manufacturing that cost fractions of an American dollar per dose to
produce. Vaccine manufacturing has expanded to include egg-based, cell-based, and recombinant protein
based designs. As the influenza virus vaccine platforms continue to evolve, so must the antigens used for
vaccination.

Historically and currently, the influenza hemagglutinin (HA) protein is the target protein for de-
termining vaccine responses. Functional antibodies to the HA protein can be measured quickly with
a technically easy assay (hemagglutination inhibition assay) which was identified in the 1930s at the be-
ginning of influenza research. However, recent advances into characterizing the immune response after
influenza virus infection have revealed that in addition to HA-specific antibodies, neuraminidase (NA)
specific antibodies are also elicited. These antibodies are protective against clinical signs and are correlates
of protection and are inversely related to all negative disease signs of influenza. The NA surface protein
was initially investigated in the 1970s, but fell out of favor for the HA as the main target for antibody
elicitation.

In addition to evolving the composition of the antigens used for vaccination, humans have been

working on changing the antigens themselves. The wild-type proteins have been modified to increase the
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breadth and/or the magnitude of the immune response. Researchers are modifying wild-type proteins,
for instance by removing portions of the wildtype protein sequence to direct a response to a specific
region (remove head region from virus A) or by combining two strains together (head region from virus
A attached to stem region of virus B). Others have created completely new proteins by either a mosaic
approach (replacing immunodominant sites with unrelated epitopes to redirect the immune response)
and by a consensus layering technique to create a computationally optimized broadly reactive antigen
(COBRA). All of these techniques and more have been developed and are being refined for use as an
addition to the influenza vaccine.

Therefore, the future of the influenza vaccines will entail a formulation that elicits protection against
a broader range of viruses that what is observed with the current strain-specific split-inactivated virus vac-
cines. The Ni-I COBR A NA vaccine antigen and the COBR A methodology described in this dissertation
provides a promising addition to the future influenza vaccines. The wider protective breadth compared
to the wildtype NA proteins increases the potential of the antigen as it provided protection not only
against seasonal HiNr influenza but also towards the highly-pathogenic avian HsNr influenza. Regardless
of which platform is used to deliver the future generations of vaccines this COBR A NA antigen can be
included as it is stable membrane bound as well as in a soluble recombinant format. Future influenza
vaccines will be a combination of different antigens, manufacturing, delivery platforms, and adjuvants,
all of which the N1-I COBRA NA can be incorporated into to assist with increasing the breadth and

protection of the influenza virus vaccine.
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APPENDIX A

DESIGN CONSIDERATIONS FOR
PRE-IMMUNE INFLUENZA FERRET

|
STUDIES

A.a  Vaccination as a Surrogate for Viral Infection Pre-Immunity

A pre-immune animal model should be established through an initial viral infection instead of through
a vaccination regimen. Vaccination cannot be a surrogate for viral imprinting and pre-immunity due to
the inequivalence in the immune responses to an active influenza infection versus an intramuscular unad-
juvanted vaccination (Ellebedy et al., 2011). Administering a vaccine matched to the challenge virus does
not produce a vaccine with 100% efficacy. Healthy volunteers vaccinated with inactivated or cold-adapted
live influenza vaccines were not all protected from challenges with homologous viruses; the estimated
protective efficacies were 71% and 85%, respectively (Treanor et al.,1999). Vaccination does not induce a
robust T-cell response compared to infection, which, in ferrets, has been found to contribute to sterilizing

immunity (Dutta et al., 2016). Furthermore, in ferrets, vaccination and viral pre-immunity differ in their

'Skarlupka, A. L., & Ross, T. M. (2020). Immune Imprinting in the Influenza Ferret Model. Vaccines (Basel), 8(2).
doi:10.3390/vaccines8o20173. Reprinted here with permission of the publisher.
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protective outcomes as well (Dutta et al., 2016). Significant immunological differences, such as ratios of
IgG and IgA influenza-specific antibodies and targeted antigenic sites (Houser et al., 2013), cannot be
discerned and identified with the commonly used hemagglutinin inhibition assay (HAI).

A pre-immune-vaccination ferret model was used to investigate the phenomenon of low efficacy from
repeat vaccination with commercial quadrivalent inactivated influenza vaccine that occurs in humans
(Music et al., 2019). When matched to ferrets vaccinated once, repeatedly vaccinated ferrets had less
protection, higher viral shedding, and lower T-lymphocyte counts, whereas the serological responses, cell-
mediated immunity, and histopathological changes did not differ. It was hypothesized that although the
magnitude of the serological response was similar, the composition differed, resulting in the difference
of protection. A larger ratio of non-neutralizing to neutralizing antibodies may have been recalled in the
repeat vaccination group. Hence, the repeat vaccination group had lower vaccine efficacy compared to one
vaccination. Encouragingly, the repeat vaccination group was still better protected than the no-vaccine
group. The relevance of using these results to explain the decreased vaccine efficacy in humans is limited
due to the lack of pre-immunity establishment in ferrets. Even with well-planned studies, not establishing

pre-immunity creates a confounding factor when extrapolating the findings to the human population.

A.2  Low Vaccine Seroconversion Proportions in Naive Ferrets

In early ferret vaccination studies, the administration of unadjuvanted vaccines elicited no measurable an-
tibody outcome. Not all naive ferrets seroconvert to influenza vaccination (Bodewes et al., 2o1r; McLaren
& Potter, [1974; Middleton et al., 2009; Potter, McLaren, et al., 1973). Even with the addition of an adju-
vant, the immune response can be weak, especially when compared to the immune response elicited by
a live homologous infection (Potter, McLaren, et al., 1973; Potter, Oxford, et al., 1972)). The lack of an
antibody response is associated with a lack of protection (S. S. Wong et al.,|2or7). For instance, naive ferrets
immunized with A/Hong Kong/X31/1968 H3N2 vaccine were all susceptible to homologous challenge,
and none produced vaccine-specific serum HAI antibodies (McLaren & Potter,1974). This low reactivity

to the vaccine may be attributed to the outbred nature of the animal model (Music et al., 2019).
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Low seroconversion ratios may also be due to the low immunogenicity of the influenza vaccine. In
humans, vaccines vary in immunogenicity (Bartetal.,po14; Clark etal., 2009; Fries et al.,[2013), particularly
in immunocompromised adults and children (Liang et al., |2010). Due to this issue, pandemic influenza
vaccines can be adjuvanted to ensure an efficient immune response (Belshe et al., orr; Hilgers et al., 2017;
Treanor et al., 2006; Treanor et al., 2oor). With the inclusion of different adjuvants, different magnitudes
of seroconversion and protection can be achieved (S. S. Wong et al., por7). Some studies used virus-
like particle (VLP) vaccines produced from insect cells using a baculoviral system which results in 100%
seroconversion in ferrets (Bright et al.,2007; G. E. Smith et al., 2017). The manufacturing process of these
VLPs retains insect protein that acts as an adjuvant contributing to seroconversion. Research groups have
attempted to solve this phenomenon through multiple vaccinations, i.e., a prime-boost or prime-boost-
boost regimen or with the addition of an adjuvant to elicit an antibody response (Jeong et al., 2019)).

The establishment of pre-immunity overcomes this phenomenon; pre-immune ferrets respond to
vaccination at a higher proportion than immunologically naive ferrets. With either type, A homosubtypic
(Carter etal., 2017) or heterosubtypic (McLaren & Potter, 1974) pre-immunity, the vaccine-specific serum
hemagglutinin inhibition titers are increased. Imprinting primed the immune system towards future
influenza vaccinations. This priming phenomenon is not only present in the ferret animal model but also

occurs in mice and hamsters (Jennings & Potter, 1973; McLaren et al., 1977; Potter, Jennings, et al., 1973)).

A.3 Historic Pre-Immune Ferret Models

One of the earliest works with pre-immunity in ferrets was conducted by Webster in 1966, investigating the
presence of original antigenic sin in ferrets by conducting sequential infections (Webster, 1966)). Following
this, in the 1970s, a vast amount of pre-immunity work was conducted with ferrets. These studies focused
on characterizing the ferret immune system response to live and killed virus, vaccination, adjuvant and
heterotypic and heterologous infections (McLaren & Potter, 1973, [1974; McLaren et al., 19744} 1974b;
Potter, McLaren, et al., 1973; Potter, Oxford, et al.,|1972; Potter, Shore, et al.,1972). Further, heterosub-

typic immunity was shown not to wane over a period of up to eighteen months (Yetter, Barber, et al.,
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1980). This historical collection of ferret research laid the foundation for showing that low vaccination
seroconversion proportions for naive ferrets can be overcome by the development and optimization of a
pre-immune animal model. The pre-immune model never advanced after this time, potentially due to the
lack of immunological reagents and tools needed to properly characterize the model and general ignorance

of the magnitude imprinting and pre-immunity contributes towards vaccination and infection.

A.4 Current Pre-Immune Ferret Models in Practice

A.4a0 HiN1 2009 Pandemic

After alull in the pre-immune ferret research, the HINI 2009 swine influenza pandemic initiated the
dramatic increase of the investigative effort into imprinting, pre-immunity, and heterologous protection.
The early epidemiological and serological studies that inspired this interest suggested that pre-existing
immunity may have altered the pandemic virus’ morbidity and mortality in the human population (Han-
cock et al., 2009; Y. Itoh et al,, |2009). The resultant pre-immunity models were based upon the historical
model: (1) establish anti-influenza virus immune memory with a sub-lethal viral challenge; (2) assess for
seroconversion; (3) vaccinate, if necessary; (4) challenge with A/California/2009 HiN1. A prolonged
period of rest between imprinting and vaccination or challenge allows the ferret to return to an assumed
immunological baseline after the generation of an adaptive memory response and recovery from damage
and local cellular activation in the lung tissue. Compared to the 1970s, the drastic increase in the under-
standing of the immune system, the effects induced from influenza challenge and vaccination, and the
ability to measure and quantify these important details allowed for a well-defined model. The worldwide
2009 pandemic inspired much research looking at the protective effects of seasonal HiN1 imprinting on
the HiNI 2009 pandemic strain. Therefore, much of the published research has focused on the HiN1
subtype (please refer to the original publication for Tables St and S2; Skarlupka and Ross, 2020)).
Sterilizing immunity in ferrets, an immune state that blocks viral infection (Dutta et al., 2016), can

be achieved through establishing pre-immunity (Laurie et al., jpo10). Whereas, with an intramuscular
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vaccination, subsequent infection was not inhibited, although virus shedding was reduced. The gathered
data from this study were restricted to viral characteristics, such as virus shedding, transmission frequency
and morbidity, and mortality due to the lack of ferret immunological reagents. From these data, an ideal
state of protection against the re-infection of the influenza virus was defined along with a goal to generate
a vaccine that will elicit similar protection. Although not sterilizing, it was found that seasonal HIN1 pre-
immune animals exhibited immunity and mitigated infection against the pandemic HiN1 virus (Laurie
et al.,,|2o10).

Through multiple infections and vaccination schemes, vaccination with the trivalent influenza vac-
cine (TTV; containing only one Type B strain instead of two) was unable to lessen the resulting morbidity
or contact transmission in ferrets following challenge with the pandemic HiNi (Ellebedy et al., 2011).
Conversely, imprinting with a seasonal HiN1 virus altered the morbidity, but not the transmission char-
acteristics of the pandemic HiNi (Ellebedy et al., 2011). Although these viral traits were muted, there was
only minimal detection of cross-reactive serum antibodies.

The 2009 pandemic was characterized by distinct protective responses seen between different age
groups of people. Older adults were more protected than young adults and children against the HiNI1
pandemic virus, A/California/o7/2009 . This older population was captured in the pre-immune ferret
model by imprinting with historical antigenically distinct viruses (O’Donnell et al., 2012). The protective
responses to a pandemic challenge were then measured. The historical viruses from the 19s0s and earlier
elicited more protective responses than the naive ferrets (O’Donnell et al., 2012)). This corroborated the
human data that the older population was more protected than, the younger to pandemic challenges.
Next, the effects of imprinting on the response to a pandemic vaccine were determined. Ferrets imprinted
with seasonal HiNI received a pandemic HiN1 vaccine. This seasonal HiN1 priming did not diminish
the antibody response to either infection or vaccination with the pandemic virus (O’Donnell et al., 2012)).
Furthermore, original antigenic sin was not observed in the context of seasonal HIN1 to pandemic HiNI.
Additionally, the priming of the seasonal HiNr1 virus provided cross-protection against the pandemic

virus. However, it did not impact the transmission efficiency (Pearce et al., 2011).
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A human’s pre-immune history can be recapitulated in ferrets by conducting repeated infections.
Carteretal. (2013) utilized this technique by sequentially infecting two different ferret groups with seasonal
HiNI: one with historical HINI from 1934 to 1957 and another with contemporary HiN1 viruses from
1999 to 2007. The abilities of the differing pre-immunities to protect against an A/California/o7/2009
HiNi1 challenge were compared. Both sequential groups were protected from the challenge; they exhibited
no weight loss, minimal recoverable virus, and no transmission compared to ferrets pre-immunized with
only one of the viruses. Unique to sequentially infected ferrets, the elicited antibody profile was broader
and interacted with pandemic HIN1 HA compared to the single pre-immunity groups as measured with
HA-specific ELISA binding. The recall and adaptation of the antibody profile over time in response to
sequential exposures are complex and still not completely understood. However, these interactions help
to explain the puzzling epidemiological and serological observations surrounding the pandemic HiNi1
outbreak. Carter et al. (2013) hypothesized that the older adults were exposed to more antigenically variant
strains and had extensive protection compared to young adults with less exposure.

In addition, the changes in the elicited antibody profile point to the possibility of achieving broad
vaccine-induced protection against influenza viruses by sequential immunization with a series of antigenic
variants. Further analysis with these ferret samples and the infection/immunization scheme confirmed the
change in antibody profile observed previously. Anti-HA stalk antibodies increased, even in the absence
of receptor-binding site antibodies, leading to the observed cross-reactivity and reduction in clinical signs
and transmission (Kirchenbaum et al., 2016)). In contrast to previous reports that pre-immunity-induced
protection does not wane (Yetter, Barber, et al., 1980), the boosts in anti-HA stalk antibodies and the
cross-reactivity induced from sequential infection with antigenically distinct seasonal HiN1 declined over
time (Kirchenbaum et al., 2016).

The pandemic outbreak occurred from a transmission event of an avian-human-swine reassortant
virus from a swine host into the human population (G. J. Smith et al., |2009)). Whereas many groups
investigated the effects of human seasonal HiNr imprinting, the effects of imprinting with a classical

swine virus were also determined. Min et al. (2010) exhibited that infection with classical swine viruses
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elicited cross-reactive neutralizing antibody activity and provided protection against the pandemic HiN1
virus.

Over time, a natural breakpoint occurred between the investigation into the pandemic mystery and the
examination of the immune system response within the context of imprinting and pre-immunity. Within
a seasonal and pandemic HiN1 sequential infection study, the changes in polyclonal serum antibodies
responses were measured. Ferrets pre-immunized with the seasonal A/ Texas/36/1991 HIN1 were followed
up with an A/California/o7/2009 HiNI infection. The elicited serum antibody specificity shifted to
target a different region of the HA compared to the HiN1/Texas/36/1991 only serum (Y. Li et al., 2013).
The overall antibody response moved to epitopes near the HA receptor-binding domain, sites where
homology between these two strains is shared (Y. Li et al., [2013). These findings resulted in research in
the basic science of how imprinting and pre-immunity affect vaccination and infection and subsequent

immune responses.

A.4.2 Contemporary HINI/H3N2 Models

The current pre-immunity models are moving away from investigating the differences in disease symptoms
and vaccine effectiveness observed in the human population in response to the pandemic virus. Resources
are now focused on how pre-immunity affects vaccination responses and general vaccine efficacies to any
virus, not just in terms of the pandemic HiNi (please refer to the original publication for Tables Sz and S3;
Skarlupka and Ross, 2020]). Furthermore, the pre-immune model is now being used, in replacement of a
naive model, to test novel vaccine candidates and methods currently in research and development (Allen
etal,2019). Sequential infections of antigenically distinct viruses lead to a broader antibody response than
thatof just one strain (Carter et al., 2017; Nachbagaueretal., 2017). Thisillustrated the importance of using
a pre-immune model for antigenic characterization and vaccine testing. In fact, when H3N2 antigenic
maps were produced using sera from naive or pre-immune ferrets, the maps were poorly correlated; the
classification of whether two viruses were antigenically distinct or similar varied with the model (naive or

pre-immune) (Kosikova et al., 2018). The broader antibody response characterized with HIN1 or H3N2
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sequential infections was extremely informative at the hetero-subtype level (Nachbagauer et al., 2017).
However, the impacts of other subtypes, such as HsN1 and H7No, were not investigated, and neither
were the nuances of how protective different antigenically drifted strains within a subtype investigated.

The antibody profiles of sequentially infected ferrets with H3N2 viruses revealed that H3N2 pre-
immunity affected both the quantity and quality of antibodies elicited (Kosikova et al., |2018). With
high HAT titers against the imprinting virus, lower titers were observed toward the most recent isolate,
H3N2/Hong Kong/4801/2014. After repeated H3N2 infections, the antibody avidities gradually increased
for H3N2 compared to those from a single homologous infection. This repeated H3N2 exposure expanded
the cross-reactivity breadth against the same HAI panel. With computationally optimized HA vaccines,
the same increased breadth phenomenon, back-boosting, occurred. Pre-immunity to a historical H3N2
virus helped boost the magnitude and breadth of the broadly neutralizing antibodies elicited by compu-
tationally optimized broadly reactive antigen (COBR A) immunogens compared to a naive ferret group
(Allen et al., 2019). Emphasis was placed on the concept that testing vaccine candidates in naive ferrets do
not reflect the performance of the vaccines in the human population. In an HiN1 primed model, greater
protection after vaccination was observed (Francis, McNeil, et al., 2o19).

Vaccine effectiveness varies in the human population from season to season. Epidemiological data
from people suggests that pre-existing immunity can result in decreased vaccine effectiveness (McLean
etal,, 2014; Ohmit et al., 2014; Skowronski et al., 2017). The pre-immune model has been used to study
how vaccines can overcome pre-existing immunity to mount a new response with M2-deficient single
replicon vaccine candidates for HIN1 and H3N2 subtypes (Hatta et al., 2018). Type B and HiNT1 het-
erosubtypic pre-immunity followed by H3N2 vaccination provided protection against an antigenically
distinct H3N2 challenge. HIN1 pandemic homosubtypic imprinting negatively affected the ability of a
FluMist-like vaccine to elicit protection towards seasonal HiN1 (Hatta et al., |2018). These key findings
highlight the dificulty with inducing immunity to a novel HA in the presence of pre-existing heterotypic,

heterosubtypic, and homosubtypic immunity.
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Although the questions surrounding the 2009 outbreak have been sufficiently answered, there still
remains the possibility for a second swine-origin pandemic. Even of the same subtype and species origin,
pandemic HiNI pre-existing immunity was unable to induce sterilizing immunity to current circulating
swine-origin HiN1 viruses (Pulit-Penaloza et al., 2018). Furthermore, other subtypes — H3N2 and HiN2
- circulate in the swine and transmit into the human population (T. K. Anderson et al., 2o1s). The
swine-origin H3N2 subtype raises concerns due to human’s documented susceptibility to H3Nz2 viruses
and transmission in ferrets being as efficient as human-origin seasonal H3N2 viruses (Pearce et al., 2012)).
Differing pre-immunity may be protective against these swine-origin viruses; pre-immunity with the
human H3N2/Perth/16/2009 cross-protected against a swine-origin variant H3N2, whereas other human
strains did not (Houser et al., 2013). Hence, prior seasonal virus infections may be protective by limiting
viral replication and reducing transmission. This may suggest that within the human population, different
age groups are more susceptible to certain transmission events depending on the subtypes of influenza
virus that they have previously been exposed to (F. Liu et al., 2017).

The ferret immune response to re-infection is strikingly different compared to the response after
primary infection (Leon et al., |2013). When comparing the HIN1/Mexico/4108/2009 challenge in naive
and HiN1/Mexico/4108/2009 pre-immune ferrets, the pre-immunity status limited viral titers. The virus
was still detectable at low levels at day seven post-infection. Assessment of the ferret transcriptome during
this challenge provided invaluable data for unraveling the immune response to infection. In a primary
challenge, the innate immune system and inflammatory genes were upregulated in both the lung and
lymph node tissues. Comparatively, in the pre-immune ferret, the adaptive immune response genes
(CXCLio, CCLs) were upregulated in the lungs, with no upregulation in the lymph nodes. The lack of
lymph node gene activity suggested influenza-specific CD8+ T-cells and B-cells may have originally resided
within the lungs before infection, or the adaptive immune response originated from another unidentified
peripheral compartment (Leon et al., 2013).

Influenza virus infection also imprints on the influenza-specific T-cell memory compartment. In an

HiN1/HiNr homologous and an HIN1/H3N2 heterologous challenge, HINr imprinting partially pro-
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tected against the H3N2 challenge, reducing virus shedding duration, but not the peak virus titer. The
inflammatory immune response was increased, but less than that of the immunologically naive infected
ferrets (Gooch et al., 2019). Differences between interferon-gamma (IFN-v) producing peripheral blood
mononuclear cells (PBMCs) in naive vs. HINI1 pre-immunized ferrets with a homologous HiNi1 challenge
were not discernable. However, the pre-immune ferrets had IFN-7y producing PBMCs that were stimu-
lated by heterosubtypic viruses. The imprinting event did not lessen the quantity of IFN-y producing
PBMCs compared to mock/H3Nz2 infected ferrets. However, heterosubtypic pre-immunity affected the
reactivity of the IFN-y producing lung mononuclear cells (MNCs) and induced whole-blood IFN-y
producing cells quicker. HIN1/H3N2 pre-immune ferrets had high reactivity of IFN-vy producing lung
MNC:s to HiN1 virus compared to HIN1/HiNi ferrets that had no increase. Although the classification
of these T-cells as CD8+ or CD4+ was not conducted as of yet, pre-immune ferrets can be used to model
T-cell population contributions to influenza-specific memory and recognition.

Future studies will investigate the different cellular and humoral responses to influenza virus infection
and clarify the differences between T-cell subsets. The study conducted by Hay et al. (Hay et al., 2019)
analyzed data derived from a previous study (Laurie et al., 2010) to mathematically model the short-
term antibody kinetics from either influenza infection or vaccination with and without adjuvant. Their
results, although limited in sample size, highlight the potential future applications and data analysis of

the serological, cellular, and virological data that can be collected during a pre-immune study.

A.4.3 HsN1 Models

The effects of HiN1 and H3N2 pre-immunity on the HsNr subtype or the effect of HsN1 on HiN1
or H3N2 vaccination or subsequent viral challenge are not well known. Although studies have been
performed in pre-immune mice (Kreijtz et al., poog; O’Neill et al., 2000)), few studies have addressed
pre-immunity using the viruses of the HsN1 subtype (Cheng et al., 2009) (please refer to the original
publication for Table S4; Skarlupka and Ross, 2020). Pandemic vaccines for HsN1 influenza viruses

elicited low seroconversion proportions in immunologically naive ferrets. When primed with seasonal
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live attenuated influenza vaccine (LAIV), HsN1 HA-specific IgG antibody-secreting cells (ASC) were
stimulated compared to unprimed ferrets. Expansion of the HIN1 or H3Nz2 specific memory B-cells may
cross-react with the HsN1 HA antigen. When imprinted with the individual vaccine strains, the IgG
ASC levels were similar to the LAIV imprinted cells, with the HIN1 imprinting influenza virus eliciting
higher responses than H3N2 imprinting viruses. This effect may be a response to the HA molecule
rather than the HIN1 NA protein because an HiN2 reassortant virus elicited a similar response. But a
synergistic or additive effect was not determined with an HXN1 reassortant virus to confirm the lack of
protective contribution from the NA. However, upon closer inspection, the protection afforded by the
HiN1 HA was temporary and waned to levels similar to naive ferrets three weeks after the second dose

was administered.

A.4.4 Priming and pre-immune strain selection

The main hypothesis and question being addressed will determine strains selected for use in a pre-immune
model. The priming method, whether by vaccination or infection should be evaluated based on the
target population of the vaccine/study. An infant or child target demographic may warrant that priming
actually occur through vaccination followed by viral challenge. This instance recapitulates if the vaccine
was administered before exposure to influenza. In contrast, to target populations whose first exposure is
through infection, live influenza virus would be the appropriate priming method.

The initial imprinting strain should be antigenically representative for the population being modeled.
Therefore, the timing and order of the infections are variable. After imprinting, ferrets may be re-infected
to add to the pre-immune history or be vaccinated or challenged according to study design. However, the
magnitude of the contributions of a full pre-immunity history compared to just the initial imprinting virus
on the immune response has not been adequately quantified. For instance, if attempting to recapitulate a
person born in 1970, itis unclear if it is only necessary to pre-immunize with an H3N2 1970s virus, followed
by HiN1 influenza virus, or if all of the antigenically distinct H3Nz2 viruses are needed to establish a true

pre-immune state. Studies investigating the effects of heterosubtypic and heterotypic imprinting and pre-
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immunity can be expanded to include: 1.) Type B imprinting followed by an HiN1 or H3N2 vaccination
or challenge, 2.) H2N2 imprinting, 3.) HIN1 imprinting and H3N2 pre-immunity and vice versa on which
combination results in more protection against HIN1, H3N2, H2N2, or HsNi challenge. Limited research
is available on the serological, cellular, and immunological effects of infections with varying infection doses,

but there have been observed differences (Marriott et al., 2o14]).

A.s Immune system cool-down

The immunological system should return to the baseline immunological state before attempting another
repeat infection or vaccination. This period should encompass the cool-down time for both the innate and
adaptive immune systems, including the induction and contraction of B- and T-cells into their memory
states. Studies similar to Leon et al. (Leon et al., 2013) are of great importance for understanding the
inner workings of the ferret immune system during imprinting and re-infection. Without these studies,
this cool-down component will need to continuously be stated as a study limitation. For example, Pulit-
Penaloza et al. (Pulit-Penaloza et al., 2018) indicated that a thirty-one day interval between primary and
secondary challenges for their studies may have been too short, allowing for elevated non-specific innate
responses from the primary infection to affect the secondary. Without letting the immune system return
to baseline, misrepresentation of cross-protection may be observed. Cheng et al. (Cheng et al., |2009))
found that the heterologous protective titers waned to levels not significantly different than the negative

naive control ferret group providing only temporary protection.

A.6 Age/Sex/Vendor specific responses

The age and sex of the animals being used may be a confounding factor especially when comparing humoral
responses (Fischinger et al., |2019; van den Brand et al., 2014). The ages for male and female ferrets ranged
from two to twelve months. Ferrets were considered aged when they were greater than four years of age

(Paquette et al., |2014). Reporting results by sex may reveal new avenues for influenza virus research. The
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breeding vendor and housing conditions of the animals should also be reported. Within the mouse model,
the microbiome differs by vendor in the gut (Hufeldt et al., 2010; Rasmussen et al., 2019) and in the lungs
(Dickson et al., |2018), contributing to different responses to vaccination and influenza infection (C. J.
Chen et al., 2017; Hagan et al., 2019; Oh et al,, 2014)). Therefore, it is recommended that when mice or
ferrets are housed in separate holding rooms, bedding or enrichment equipment is shared between the
cages to merge the microbiomes together (Oh et al., 2014)). Inclusion of the ferret health history is also
beneficial. Metadata such as whether they were castrated, spayed, de-scented, or received any previous
vaccinations or treatments may shed light on immunological results.

The ferret model captures special at-risk populations. Ferret age was varied to encompass different
age groups: young, adult and old. Adult and aged ferrets, similar to humans, exhibit significant immune
response differences when comparing homologous and heterologous HiN1 priming and challenges sug-
gesting immune senescence in the aged ferret population (Paquette et al., 2o14). Therefore, the use of
this model would contribute to vaccine testing and efficacy studies. Currently, a vaccine specifically for-
mulated for aged individuals already exists due to their high-risk status and substantial contributions to
influenza-associated hospitalizations and deaths (McElhaney, 201155 Mitchell et al., 2013; Wilkinson et al.,
2017)); this high dose vaccine contains 60 ug of each vaccine strain HA, compared to the standard 15 ug.
The National Institute of Allergy and Infectious Diseases’ (NIAID) goal for the development of a uni-
versal influenza vaccine requires a protection equal to or greater than 75% against symptomatic disease
lasting at least one year in all populations, including, at-risk populations (Paules et al., 2017). The addition
of pre-existing immune responses to these various at-risk population models more accurately reflects the

variation of the human population and allows for appropriate testing of novel vaccine candidates.

A.7 Validation and Further Work of the Pre-Immune Model

The pre-immune ferret model is within its early stages of development; to become a mainstay within
the scientific community and used reliably in the context of influenza virus research, the baseline effects

of infection, re-infection, and vaccination within the ferret need to be addressed first. This involves
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determining the cool-down time of the ferret immune system following infection and the differences
compared to a vaccination. Furthermore, studies of the different immunological ferret responses such as
cytokine quantity and diversity, B- and T-cell repertoire, and B- and T-cell recall responses are important
to characterize. In addition, advancements in high-throughput, single cell sequencing technology allow
depiction of the B-cell evolution from a single ancestral B-cell (Upadhyay et al., [2018)).

The ferret model is used to study influenza virus infection because of the ferret’s natural susceptibility,
shared clinical signs of illness, and possession of similarities in respiratory physiology, cell composition,
and distribution of sialic acid receptors. Although present, these components may not interact in the
same manner as human immune system following influenza virus infection (Nachbagauer et al., 2017).
Comparisons of different pre-immune influenza animal models (mice, guinea pigs, and ferrets) to human
serology data emphasized that the use of different animal models should be heavily considered for pre-
clinical vaccine studies due to the biases between them. Basic research of the ferret physiology can be
compared and validated against data from human studies. Cross-validation will either bolster the ferret
findings or they will provide researchers the ability to determine which immunological findings are relevant
for further investigation and which are solely ferret-specific phenomena. This process focuses on the ferret
model being a surrogate for the human. The decision-making process of vaccine selection and therapeutics
relies on the ferret, and it is important that human-ferret shared traits are appropriately distinguished.
Therefore, further study, comparison, and validation are needed to fully grasp the predispositions and

limitations of the model.

A.8 Conclusions

Although initially developed in the 1970s, recently, the pre-immune ferret model has rapidly progressed
into a vital tool for the development of a broadly neutralizing influenza vaccine. In conclusion, care needs
to be taken to begin planning studies to incorporate the effects of imprinting and pre-immunity within
the animal model to apply the results to the human system. Animal models used for influenza research

are available and widely use. However, as more findings and reagents become available, the models need
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to be updated appropriately. In addition, more research on the immunological effects of imprinting in
ferrets, which is then compared to the research on the effects of imprinting on humans, will contribute
to the validation of using the ferret as an appropriate animal model to study influenza virus in humans.
Alrogether, the major goal of developing a broadly neutralizing influenza vaccine by priming the immune
system adequately to produce the same sterilizing immunity as infection, but without the deleterious

effects, could be tested in these models.
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APPENDIX B

INHERENT SERUM INHIBITION OF

il
INFLUENZA VIRUS NEURAMINIDASE

'Skarlupka, A. L. & Ross, T. M. Inherent Serum Inhibition of Influenza Virus Neuraminidases. Front. Vet. Sci. 2021
8:677693. doi: 10.3389/fvets.2021.677693. Reprinted here with permission of the publisher.
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B.r Abstract

Influenza virus vaccines have been designed for human and veterinary medicine. The development for
broadly protective influenza virus vaccines has propelled the vaccine field to investigate and include neu-
raminidase (NA) components into new vaccine formulations. The antibody-mediated protection in-
duced by NA vaccines is quantified by inhibition of sialic acid cleavage. Non-immune inhibitors against
influenza viruses naturally occur in varying proportions in sera from different species. In this brief report,
the inherent ability of raw animal sera to inhibit a panel of influenza virus NA was determined. Raw sera
from the same species inhibited more than 50% of influenza viruses tested from 4 different subtypes, but
the breadth of inhibiting NA activity depended on the source of sera. Furthermore, different influenza
viruses were inhibited by different sources of sera. Overall, additional studies are needed to ensure that sci-
entific methods are consistent across studies in order to compare NA inhibition results. Through future
investigation into the differences between sera from different animal species and how they influence NA
inhibition assays, there can be effective development of a broadly-protective influenza virus vaccines for

veterinary and human use.



B.2 Introduction

Influenza viruses are global zoonotic and human pathogens and vaccination remains the main preventative
measure againstinfection. The influenza virus is a member of the Orthomyxoviridae family. The genomeis
composed of eight negative single sense RNA segments that determines the viral genus, alpha-, beta-, delta-
, and gammainfluenzavirus that correspond to the species influenza A, B, D, and C viruses, respectively.
Of the four influenza types, Types A and D are commonly isolated from animals. Whereas, influenza
Types B and C is most commonly associated with human infection especially in children (Sederdahl &
Williams, |2020). The Type A influenza viruses are further classified into subtypes determine by the two
major surface proteins, hemagglutinin (HA) and neuraminidase (NA). Currently there are eighteen HA
subtypes and eleven NA subtypes that can be paired to create different influenza subtypes.

Influenza viruses are of international importance due to the widespread infection in different livestock
leading to vaccination being utilized across the veterinary field (Tomley & Shirley, 2009). Equine influenza
viruses are important horse pathogens with policies in place that require horses be vaccinated for equine
influenza viruses before participation in events or importation (Allkofer et al., 2021 Paillot et al., 2006)).
Furthermore, due to the transmission of influenza viruses from horses to dogs, as well as the endemic
infection of influenza viruses in the canine population, canine vaccination is also recommended by the
American Veterinary Medical Association for dogs with high risk of exposure (“Canine influenza”, 2021
H. H. Kim et al., 2018; Na et al,, 2016). The swine industry uses primarily whole inactivated vaccines
(WIVs — reviewed in reference (Mancera Gracia et al., 2020)) that are developed using split-inactivated
technologies (Everett et al., 2021; Mancera Gracia et al., 2020). The poultry industry utilizes the greatest
variety of vaccine platforms, including: split-inactivated virus, HA protein antigens, HA DNA vaccines,
and recombinant technologies with other backbone viruses (Spackman et al., 2020; T. Wang et al., 2020).

However, during infection both HA and NA proteins are targets for neutralizing antibodies (Y. Q.
Chen et al,, 2018). The NA glycoprotein mediates viral egress and virion de-aggregation by cleaving sialic

acids as well as contributing to motility through cleaving mucins in the upper respiratory tract (Cohen
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etal, po13; Murti & Webster, 1986). Polyclonal NA-specific sera and NA inhibition (NAI) titers reduce,
modulate, and protect against disease (Gilbert et al., 2019; Kilbourne, 1976). Further research has identified
monoclonal NA-specific antibodies that neutralize viral growth (F. F. Xiong et al., 2020). Although NA
antibodies hinder viral replication, the induction of NAI antibody titers following vaccination is not
as great as the induction of HAI titers, potentially due to either the split-inactivated vaccines lacking a
standardized concentration of NA protein or the NA protein being destroyed during the split-inactivation
process (Gilbert et al., 2019). Recently, research and vaccine development have focused on live-attenuated
viruses that elicit NA antibodies, or protein vaccines that include the NA (Krammer et al., 2018)).

Currently, the enzyme linked lectin assay (ELLA), MUNANA substrate, thiobarbituric acid (TBA)
fluorescent-based assay, and NA-Star chemiluminescent assay are methods for measuring antibodies against
the NA molecule (Buxton et al., 2000; Couzens et al., 2014; Potier et al., 1979; Sandbulte & Eichelberger,
20145 Westgeest et al., 20155 Wetherall et al., [2003). As the NA glycoprotein undergoes antigenic drift,
the protein’s ability to cleave sialic acid can be measured and the quantified using these assays. All tech-
niques assess the elicited antibody-specific inhibition of the NA after vaccination or infection. The ELLA
measures the ability of the viral NA to cleave sialic acids from a large substrate (fetuin) similar to infec-
tion when sialic acids are expressed on the surface of the host cell, whereas the MUNANA and NA-Star
techniques measure cleavage of small soluble chemical substrates (Shie & Fang, 2019). However, only
the ELLA was proposed as the assay for measuring serum NA inhibiting antibodies as a correlate for
protection for humans (Krammer et al., 2020)).

Components in raw sera have non-specific inhibitory activity against NA activity (Westgeest et al.,
2015). These initial findings were conducted with ferret sera that varied using different viruses from dif-
ferent influenza subtypes. However, treating sera with receptor-destroying enzyme (RDE) overnight and
then heat-inactivating the sera for 8 h at 55°C mitigated the non-specific inhibition without loss of NA or
HA specific inhibitory activity (Westgeest et al.,|2015). The animal models used for influenza virus research
are growing and now include more species. Not only is there a need to compare serological results between

animal models that are used for human influenza viruses, but also endemic influenza virus infection in



agricultural animal species requires a consistent method to quantify the NA inhibiting antibodies as well.
Therefore, it may be necessary to handle sera from different species differently when quantifying the NA
inhibition responses, which may be key to determining overall vaccine effectiveness.

Therefore, animal sera from different species were characterized for their inherent inhibition of the
enzyme linked lectin assay with a panel of influenza viruses. Sera were compared for their ability to non-
specifically inhibit the NA proteins of many influenza viruses representing different viral subtypes. Sera
was collected and tested from varying animal sera sources against Hr and H3 human- and swine-isolated
influenza strains as well as avian-isolated viruses with N2 and N3 proteins. Overall, there are many dif-
ferent variables that contribute to the interpretation of the ELLA assay, and understanding the innate
characteristics of host-origin of the sera is critical to conducting the assay and interpreting the results.
Therefore, it is important to standardized methodologies that will allow for consistent and reproducible

results to assess anti-NA antibodies.

B.3 Materials and Methods

B.3.x Viruses

All swine viruses were passaged once in Madin-Darby canine kidney (MDCK) cell culture at 37°C, which
was the same growth conditions as they were received in (Organization & Network, 2o11). Harvested virus
was centrifuged at 2500 rpm for 10 min to remove cell debris. Human and avian influenza viruses were
propagated in 11-day old embryonated chicken eggs. Virus lots were aliquoted for single-use applications
and stored at-80°C. Viral titer of the frozen aliquots was determined with a plaque assay using MDCK cell
culture in plaque forming units per ml (PFU) (Table [B.1). The panel of viruses covered a range of N1 to N3
influenza NA subtypes, including: A/Brisbane/s9/2007 (HiNi) (Bris/07), A/California/o7/2009xPR8
(6:2 viral reassortant with 6 internal genes from A/Puerto Rico/8/1934, and NA and HA external protein
genes from virus indicated) (HiN1) (CA/09), A/swine/Nebraska/A10444614/2013 (HIN1) (Sw/NE/13),

A/Vietnam/1203/2004xPR8 (HsNi1) (Viet/o4; HA gene contains mutation in multibasic cleavage site
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for BSL-2 level research), A/swine/Missouri/A10444664/2013 (HiN2) (Sw/MO/13), A/swine/North Car-
olina/152702/2015 (HIN2) (Sw/NC/15), A/white fronted goose/Netherlands/22/1999 (H2N2)

(Wfg/Neth/99), A/quail/Rhode Island/16-018622-1/2016 (H2N2) (Qu/R1/16), A/Port Chalmers/1/1973
(H3N2) (PC/73), A/Hong Kong/4801/2014 (H3N2) (HK/14), A/swine/Missouri/2124514/2006 (H2N3)

(Sw/MO/06), and A/mallard/Minnesota/A108-3437/2008 (H2N3) (Mal/MN/o08).

B.3.2 Animal Serum

Animal serum was either commercially sourced or generated in house. Sera were confirmed to be negative
for preexisting antibodies to currently circulating human influenza viruses by HAL Ferret sera originated
from 6-8 month female finch ferrets (Mustela putorius furo, spayed, female, 6-8 months, descented) pur-
chased from Triple F Farms (Sayre, PA); porcine sera originated from piglets at Auburn University; and
rhesus macaque (Macaca mulatta) sera originated from previous dengue virus studies performed in the
lab (Uno & Ross, [2020). The rat (catalogue number: 10710C), goat (catalogue number: o1-6201), horse
(catalogue number: 31874), and mouse (catalogue number: o1-6s01; NIH Swiss mouse) normal serum
were harvested from non-immune animals (Invitrogen, Carlsbad, CA, USA), and rehydrated according
to manufacturer’s specification; only one lot was tested for each commercial serum. Raw serum was not

diluted any further before experimentation.

B.3.3 NA Activity and Inhibition Assay

High affinity Immunoblot 4HBX 96-well flat-bottom plates (ThermoFisher Scientific, Waltham, MA,
USA) were coated overnight with 100 pl of 25 ug/ml fetuin (Sigma-Aldrich, St. Louis, MO, USA) in
coating buffer (KPL coating solution concentrate; Seracare Life Sciences Inc, Milford, MA, USA) and
stored away from light for a maximum of 2 months at 4°C until use. Viruses were diluted to an initial
dilution of 1:10 with Dulbecco’s phosphate-buffered saline (DPBS) with Tween-20 and 1% BSA (DPBS-
T-B), a PBS which contains 0.133 g/L CaCl; and o.1g/L MgCls further supplemented with 1% BSA, and

0.5% Tween-20. Before virus addition, fetuin plates were washed three times in PBS-T (PBS + 0.05%
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Tween-20). Virus was diluted in two-fold serial dilutions within a range that allowed for linear regression
analysis. After which, soul of the viral dilutions were added to the fetuin-coated plate containing soul of
DPBS-T-B in duplicate. A negative control column was included containing roopl DPBS-T-B only. Plates
were sealed and incubated for 16-18 h at 37°C and 5% CO,. After incubation, plates were washed six times
in PBS-T. After washing, a diluted lectin was added to the plates to bind exposed galactose. Specifically,
ool of peanut agglutinin-HRPO (Sigma-Aldrich, St. Louis, MO, USA) diluted 1000-fold in DPBS-B
(DPBS, 1% BSA). Plates were incubated at RT for 2 h. Plates were washed three times in PBS-T, and 1ooul
(soo ug/ml) of o-phenylenediamine dihydrochloride (OPD; Sigma-Aldrich, St. Louis, MO, USA) in o.05
M phosphate-citrate buffer with 0.03% sodium perborate pH 5.0 (Sigma-Aldrich, St. Louis, MO, USA)
was added to the plates. Plates were immediately incubated in the dark for 1o mins at room temperature
(20-22°C). The reaction was stopped with 100 pl of 1 N sulfuric acid. The absorbance was read at 49onm.
NA activity was determined after subtracting the mean background absorbance of the negative control
wells. Linear regression analysis was used to determine the dilution of NA antigen necessary to achieve
90-95% NA activity and was used for subsequent NA inhibition ELLAs.

From each virus titration at least five serial dilutions within the linear range were used to calculate the
linear regression after transforming the dilutions by log,. The R-squared value above 0.9 was considered
acceptable. The best-fit values for the slope (m) and y-intercept (b) were used to determine the 90-95%
range (Equation[B.1). The lowest titer dilution used for regression was defined as the 100% NA activity di-
lution (Equation . Using the fitted linear regression equation, the optical density (OD100%) value for
100% NA activity was calculated. Then the O Dgs¢, and O Dggy, were calculated by multiplying O D%
by 0.95 and 0.9 respectively (Equation[B.4). The range of viral dilution for 90-95% NA activity was then
determined by using the O Dgs¢, and O Dy values in the linear regression equation to obtain lower and

upper bounds for the virus dilution (Equation[B.4)). Virus dilutions were then chosen between that range

as indicated (Table [B.1).
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Table B.1: Linear regression fit of the NA activity of the viruses tested in the panel.

Strain PFU/ml  Fitted Equation (OD=) R? 100%  95%  90% ELLA
Briso7 4.2 x10%  —0.5796log, T +7.72  0.9867 160 197 243 200
CA/o9 1.0 x 108 —0.5903log,T + 8.804 0.9835 320 402 505 450
Sw/NE/13 1.15 x 10®  —0.5694log,T + 7.556 0.9867 100 196 241 200
Viet/o4 1.75 x 108 —0.4799l0gsT + 5.66  0.9738 100 19 143 130
Sw/MO/13 1.31 x 10" —0.5177logsT + 5.932 0.9786 40 49 61 50
Sw/NC/15 8.45 x 10° —0.4144log,T + 3.913  0.9430 10 2 15 15
Wfg/Neth/99 1.0 x 10°  —0.61890g,T + 10.86 0.9900 6,400 7,576 8,981 8,000
Qu/RI/16 8.0 x 107  —0.6213logoT + 10.82 0.9896 6,400 7,551 8,911 8,000
PC/73 9.0 x 108 —0.6022l0g.T + 8.33  0.9789 640 749 875 800
HK/14 3.0 x 107 —0.4438l0og,T + 3.773  0.9903 10 2 14 13
Sw/MO/o6 2.0x 102 —0.676logoT +9.549  0.9899 320 390 477 400

Mal/MN/o8 4.0 x 10°  —0.6394logoT + 11.19 0.9862 3,200 3,911 4,792 4,000
The plaque-forming units (PFU/ml) and the fitted linear regression equation using a minimum of five two-
fold serial dilution data points with the final R-squared value are provided. From the 100% NA activity
titer (T'), the 95% and 90% activity titers were calculated from the fitted equation. The viral dilution used
for the ELLA assay were chosen between that range.

OD = m * logy(Titer) + b (B.1)

OD1go% = m * loga(Lowest Titer) + b (B.2)

ODgo% =09« ODl()()% OD95% =0.95 % ODlO()% (B})
ODgnoz —b ODgrozr —b

Titergpy = 2 m Titergsy = 2 m (B.4)

The NI ELLA titers were determined from two-fold serially diluting sera in DPBS-T-B from 1:10 to
r:1280. Duplicate dilutions were added to fetuin plates in sopl. The NA antigen was diluted to 90-95%
NA activity in DPBS-T-B and sopl were added to the plate. Controls were each a minimum of 8 wells,

and included a positive NA antigen control (soul NA antigen + soul DPBS-T-B) and a negative control
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(rooul of DPBS-T-B) on each plate. Plates were incubated for 16-18 h at 37°C and 5% CO2 after which
they were washed, processed, and absorbance was read as described above. Initially, the mean background
absorbance from the negative control wells was subtracted from all wells. Then, NA percent activity was

determined by dividing the serum absorbance by the mean virus positive control wells multiplied by 100

(Equation

Individual well absorbance

NA Activity % = 100 (B.s)

Mean absorbance of virus only control wells

Non-linear regression fits were performed using GraphPad Prism version 9.1.1(223) for MacOS (Graph-
Pad Software, San Diego, CA, USA; www.graphpad.com”), and the 50% NAI titer was estimated. Briefly,
the “[Agonist] vs. normalized response — Variable slope” model was chosen which fits the model presented
in Equation which estimates the Hill slope and the half effective concentration (£Cs). Outliers
were not detected for or removed, and least squares regression with no weighting was used for the fitting.
The model was constrained in that the EC5, was greater than o. Asymmetrical profile-likelihood 95%

confidence intervals of the F/C'sq were determined as well.

Hill slope

y = 100z 500 (B.6)

The lower limit of detection was 1:10, and the upper limit of detection was 1:1280 due to the range of

sera dilution tested.

B.4 Results

B.4.x NA titers of influenza viruses

The lowest dilution of virus needed to induce 100% NA activity varied between 1:10 and 1:6 400 for different
influenza viruses (Table [B.1). Three HXNz2 viruses had 100% NA titers below 100, 1:40 for Sw/MO/13
(HiN2), and r:10 for both Sw/NC/15 (HiN2) and HK/14 (H3N2). Of these, the virus titer for only
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Sw/NC/15 was comparatively low at 8.45 x 10° PFU/ml. While the virus titers for Sw/MO/13 and HK/14
were 2.0 x 108 PFU/ml and 3.0 x 10" PFU/ml respectively. The avian lineage H2N2 and H2N3 viruses
had the highest 100% NA titers of 1:3200 for Mal/MN/08 (H2N3), and 1:6400 for both Wfg/Neth/99
(H2N2) and Qu/R1/16 (H2N2). The virus titer was not greater for these viruses than the others, therefore

indicating that the increase in activity is not due to solely an increase in replicating virus.

B.4.2 Animal-specific raw sera inhibition of the influenza NA

Sera collected from seven different sources were tested for the ability to inhibit the influenza virus NA
activity as tested in the ELLA assay with fetuin substrate (Fig. [B.1). Each serum sample was tested against
twelve influenza viruses containing either NA type N1, N2 or N3. There were four swine origin viruses
and three avian origin viruses. The s0% NAI titers were estimable for only some virus and sera pairs (Table
[B.2). Ferret sera inhibited ELLA activity by 11 of the 12 viruses with a dilution titer greater than 1:10 and
9 viruses with a titer greater than r:100 (Table [B.3)). The rat sera inhibited the least number of viral NAs,
inhibiting ELLA activity by three of the Ha viruses. Interestingly, not all animal sera inhibited all the same
viruses (Table . For example, the Bris/o7 (HiN1) virus was inhibited by ferret and mouse sera at a
dilution greater than 1:100, by pig, goat and horse sera at a dilution greater than 1:10, and was not inhibited
by either rat or monkey sera. This variation was observed for other subtypes and host origin isolates. The
Wig/Neth/99 (H2N2) had a similar inhibition profile. The HK/14 (H3N2) virus was inhibited by the
greatest number of sera. There was no distinguishable viral characteristic, such as host origin or HA or

NA subtype, that was correlated with pattern of sera inhibition.

B.s Discussion

Influenza vaccine formulations, including live-attenuated virus, whole-inactivated virus, and protein sub-
unit vaccines, use NA as a vaccine component to elicit NA-specific antibodies (Sandbulte et al., |2016)).

However, components in raw sera have anti-NA properties that results in inhibition of NA activity. The
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Figure B.1: A panel of influenza viruses were tested including N1 (A-D), N2 (E-J), and N3 (K,L) NA
subtypes. The sera were two-fold serially diluted from the reciprocal dilutions of 10-1,280. Non-linear
regression was conducted, and the regression that resulted in estimable parameters (as indicated in Table
are shown. The NA activity was normalized to 100% of a “virus only with no sera” control.
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enzyme-linked lectin assay (ELLA) is used to measure antibody-mediated NA inhibition for cleaving
a large substrate, and has been used to assess the effectiveness of NA-containing vaccines and anti-NA
antibodies (Y. Desheva et al., 2020; Kaplan & Vincent, 2020; Paramsothy et al., 2021; F. Wang et al.,[2020)).
In this study, seven raw animal sera were tested for inhibition of virus in the ELLA assay (Table .
All sera, regardless of species, inhibited at least one influenza virus (50% inhibition) with a dilution of
greater than r:10. Five of the seven samples inhibited 50% NAI activity at a titer of greater than r:100. Sera
contains innate host influenza inhibitors, such as complement protein of the a-, 3-, and y-class serum
inhibitors. In horse and pig sera, the a-2-macroglobulin (7y-class) is one of the major innate influenza virus
neutralizing factors (Pritchett & Paulson, 1989; Ryan-Poirier & Kawaoka, 1993). The 7-class inhibitors
express sialic acids that bind specifically to the HA protein on influenza viruses and may inhibit the NA
through steric interactions. These y-class inhibitors are inactivated through receptor-destroying enzyme
(RDE) treatment using Vibrio cholerae NA and are resistant to viral sialidase activity (Cwach et al., 2012;
Pritchett & Paulson, |1989). There appear to be minor innate factors that results in the ability of horse and
pig sera to inhibit different viruses in the panel.

Not all sera inhibited NA activity of all viruses. There were distinct inhibition profiles against specific
influenza viruses in the panel. Innate inhibitors interact with influenza viruses through competitive
binding of sialic acids to the HA protein receptor binding site (RBS) (a- and 7y-class) and with mannose-
binding lectins (3-class) (Anders et al., 1990; Krizanova & Rathova, [1969). Depending on the host origin
of the virus, the HA RBS may have stronger affinity for a-2,3 or a-2,6 sialic acids. The glycosylation of
HA proteins has been associated with mannose-binding lectins (Anders et al., 1990)). Further research
into the contributions of HA sialic acid binding specificity and the glycosylation of HA and NA surface
proteins is needed to determine if it is significantly impacting the variation of NA inhibition observed here
across the different viruses. The innate NA inhibition of different species sera is useful for determining the
appropriate treatment before conducting for ELLA assays. To account for the innate inhibitors observed
here sera may either be heat treated or RDE treated overnight at 37°C to cleave competing sialic acids

from «- and y-class inhibitors and heat inactivated at 56°C for a minimum of 30 minutes to inactivate
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the heat-labile S-class inhibitors and up to 8 hours to fully inactivate the V. cholerae NA, when used
with ferret sera (Westgeest et al., 2015). Immunoglobulins vary in their heat stability with IgG being more
stable than IgA which is more stable than IgM (Mainer et al,, 1997). With researchers using different
inactivation methods, it may be inappropriate to compare titers between sera heat inactivated for 30 min
to RDE treated sera that is heat inactivated for 8 h.

However, one of the major limitations of the study design was the inability to quantify within-species
variability due to the limited sources of the sera. This variability can be further investigated to determine
if age, sex or husbandry practices, such as farm or laboratory origin animals, have any effect on the results.
Furthermore, the sera inactivation procedure for conducting the ELLA may be different between species.
To determine the appropriate method, positive control antiserum is necessary to confirm that no loss in
NA-specific antibodies is observed during treatment. Given the wide panel of viruses and different animal
models tested here, those samples were not available. Lastly, the wide variability in the NA activity titers
observed between viruses (Table may either be from increased enzymatic capacity, i.e., a virus’ NA
protein cleaves more sialic acid at a higher rate than another viral NA, or from having a higher NA content
per PFU. Therefore, why different viruses had such variability in NA activity was undetermined.

In conclusion, with the increase in NA research, the RDE treatment, the inactivation time and tem-
perature used to inactivate sialidases should be clearly described with the negative control data provided
for each viral strain with serum species used for the assay in order to accurately interpret the results. This
information will allow for comparison across species or if comparison of anti-NA serological results need

to assessed within the same species.
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Table B.2: Non-linear regression fits of raw serum inhibition of Type A influenza viruses.

Result Ferret Mouse Pig Goat Rat Horse Monkey
ECsy 1,251 647.7 14.32 16.33 29.90
Bris/o7 95% ECsg  997.3,1,68s  $88.3,717.2  11.79,16.77  10.84,21.99 24.86,36.02
Adj. R? 0.9493 0.9837 0.9541 0.8703 0.9497
ECs5 125.4 48.24
CA/o9 95% EC5y  78.76,200.4 41.95, 55.31
Adj. R? 0.8110 0.9799
ECs 7.4 725.9 13.89 51.26 189.7
Sw/NE/13 95% ECsy  102.9,134.3 674.2,785.2  13.25,14.53  43.64, 6o.I 172.5, 208.8
Adj. R? 0.9821 0.9917 0.9946 0.9737 0.9903
ECs 14.04
Viet/o4 95% EC 1171, 16.51
Adj. R? 0.8780
ECs 23,011 318.1 15.51 35.70 10.66
Sw/MO/13 95% EC5y  10,183,75,817  258.1,392.4  14.72,1630  30.74, 41.39 10.04, 11.27
Adj. R? 0.9040 0.9466 0.9954 0.9721 0.9782
ECs5 270.4 636.1 4173 45.57
Sw/NC/15 95% EC5y  244.0,300.5 538.2,770.2 37.61,46.28 38.96, 53.28
Adj. R? 0.9891 0.9653 0.9866 0.9723
ECs 1,279 425.0 26.01 25.89 47.34 69.02
Wig/Neth/9g9  9s% ECs0  997.4,1,727  265.3,816.6  24.16,27.96 18.98,33.75  30.45,68.96  62.62,76.01
Adj. R? 0.9651 0.8161 0.9920 0.9261 0.8721 0.9907
ECs 1,214 817.3 32.91 27.97 48.04 IILI
Qu/RI1/16 95% EC5  957.5, 1,611 491.6,1749  29.91,36.16  23.18,33.17  34.0I, 64.45 96.41,127.9
Adj. R? 0.9695 0.8347 0.9889 0.9710 0.9182 0.9804
ECs 798.4 12.10 280.0
PC/73 95% EC5  666.1,992.5 10.83, 13.39 262.2,299.1
Adj. R? 0.9555 0.9519 0.9936
ECsy 424.5 78.03 216.6 258.7 194.9
HK/14 95% EC5 379.5, 4753  $7.20,104.9  178.9, 26LI 240.4,278.4  179.7,21L.4
Adj. R? 0.9810 0.9193 0.9618 0.9941 0.9927
ECsy 16.96 16.00 11.98 27.26 21.67
Sw/MO/o6 95% EC5  15.25,18.78  10.44,2155  10.65,13.23  16.58, 40.81 15.70, 28.64
Adj. R? 0.9745 0.8812 0.9534 0.8365 0.8724
ECsy 72.27 329.5 21.98 12.77 39.23 87.82
Mal/MN/o8  95% EC59  61.88,84.12  222.4,537.1 20.23,23.84 10.09,15.37 30.55,48.54 8179, 94.29
Adj. R? 0.9753 0.8585 0.9883 0.9505 0.9505 0.9950

The 50% NA inhibitory concentration estimate (EC5¢, half maximal effective concentration), the 95%
profile-likelihood confidence intervals, and the adjusted R-squared (Adj. 2?) were determined for each fit.
Sera and virus pairs that resulted in an unstable estimate or did not have an estimate > 10 are not shown.



Table B.3: NA inhibition of raw sera stratified by host origin.

NA HA Host Strain Ferret  Mouse Pig Goat Rat Horse Monkey | > 10 > 100
Hr Human Bris/o7 1,251 648 14 6 <10 30 < 10 5 2
Ni Hr Human CA/o9 125 <10 <10 <10 <10 48 < 10 2 I
Hr Swine  Sw/NE/13 1y 726 14 51 <10 190 < 10 5 3
Hs Human Viet/o4 < 10 <10 <10 <10 <10 14 < 10 I o
Hr Swine  Sw/MO/13 > 1,280 318 16 36 <10 o < 10 5 2
Hr  Swine Sw/NC/15 270 636 42 46 <10 <10 < 10 4 2
Na Hz2  Avian Wig/Neth/9g | > 1,280 425 26 26 47 69 < 10 6 2
H2  Avian Qu/R1/16 1,214 817 33 28 48 11 < 10 6 2
H3 Human PC/73 798 <10 <10 r <10 280 < 10 3 2
H3 Human HK/14 > 1,280 425 78 217 <10 299 195 6 5
N; H2 Swine  Sw/MO/o6 17 16 2 27 <10 22 < 10 5 o
H2  Avian Mal/MN/08 72 330 22, 3 39 88 <10 6 1
Number of viruses with NAI > 10 bog 9 9 10 3 ot I 54 -
Number of viruses with NAI > 100 9 9 o I o 4 I - 23

Viruses tested are separated by NA subtype, HA subtype, and host origin. The reciprocal NATI so% titer
for each virus and serum pair is shown from the non-linear regression estimates. The number of viruses or
sera with NAI s0% titers > 1 : 10 and > 1 : 100 is tabulated by serum origin and by virus, respectively.
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APPENDIX C

COBRA VAccINE BAsep UPON SWINE
HiN1 INFLUENZA HA SEQUENCES
PROTECTS AGAINST BOTH SWINE AND

a0
HuMAN ISOLATED VIRUSES

C.1  Abstract

Swine and human influenza viruses have coevolved for more than a century. Swine HiN1 influenza viruses
were stable within pigs for nearly 7o years until in 1998 when a classical swine virus reassorted with avian
and human influenza viruses to generate the novel triple reassortant HiN1 strain that eventually led to
the 2009 influenza pandemic. Previously, our group demonstrated broad protection against a panel of
human HiNi viruses using HA antigens derived by the COBR A (computationally optimized broadly

reactive antigen) methodology. These vaccines were derived using either only human hemagglutinin (HA)

'Skarlupka, A. L., Reneer, Z. B., Abreu, R. B., Ross, T. M., & Sautto, G. A. An influenza virus hemagglutinin computa-
tionally optimized broadly reactive antigen elicits antibodies endowed with group 1 heterosubtypic breadth against swine in-
fluenza viruses. ] Virol. 2020. 94:€02061-19. https://doi.org/10.1128/JVI.02061-19. Accepted by Journal of Virology. Reprinted
here with permission of publisher.



sequences (X3 and X6) or a combination of human and swine HA sequences (P1). In this report, the
effectiveness of swine COBRA HA antigens (SW1, SW2, SW3 and SW4) which were designed using
only HA sequences from swine HiN1 and HiNz2 isolates were tested in BALB/c mice. Vaccines, such
as SW2 and SW4, that elicited antibodies that detected the pandemic-like virus, A/California/o7/2009
(CA/09), had antibodies with HAI activity against almost all the panel of classical swine influenza viruses
isolated from 1973-2015 and all of the Eurasian viruses. However, sera collected from mice vaccinated
with SW2 or SW4 had HAT activity against 25% of the human seasonal-like influenza viruses isolated
from 2009-2015. Several wild-type swine HA-based vaccines elicited antibodies that detected a similar
number of classical swine viruses in the panel. In contrast to the COBR A HA vaccines designed with only
swine Hr HA sequences, the Pt COBR A HA vaccine, derived from both swine and human sequences,
elicited antibodies thathad HAT activity against both swine and human Hr influenza viruses and protected
against CA/o9 challenge, but not a human seasonal-like swine HiN2 virus challenge, A/Swine/North
Carolina/152702/2015 (SW/NC/15). However, the SW1 vaccine protected against this challenge as well as
the homologous vaccine. The Hr HAs from the Eurasian swine Hi viruses elicited antibodies with HAI
activity against most of the North American swine viruses, suggesting a possible conserved antigenic link

and also supporting the idea that a pan-swine influenza virus vaccine is possible.

C.2 Introduction

The domestic pig (Swus scrofa domesticus), also referred to as swine or hog, can be infected by both avian and
human influenza viruses through the expression of a2,3- and v2,6- sialic acid receptors in the respiratory
tract. Approximately 25% of the swine population in the United States is infected with a swine influenza
virus (Y. K. Choi et al,,|2002). Infected pigs show influenza-like symptoms including weight loss, fever,
respiratory distress, coughing, and nasal discharge, but little mortality. Currently swine influenza viruses
of the subtypes HiN1, H3N2, and HiN2 are circulating in North America (Olsen,|2002). In Asia, North
America, and much of Europe, HIN1 swine influenza viruses are significantly prevalent in the populations

and remain an important infection with zoonotic potential (Thacker & Janke,2008; Vincent et al., 2008)).
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The HiNr influenza subtype was originally isolated from pigs in 1932, and these swine HiN1 influenza
viruses remained genetically and antigenically stable in North American pigs until a series of reassortment
events in 1998. The triple reassortant H3N2 virus originated from a classical swine lineage virus (Np, M,
NS) reassorting with a human seasonal H3N2 virus (PB1, HA, NA) with an avian virus (PB2, PA). This
H3N2 virus then went on to reassort with co-circulating classical lineage HIN1 swine viruses (HA and NA
or HA). This was marked by the introduction of human and avian influenza virus gene segments with
swine influenza virus genes and resulted in generation of novel strains with pandemic potential (Vincent
et al., 2008)). Based on phylogenetic analysis and ancestry studies, the swine Hi viruses belong to four
distinctive clades: alpha, beta, gamma and delta (Karasin et al.,|2002; Vincent et al., 2009; Webby et al.,
2004). Alpha viruses are considered classical isolates and are related to viruses that circulated from 1930s
to 1998 (cHiN1) (T. K. Anderson et al., 2016; Ma et al., 2010} Vincent et al.,|2009)). Viruses classified in the
Beta clade developed due to reassortment events between cHiNi isolates and H3Nz2 viruses in pigs that led
to HiNi viruses expressing cHINt HA and NA surface proteins with H3N2 internal genes. Gamma clade
swine influenza viruses are referred to as HiN2-like isolates and are the result of a triple reassortant event
between H3N2 and cHiNi1 viruses. Swine influenza viruses of the Gamma clade include both HiN1 and
HiNz2 viruses (Vincent et al,, 2009). Delta clade swine influenza viruses are highly divergent, containing
both HiNr and HiN2 swine influenza viruses, and contain Hr human seasonal influenza virus genes
(Lewis et al., 2016). In 2009, the first pandemic of the 21st century occurred with the introduction of
a swine-origin influenza virus of the cHiN1 subtype into the human population that transmitted easily
between people (Gibbs et al., 2009)).

Ultimately, the expansive divergence of the swine hemagglutinin makes all the clades antigenically dis-
tinct; a wild-type Hr hemagglutinin vaccination would leave the host open to infection from a mismatched
virus, of which, there are plenty. Therefore, to address the need for more broadly reactive influenza vac-
cines, our group has previously reported on the methodology of antigen design, termed computationally
optimized broadly reactive antigen (COBR A), using multiple rounds of layered consensus building to

generate influenza vaccine HA immunogens. COBR A HA vaccines elicit antibodies that target both the
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globular head and stem regions of HA. Recently, we reported the characterization of a COBR A-based
vaccine for highly pathogenic HsNi1 (Crevar & Ross, 2008; Giles, Bissel, et al., 20125 Giles, Crevar, et al.,
20125 Giles & Ross, 2011b; Monto, |2010) and both human seasonal and pandemic HiNr influenza virus
isolates. (Carter et al., 2016b). For HiIN1, these COBR A HA candidates were designed to recognize HiN1
viruses isolated within the last 30 years. In addition, several COBR A HA candidate designs were based
on sequences of HINTI viruses spanning the past 100 years, including modern pandemic HiNr isolates.
Three of the nine HINt COBR A HA proteins (X3, X6, and P1) had intense broad hemagglutination
inhibition (HAI) activity against a panel of fifteen HiN1 viruses. These vaccines were derived using HA
sequences from human isolates, except for P1, which was based on a combination of both human and
HiNr swine isolates. Mice vaccinated with a virus-like particle (VLP) expressing the Pt COBRA HA
antigen had little or no detectable viral replication following challenge with the A/California/07/2009
(CA/09) pandemic-like HINI virus, which was comparable to a homologous matched CA/o09 vaccine.
In this study, a set of HI COBRA HA vaccines designed using only swine HiN1 and HiN2 viruses
(SW1, SW2, SW3, SW4) were assessed for their ability to elicit protective antibodies with HAI activity
against both human and swine Hr influenza viruses. Those results were then compared to the P1 swine-
human COBR A HA, as well as, the human COBR A HA vaccines (Carter et al., 2016¢). While swine
COBRA HA vaccines elicited antibodies with HAI activity against a diverse panel of swine Hi viruses,
these same elicited antibodies did not recognize human seasonal HiN1 viruses. The SW2 and SW4 vac-
cines elicited antibodies with HAI activity against classical swine Hr viruses, and the SWi vaccine elicited
protective immune responses against human seasonal-like Hr swine influenza viruses. Only the P1 CO-
BR A vaccine was able to elicit antibodies that effectively recognized historical and contemporary human

seasonal HiN1 viruses, in addition to, different lineages of HiN1 and HilN2 swine viruses.
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C.3 Materials and Methods

C.3.1  COBRA HA antigen construction and synthesis

Nucleotide sequences (N=721) for swine HiIN1 and HiN2 influenza A hemagglutinin (HA) proteins,
isolated from 1930-2013, were downloaded from the NCBI Influenza Virus Resource database (Giles,
Bissel, et al., |2012)). The nucleotide sequences were translated into protein sequences using the standard
genetic code. Full-length swine HiN1 and HiNz2 sequences from viral infections covering the period
from 1930 to 2013 were analyzed. Specifically, the SW1 COBRA was designed to include both HiNi1
and HiN2 sequences from 1998 to 2013. SW2 incorporated only HiN1 sequences, and SW3 included
sequences that included only HiN2 sequences from 1998 to 2013. SW4 included historical sequences
from 1930 to 1997, in addition to, the 1998 to 2013 period (Fig. [C.1). The HAo amino acid sequences were
aligned, and the most common amino acid at each position was determined resulting in primary consensus
sequences representing each genotypic group. The resulting primary sequences from each group were then
realigned to generate a secondary consensus. This process was continued until a single final consensus was
obtained. Finally, the ultimate amino acid sequence was reverse translated and optimized for expression
in mammalian cells, including codon usage and RNA optimization (Genewiz, Washington, DC, USA).
The resulting sequence was termed a computationally optimized broadly reactive antigen (COBRA). H1
HA genes were synthesized and inserted into the pTR 600 expression vector, as previously described (Ross

etal.,)2000).

C.3.2 Viruses and HA antigens

Hi viruses were obtained through the Influenza Reagents Resource (IRR), BEI Resources, the Centers for
Disease Control (CDC), or provided by Sanofi-Pasteur. Viruses were passaged once in the same growth
conditions as they were received or as per the instructions provided by the WHO, in either embryonated

chicken eggs or Madin-Darby canine kidney (MDCK) cell culture (Organization & Network, 2011). Virus
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Figure C.1: Designs of Swine COBRA HA sequences. Swine and human COBRA swine genotypic
characteristics. (A—C) Description of the number of original sequences from each of phylogenetic clade
inputinto SWi1 (A), SW2, SW3 (B), and SW4 (C).

lots were aliquoted for single-use applications and stored at -80°C. Titer of the frozen aliquots was deter-
mined with turkey RBCs.

The classification of the swine HA was determined using the Swine Hi Clade Classification Tool
(http://www.fludb.org) (T. K. Anderson et al., |2016)) which takes the HA nucleotide sequence and in-
fers both the global (T. K. Anderson et al., |2016) and US (T. K. Anderson et al., o1s; T. K. Anderson
etal., 2o13) swine Hi clade classification. When available, virus was used for HAI assays where indicated
(*), otherwise HA VLPs were used. The protein accession numbers for the HA amino acid sequences
used for VLP production, phylogenetic analysis, pepicope calculation, and glycosylation prediction are
provided. If no accession number was available, the amino acid sequences are provided (Table .
The following HA VLP vaccines were included for both viral challenges: SW-1t COBRA (SW1), SW-2
COBRA (SW2), SW-3 COBRA (SW3), SW-4 COBRA (SW4), P-t COBRA (P1), X-3 COBRA (X3),
X-6 COBRA (X6), and A/California/o7/2009 (CA/09*; YP_009118626.1). The A/Swine/North Car-
olina/152702/2015 (SW/NC/152702/15%) included a matched HA VLP vaccine. The CA/o9 challenge
included swine wild-type HA VLP vaccines representing different lineages and clades (Fig. including:

A/Swine/Wisconsin/125/1997 (SW/W1/97; AAF87274.1), A/Swine/Indiana/P12439/2000 (SW/IN/oo;



AAL87870.1), A/Swine/Spain/s0047/2003 (SW/Spain/o03; ABD78104.1), A/Swine/Korea/Asano4/2006
(SW/Korea/o6;  ACE77933.1),  A/Swine/Zhejiang/1/2007  (SW/Zhejiang/o7;  ACJo6667.1),
A/Swine/North Carolina/02744/2009 (SW/NC/02744/09), A/Swine/North Carolina/34543/2009
(SW/NC/34543/09; AEX25796.1), and A/Swine/Minnesota/Ao01489606/2015
(SW/MN/15; AKDoo0877.1).

Mice were only vaccinated with and not challenged with VLPs expressing the HA of human strains in-
cluding A/Chile/1/1983 (Chile/83*; AFM72054.1), A/Singapore/6/1986 (Sing/86*; ABO38395.1), A/New
Caledonia/20/1999 (New Cal/99*; AGQ47728.1), and A/Brisbane/s9/2007 (Bris/o7*; ACA28846.1).
The following swine strains were used only for the HAI VLP panel: A/Swine/Iowa/1973 (SW/I1A/73;
ABV25637.1), A/Swine/North Carolina/93523/2001 (SW/NC/or; AAL87867.1),
A/Swine/Ohio/s11445/2007 (SW/OH/07; ACH69547.1), A/Swine/Colorado/SG1322/2009 (SW/CO/09;
AHB21556.1),  A/Swine/North  Carolina/s043-1/2009  (SW/NC/5043-1/09; ADV69084.1),
A/Swine/Missouri/Ao1203163/2012 (SW/MO/12; AFM47013.1), A/Swine/Nebraska/A10444614/2013
(SW/NE/13*; AGF68975.1) and A/Swine/North Carolina/Ao1377454/2014 (SW/NC/14; A]JM70701.1).
The following human HiNi strains were used for only the HAI virus panel: A/Texas/36/1991 (TX/or*;
ABF21276.1), A/Beijing/262/1995 (Beijing/9s*; ACF41867.1), and A/Solomon Islands/3/2006 (SI/06%;
ABUog9109.1). The 25-member wild-type HA panel represented human viruses from 1980 to the intro-
duction of CA/o9 and swine viruses from different phylogenetic lineages and clades. Wild-type HA
vaccine antigens were codon optimized for expression in mammalian cells. The additional eight swine
and three human strains were included in the HAI panel to expand the breadth of the human and swine

phylogenetic coverage from 1930 to 2015.

C.3.3 Phylogenetic comparison of swine, human, and COBRA HA sequences

Viruses used for the vaccination panel and HAI panel were visualized on a phylogenetic tree to confirm
full coverage of swine and human influenza clades (Fig. [C.2). Briefly, the HAo was aligned utilizing

Geneious alignment with global alignment with free end gaps and a cost matrix Blosum62 with open
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Table C.1: Accession numbers or amino acid sequences of the HA of Hi strains.

Virus

Protein Accession Number/HA sequence

A/Sw/NC/02744/2009

DTICVGYHAN NSTDTVDTVL EKNVTVTHSV NLLEDSHNGK
LCLLKGIAPL QLGSCSVAGW ILGNPECELL ISKESWSYIV
ETPNPENGTC YPGYFTDYEE LREQLSSVSS FKRFEIFPKE SS-
WPNHNVNG VSSSCSHNGK SSFYRNLLWL TVKNGLYPNL
SKSYTNKKEK EVLVLWGVHH PSNIGDQRAL YHTENAYVSV
VSSHYSRRFT PEIAKRPKVR NQEGRINYYW TLLEPGDTII
FEANGNLIAP RYAFELSKGF GSGIITSDAP MGECNAKCQT
PQGAINSSLP FQNVHPVTIG ECPKYVRSAK LRMVTGLRNT
PSIQSRGLFG AIAGFIEGGW TGMVDGWYGY HHQNEQGSGY
AADQQSTQNA INGITNKVNS VIEKMNTQFT AVGKEFNKLE
RRMENLNKKI DDGFLDIWTY NAELLVLLEN ERTLDFHDSN
VKNLYEKVKS QLKNNAKEIG NGCFEFYHKC NDECMESVKN
GTYDYPKYSE ESKLNREKID GVKLESMGVY NILAIYSTVA
SSLVLLVSLG AISFWMCSNG SLQCRICI

A/Sw/NC/152702/2015

DTICVGYHAN NSTDTVDTVL EKNVTVTHSV NLLEDSHNGK
LCLLKGIAPL QLGSCSVAGW ILGNPECELL ISKESWSYIV
ETPNPENGTC YPGYFEDYEE LREQLSSVSS FKRFEIFPKK SS-
WPNHTVTG VSSSCSHNGN SSFYRNLLWL TVKNNLYPNL
SKSYTNKKEK EILVLWGVHH PSNMEDQRAL YHTENAYVSV
VSSHYSRRFT PEIAKRPKVR NQEGRINYYW TLLEPGDTII
FEASGNLIAP RYAFELSKGF GSGIITSNAP MGECNAKCQT
PQGAINSSLP FQNVHPVTIG ECPKYVRSAK LRMVTGLRNT
PSIQSRGLFG AIAGFIEGGW TGMVDGWYGY HHQNEQGSGY
AADQQSTQNA INGITNKVNS VIEKMNTQFT AVGKEFNKLE
RRMENLNKKYV DDGFLDIWTY NAELLVLLEN ERTLDFHDSN
VKNLYEKVKS QLKNNAKEIG NGCFEFYHKC DDECMDSVKN
GTYDYPKYSE ESKLNREKID GVKLESMGVY NILAIYSTVA
SSLVLLVSLG AICFWMCSNG SLQCRICI

A/New Jersey/11/1976
A/South Carolina/1/1918
A/United Kingdom/1/1933
A/Puerto Rico/8/1934
A/Weiss/1/1943
A/Denver/1/1957
A/USSR/90/1977
A/Brazil/11/1978
A/California/10/1978

ACUS80014.1
AADr7229.1
ACV49534.1
BAVs59611.1
ABD79g101.1
ADBi15258.1
AFM73477.1
ABO38065.1
ABP49338.1




SW-1 COBRA
A/SouthCarolina/1/1918
— A/Swine/Spain/50047/2003 H1N1 1C.2.2

Swine: Eurasian Li
L A/Swine/Zhejiang/1/2007 HIN1 1C.2.3 wine: Eurasian Lineage

SW-2 COBRA
SW-4 COBRA

A/Swine/Wisconsin/125/1997 HIN1 1A.1 Alpha
A/Swine/lowa/1973 HIN1 1A.1 Alpha
A/Swine /Colorado/SG1322/2009 H1IN1 1A.2 Beta
A/Swine /Nebraska/A01444614/2013 HIN1 1A.2 Beta
A/Swine/Korea/Asan04/2006 H1IN2 1A.3.3.3 Gamma

E A/Swine/Ohio/511445/2007 H1IN1 1A.3.3.3 Gamma

A/Swine /Minnesota/A01489606/2015 HIN1 1A.3.3.3 Gamma
A/Swine/NorthCarolina/93523/2001 HIN2 1A.3.3 Gamma-2
A/Swine/Indiana/P12439/2000 HIN2 1A.3.3 npdm
A/California/07/2009 H1N1 1A.3.3.2 npdm
A/Swine /NorthCarolina/34543/2009 HIN1 1A.3.3.2 npdm
A/Swine /Missouri/A01203163/2012 H1N1 1A.3.3.2 npdm

Swine: Classical
Lineage

SW-3 COBRA

A/FortMonmouth/1/1947
A/Denver/1/1957

A/Weiss/1/1943

P-1 COBRA
A/UnitedKingdom/1/1933

A/PuertoRico/8/1934

A/Chile/1/1983
A/USSR/90/1977
A/Brazil/11/1978
A/California/10/1978
A/Singapore/6/1986

X-3 COBRA

A/Texas/36/1991
A/Beijing/262/1995
A/NewCaledonia/20/1999
X-6 COBRA
A/Solomonislands/3/2006
A/Brisbane/59/2007
A/Swine /NorthCarolina/02744/2009 H1IN2 1B.2.1 Delta-2

A/Swine /NorthCarolina/5043-1/2009 HIN2 1B.2.1 Delta-2 Swine: Human-seasonal like
A/Swine /NorthCarolina/A01377454/2014 H1N2 1B.2.1 Delta-2 Lineage
A/Swine/NorthCarolina/152702/2015 HIN2 1B.2.1 Delta-2

Human H1N1

0.06

Figure C.2: The unrooted human and swine Hr HA phylogenetic tree was inferred from database HA
amino acid sequences with the inclusion of COBRA HA sequences. Neighbor-joining tree built on
the alignment of the amino acid sequences of the HAr (1—-327) region. The swine isolates include the
influenza subtype, Hr swine global classification, and swine North American classification. Scale bar
length represents the number of amino acid substitutions per amino acid site.
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gap penalty 12, and gap extension penalty 3, with refinement iterations of 2 (Geneious vir.1.s). The HA1
portions (1-327AA) were extracted from the alignment. Using only sequences with a full HAr amino acid
sequence, Geneious Tree Builder, which observed the same alignment characteristics, was used to obtain
a neighbor-joining Jukes-Cantor phylogenic tree with no indicated outgroup. The scale bar represents

0.06 amino acid substitutions per site, of a total of 347 amino acid sites (Kearse et al., 2012).

C.3.4 Predicted HA structures by Pymol

The known crystal structure were used for A/California/o7/2009 (PDB accession: 3lzg (R. Xu etal.,2010))
and A/Swine/Indiana/P12439/2000 (PDB accession: 43z (R. Xu et al.,|2012))). For all other HA vaccines
the predicted protein structural models were constructed using SWISS-MODEL workspace (https://swiss-
model.expasy.org) (Bienert et al., |por7; Waterhouse et al., 2018). The template for the target sequence
was identified through parallel searches of the SWISS-MODEL template library (SMTL) using BLAST
(Camacho etal.,2009) and HHBIits (Remmert et al., |zo11). For all the target HA sequences two templates
were chosen for model building (Guex etal., 2009). The crystal structures of A/Jiangsu/ALSI/2011 (HiN1)
HA (PDB accession: 6d8w) was selected for the Eurasian strains, and A/Netherlands/002P1/1951 (HiN1)
HA (PDB accession: 6n41) was selected for all remaining HAs. The template’s quality was predicted from
features of the target-template alignment. The templates with the highest quality were then selected for
model building. Models were built based on the target-template alignment using ProMod3. Conserved
coordinates between the target and the template were copied from the template to the model. Insertions
and deletions were remodeled using a fragment library. Side chains were then rebuilt. Finally, by using
a force field the geometry of the resulting model was regularized. Incase loop modelling with ProMod3
failed, an alternative model was built with PROMOD-II (Guex & Peitsch, 1997). The global model
quality estimation (GMQE) determines the expected accuracy of the model based upon the alignment
of the target to the template as well as the coverage of the target. The global and per-residue model
quality was assessed using the QMEAN scoring function based upon geometrical properties (Benkert

et al., porr). QMEAN Z-scores close to zero indicate high quality, whereas less than -4.0 indicate low
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quality models (Altschul et al., 1997; Guex & Peitsch, 1997). The quaternary structure prediction score
(QSQE) indicates the quality of fit for the quaternary structure of the protein given that HA is naturally
isolated as a homotrimer. Putative glycosylation sites were predicted using the online tool NetNGlyc
r.o (http://www.cbs.dtu.dk/services/NetNGlyc/) (R. Gupta et al., 2004). The antigenic regions were
defined as: Sa (124-125, 153-157, 159-164); Sb (184-195); Car1 (166-170, 203-205, 235-237); Caz (137-142, 221-222);
and Cb (70-75).

C.3.5 Calculation of pepicope Values

Due to the inclusion of the pandemic HAs, the A/California/o4/2009 numbering scheme was used
(Deem & Pan,2009). The amino acid numbering begins following the seventeen amino acids in the signal
peptide (Burke & Smith, 2014} Nobusawa et al., [1991; Winter et al., [1981). The epitope sites include the
amino acids predicted to be important to vaccine efficacy: neutralizing-antibody binding residues, struc-
ture/sequence homologues of known Hj3 epitopes, and protein surface residues with high information
entropy (Table Deem and Pan, 2009, The pepicope provides a quantitative value for the antigenic dis-
tance between two hemagglutinin amino acid sequences based upon the comparison of the five epitopes.
For any two given sequences, the p-value was calculated for each epitope region to be the proportion of
differing amino acids. The largest p-value of the five was then considered the dominant pepicope; and the
corresponding epitope was named the dominant epitope region (Table . A Depicope Of less than 0.442
has been correlated with a vaccine effectiveness greater than zero in humans (Pan et al., 2o11). Therefore,

this cutoff was observed for the study.

C.3.6 Vaccine preparation

Human embryonic kidney 293T (HEK-293T) cells (1 x 10°) were transiently transfected with 1 ug DNA
of each of the three pTR600 mammalian expression vectors (Green et al., 2003) expressing the influenza
neuraminidase (A/Mallard/Alberta/24/2001; H7N3), the HIV pss Gag sequence, and one of the various

Hir wild-type or COBRA HAs. Following 72 h of incubation at 37°C, supernatants from transiently
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Table C.2: Computationally optimized broadly reactive antigens used in the study.

HA Vaccine ‘ Origin“ ‘ Subtype ‘ Years® ‘ Sequences® ‘
SW-1 COBRA (SWr) Swine HiN1/HiN2 Based 1998-2013 683
SW-2 COBRA (SW2) Swine HiN1 Based 1998-2013 368
SW-3 COBRA (SW3) Swine HiN2 Based 1998-2013 31§

SW-4 COBRA (SW4) Swine HiN1/HiN2 Based Hilﬁjﬁ?z;ﬁ‘;;gg 721
P-1 COBRA (P1) Human and Swine HiNi1 Based 1918-2012 205
X-3 COBRA (X3) Human HiN1 Based 1977-2008 16
X-6 COBRA (X6) Human HiN1 Based 1999-2.012 1096

“Species of the HINX isolates
’Range of years that the HA sequences from the HINX viral strains were isolated
“Number of HA sequences utilized for the input sequence alignments

Table C.3: Amino acid residues used to calculate the ADM of vaccine and challenge virus combinations.
Antigenic Site Amino Acid Residue

A (SA) 18, 120, 121, 122, 126,-129 I, 132-135, 137, 139-143, 146, 147, 149, 165, 252, 253

B (Sb) 124, 125, 152-157, 160, 162, 183-187 189-191, 193-196

C 34-38, 40, 41, 43-45, 269-274, 276-278, 283, 288, 292, 295, 297, 298, 302, 303, 305-310

D (Ca) 89, 94-96, 113, 117, 163, 164, 16617 4, 176-178, 200, 202, 204-216, 222-227, 235, 237, 241, 243-245
E (Cb) 47, 48, 50, 51, 53, 54, 56-58, 66, 68-75 78-80, 82-86, 102, 257-261, 263, 267

transfected cells were collected, centrifuged to remove cellular debris, and filtered through a 0.22 um pore
membrane. Mammalian virus-like particles (VLPs) were purified and sedimented by ultracentrifugation
on a 20% glycerol cushion at 135,000 x g for 4 h at 4°C. VLPs were resuspended in phosphate buffered
saline (PBS), and total protein concentration was determined with the Micro BCA Protein Assay Reagent
kit (Pierce Biotechnology, Rockford, IL, USA). Hemagglutination activity of each preparation of VLP
was determined by serially diluting volumes of VLPs and adding equal volume 0.8% turkey red blood cells
(RBCs) (Lampire Biologicals, Pipersville, PA, USA) suspended in PBS to a V-bottom 96-well plate with a
30 min incubation at room temperature (RT). Prepared RBCs were stored at 4°C and used within 72 h.

The highest dilution of VLP with full agglutination of RBCs was considered the endpoint HA titer.



C.3.7 Determination of HA content

Purified VLPs were mixed with 6X reducing Laemmli’s SDS-sample buffer and incubated at 100°C for
s min (Boston BioProducts, Ashland, MA, USA). Reduced VLPs were then electrophoresed on a 10%
sodium dodecyl sulfate-polyacrylamide gel (SDS-PAG) and transferred to a polyvinylidene difluoride
(PVDF) membrane. The blot was probed 1:1000 with commercially sourced mouse anti-human HA clade
1 (15B7; Immune Technology Corporation, Lexington Ave, NY, USA). HA-antibody complexes were
then detected using 1:4000 goat anti-mouse IgG labeled with horseradish peroxidase (HRP) (Southern
Biotech, Birmingham, AL, USA). HRP activity was detected using ClarityTM Western ECL substrate
(Bio-Rad Laboratories, Hercules, CA, USA) and digitally imaged using a cooled charged-coupled device
camera (myECL Imager, ThermoFisher Scientific, Waltham, MA, USA). Linear regression standard
curve analysis was performed using the known concentrations of the standard recombinant antigen (HiN1

A/California/07/2009) to estimate HA contentin VLP lots. Quantifications were performed in duplicate.

C.3.8 Mouse vaccination and challenge studies

BALB/c mice (Mus musculus, females, 6 to 8 weeks old) were purchased from Jackson Laboratory (Bar
Harbor, ME, USA) and housed in microisolator units and allowed free access to food and water. Mice (9
and 11 mice per group for CA/09 and SW/NC/152702/15, respectively) were vaccinated with a r:1 mixture
of purified VLP (1.0 ug HA/mouse) and an emulsified MFs9-like, squalene-based oil-in-water adjuvant
(Sanofi Pasteur, Lyon, France). Mice were vaccinated via intramuscular injection at week o and boosted
with the same vaccine formulation at the same dose at weeks 4 and 8. PBS mixed 1:1 with adjuvant served
as a mock vaccination. Blood samples were collected from mice via cheek bleeds twenty-eight days after
each vaccination in 1.5 ml microcentrifuge tubes. The samples were incubated at RT for 30 min and then
centrifuged at sooo rpm for 5 min. Serum samples were removed and stored at -20°C.

Four weeks after final vaccination, mice were challenged intranasally with 5 x 104 plaque forming units

(PFU) of A/California/o7/2009 (HiN1) or 1 x 107 PFU of A/Swine/North Carolina/152702/2015 (HIN2)
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in a volume of so ul. Challenge PFUs were calculated to be ten times the LDso for each challenge virus.
For fourteen days after challenge, mice were monitored, at minimum, daily for weight loss, disease signs,
and death for 14 days after infection. Three days post-infection, lungs (n=3) were harvested, transferred to
dry ice, and stored at -80°C until enumeration of viral lung titers. Individual body weights were recorded
daily post-infection for each group. Any animal exceeding 20% weight loss was humanely euthanized.
Surviving mice were confirmed for successful infection indicative by seroconversion. All procedures were
performed in accordance with the Guide for the Care and Use of Laboratory Animals, Animal Welfare

Act, and Biosafety in Microbiological and Biomedical Laboratories.

C.3.9 Hemagglutination inhibition (HAI) assay

The hemagglutination inhibition (HAI) assay assessed functional antibodies to the HA able to inhibit
agglutination of turkey erythrocytes. The protocols were adapted from the WHO laboratory influenza
surveillance manual (Organization & Network, 2o11). To inactivate nonspecific inhibitors, sera were
treated with receptor-destroying enzyme (RDE) (Denka Seiken, Co., Japan) prior to being tested. Briefly,
three parts RDE was added to one part sera and incubated overnight at 37°C. RDE was inactivated by
incubation at 56°C for 30 min. After heat treatment, six parts PBS were added to the RDE-treated sera.
RDE-treated sera were two-fold serially diluted in V-bottom microtiter plates. An equal volume of each
virus (or VLP where applicable), adjusted to approximately 8 hemagglutination units (HAU)/50 ul, was
added to each well. The plates were covered and incubated at RT for 20 min, and then so ul RBCs were
added to each well. The plates were mixed by agitation and covered, and the RBCs were allowed to settle
for 30 min at RT. The HAI titer was determined by the reciprocal dilution of the last well that contained
non-agglutinated RBCs. Positive and negative serum controls were included for each plate. All mice
were negative (HAI < 1:10) for preexisting antibodies to currently circulating human and swine influenza
viruses prior to vaccination and seroprotection was defined as HAI titer greater than or equal to 1:40
and seroconversion as a 4-fold increase in titer compared to baseline, as per the WHO and European

Committee for Medicinal Products to evaluate influenza vaccines (“Guideline on influenza vaccines”,
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2014)); however, we often examined a more stringent threshold of greater than or equal to 1:80. Mice were
naive and seronegative at the time of vaccination, thus seroconversion and seroprotection proportions

were interchangeable in this study.

C.3.00 Determination of viral lung titers.

Whole lung samples were thawed on ice. CA/09 lung samples were weighed and per o.1 g a volume of 1
ml of Dulbecco modified Eagle medium (DMEM) supplemented with penicillin-streptomycin (P/S) was
added. For SW/NC/152702/15 lung samples, whole lungs were suspended in 1 ml of DMEM + P/S. The
tissue was macerated through a 0.70 um nylon filter (Corning Cell Strainer, Sigma Aldrich, St. Louis, MO,
USA) until thoroughly homogenized. Lung filtrate was then enumerated for viral lung titers. Ten-fold
serial dilutions of lung homogenate were overlaid onto MDCK cells seeded at 5 x 10° cells per well of a
six-well plate. Samples were incubated for 1 h at RT with intermittent shaking every 15 min. Medium was
removed, and the cells were washed twice with DMEM + P/S. Wash medium was replaced with 2 ml of
Lis medium with 2 ug/ml TPCK-trypsin plus 0.8% agarose (Cambrex, East Rutherford, NJ, USA) and
incubated at 37°C with 5% CO2 for 72 h and 48 h for CA/09 and SW/NC/152702/15, respectively. Agarose
was removed and discarded. MDCK cells were fixed with 10% buffered formalin for 10 min and stained
with 1% crystal violet for 15 min. The plates were thoroughly washed in distilled water to remove excess

crystal violet, and the plaques were counted and recorded to determine the PFU per ml lung homogenate.

C.3.n  ELISA for elicited antibody binding

A high-affinity, 96-well flat-bottom enzyme-linked immunosorbent assay (ELISA) plate was coated with
so ul of 2 ug /ml of recombinant hemagglutinin of either CA/09 or SW/NC/152702/15 in ELISA carbonate
buffer (somM carbonate bufter [pH 9.5] with 5 ug/ml BS), and the plate was incubated overnight at 4°C.
The next morning, the plates were washed in PBS, and nonspecific epitopes were blocked with 1% bovine
serum albumin (BSA) in PBS with 0.05% Tween 20 (PBST+BSA) solution for 1 h at RT or overnight at

4°C. Buffer was removed and three-fold serial dilutions of RDE treated sera were added to the plate with a
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highest initial dilution of 1:50. The initial dilution of SW/NC/02744/09 was 1:110 due to sera limitations.
Plates were incubated at 37°C for 9o min. The plates were washed in PBS, and goat anti-mouse IgG-HRP
was added 1:4000 in PBST+BSA. Plates were incubated at 37°C for 1 hr. After washing, 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) substrate in McIlvain’s Buffer (pH s) was added to each
well, and incubated at 37°C for 15 min. The colorimetric reaction was stopped with the addition of 1%

SDS in ddH20, and the absorbance was measured at 414 nm.

C.3.12  Statistical analysis

Statistical significance was defined as a p-value less than o.0s. The means of the viral lung titers and day 6
weights were analyzed by an ordinary one-way ANOVA followed by Tukey’s multiple comparisons test,
with a single pooled variance (Table [C.4). The viral lung titers were transformed by l0g;0 and the mean
calculated. The lowest limit of detection for viral lung titers was 10 PFU/ml lung homogenate, and was
used for the statistical analysis of samples below that. The day 6 weights were determined by dividing
the measured weight on day 6 by the pre-challenge weight on day o, multiplied by 100. The standard
deviations for viral lung titers and day 6 weights were determined. If an animal was sacrificed before
day 6 due to a greater than 20% drop in original weight, a percent weight of 8o was used as the limit of
detection for the statistical analysis. The HAI titers were transformed by logs and the mean calculated.
The ELISAs were performed in quadruplicate. After subtraction of the background absorbance replicates

were averaged and the standard deviations plotted. Analyses were done using GraphPad Prism software.

C.3.103 Nucleotide sequences

The nucleotide sequences for all three human and four swine COBR A HA sequences have been reported

in U.S. patent filings.
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Table C.4: Resultant p-values from ordinary one-way ANOVA followed by Tukey’s multiple comparisons
test.

Lung Titers CA/og Challenge CA/og _SW/Spain/o; SW/Zhejiang/o7 SW/Korea/o6SW/W1/97 SW/NC/34543/09 SW/MN/1s SW/IN/oo SW/NC/02744/09
PBS

SWr

SW2

SW3

SWy

Pr

X3

X6

CA/og
SW/Spain/o3
SW/Zhejiang/o7 0002
SW/Korea/06

SW/Wl/o7

SW/NC/34543/09 o0.001  0.0001

SWMN/is
SW/IN/oo
SW/NC/02744/09 00002 0.0002 0.0002  0.0005

Day 6 Weights CA/og Challen, SWy _ Pr X CA/og _SW/Spain/os SW/Zh /o7 _SW/Korea/o6_SW/Wi/g; SW/NC/34543/09 SW/MN/is SW/IN/oo SW/NC/oz744/09
y ge ca/ob SW/W1/97 SW/NC/34543/09 SW/MN/1s_SW/IN/ooSW/NC/o2744/09

0.0325

SW2 <o0.0001

swW3 <0.0001

SWy <o0.0001

,

X3 o032 <0.0001 <0.0001  <0.0001

X6 0.0108  <0.0001 <0.0001  <0.0001

CA/og <o0.0001

SW/Spain/o3 <o.0001

SW/Zhejiang/o7 0.0492 <o0.0001

SW/Korea/o6 0.0003  <0.0001 <0.0001 0.0002 <o.0001
SW/Wl/o7 0034

SW/NC/34543/09 <o.0001 <0.0001

SW/MN/15 <0.0001  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
SW/IN/oo

0047 <0.0001
o.0019 o.0137 0.0375 0.0033
SW/NC/o02744/09 00098 0.0481 o.0153

Lung Titers SW/NC/1s Challenge _ PBS ___SWi___ SW2 _ SW3 _ SW4
PBS
SWr
SW2
SW3
SWy
Pr

X3

X6

CA/og
SW/NC/15 00085 00129 00002 <0.0001 <0.000I <0.0001 00052 00013  <0.000l

Day 6 Weights SW/NC/1s5 Challenge PBS SWi SW2 SW4 Pr X3 X6 CA/og9  SW/NC/15

CA/o9
SW/NC/15 00432 0024600005 _o0.001
A prvaluue less than 0,05 was repored as significant
Values greater than 0.05 were shaded in grey
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C.4 Results

C.4a1 Design of HINI COBRA HA genes

Previous studies from our laboratory used the COBR A methodology to design HIN1t HA sequences to
account for the evolution of HiNr1 influenza viruses isolated in humans over the past 100 years (Carter
etal,2016c). The COBR A design utilized these chronologically different eras of primarily human Hi HA
sequences to account for the unique antigenic types of HA domains. Three lead candidates (P1, X3, and
X6) elicited broadly protected antibody responses in immunologically naive mice and ferrets (Carter et al.,
2016¢)), as well as ferrets with pre-existing antibodies to HiNr1 influenza viruses (Carter et al., 2017). In this
study, new Hr COBR A HA sequences were designed based exclusively on swine isolates. Examples of the
COBRA sequence clustering are shown in Fig. Primary consensus HA sequences were aligned, and
the most common amino acid was chosen resulting in secondary consensus sequences. The secondary
and tertiary consensus sequences were aligned sequentially, and the most common amino acid at each
position was selected ultimately resulting in the final consensus sequence referred to by one of four swine
Hi COBR A HA designations (SW1, SW2, SW3, SW4) (Table . Three of the four swine COBRA HA
vaccines utilize HA amino acid sequences from HiNr and HiNz2 isolates in different configurations with
the same representative years (Fig. and B). However, SW4 was designed using swine HA sequences
from isolates collected between 1930 and 2013 (Fig. )

An unrooted phylogenetic analysis of the aligned wild-type human, swine, and COBRA HAr1 amino
acid sequences determined that the COBR A sequences clustered into different lineages (Fig. [C.2)). One
family has similarity to human seasonal influenza strains, and the other cluster is similar to the 2009
pandemic HiNr1 swine strains. The alpha, beta, and gamma swine clades of the classical lineage cluster
with the CA/o09 pandemic-like virus, and the human seasonal viruses cluster with the delta lineage swine
viruses. X3 and X6 both clustered with the human isolates most closely related to the human seasonal
swine HA. P-1t COBR A was most closely related to the human isolates from the 1930-1950’s which were

unrelated to swine isolate HAs. SW-2 and SW-4 COBR As were most closely related to each other, and
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then to viruses in the classical swine lineage (Fig. . Therefore, they were similar to the CA/0o9 HA
sequence. Using Pepicope predictions, Pr, SW2, and SW4 should all elicit antibodies that neutralize CA/o9
infection (Table . In contrast, the SWr1and SW3 HA sequences, as well as X3 and X6 HA sequences,
aligned closer to the human isolates and human seasonal-like swine lineage viruses (Fig. . The pepicope
values indicate that these four HA antigens are similar to each other and human seasonal Hi viruses, such
as A/Brisbane/59/2007 (Bris/07) or A/Swine/North Carolina/152702/2015 (SW/NC/15) (Table [C.5). A
BLAST search using each of the swine COBR A HA sequences revealed that each sequence was a unique
sequence that has not been isolated from the environment (data not shown). The pepicope Values of the
wild-type swine Hr influenza viruses indicated that classical lineage viruses may neutralize CA/09, such as
A/Swine/Wisconsin/125/1997 (SW/W1/97), and that the human seasonal-like lineage viruses may protect
against SW/NC/1s, such as A/Swine/North Carolina/02744/2009 (SW/NC/02744/09). There were a
few wild-type strains that had pepicope values that predicted they would not bind or neutralize either classical

or human seasonal-like lineage viruses, such as A/Swine/Spain/s0047/2003 (SW/Spain/o3).

Table C.s: The dominant pepicope based predictions for vaccine effectiveness against the challenge strains.

A/California/07/2009 A/SW/North Carolina/152702/2015
Vaccine HA Dominant pepicope ©  Predicted Protection’ | Dominant Depitope ¢ Predicted Protection®
PBS - - - -
SWi 0.455 - 0.375 +
SW2 0.235 + 0.636 -
SW3 0.727 - 0.25 +
SW4 0.235 + 0.682 -
P1 0.417 + 0.545 -
X3 0.727 - 0.227 +
X6 0.727 - 0.227 +
CA/o9 o + 0.636 -
SW/NC/15 0.636 - o +
A/SW/W1/125/97 0.292 + 0.682 -
A/SW/Korea/o6 0.235 + 0.545 -
A/SW/MN/A01489606/15 0.25 + 0.727 -
A/SW/IN/P12439/00 0.121 + 0.636 -
A/SW/NC/34543/09 0.029 + 0.636 -
A/SW/NC/02744/09 0.682 - 0.167 +
A/SW/Spain/o3 0.542 - 0.682 -
A/SW/Zhejiang/1/07 0.618 - 0.682 -
A/Chile/1/83 0.727 - 0.455 -
A/Singapore/06/86 0.636 - 0.273 +
A/New Caledonia/20/99 0.773 0.273 +

ominant Pepicope Was the greatest peniope antigenic distance of the five antigenic sites
“D € Depicop the greatest Pepicope antigenic dist f the five antig t
bpepimpe value < 0.442 was predicted to be more protective than a mock vaccination (+)
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C.4.2 Predictive Structures and N-linked Glycosylation of the Swine COBRA

HA antigens

Using a predictive structural modeling of swine COBR A Hr HA sequences, three-dimensional trimerized
HA proteins were designed for the COBRA HA sequences (Fig. —G), nine wild-type swine HA
sequences (Fig.[C.3H-P), and five wild-type human HA sequences (Fig. [C.3Q-U). Despite nearly identical
predicted structures, the swine COBR A HA proteins did have subtle differences in the major antigenic
antibody-binding and receptor-binding sites, more pronounced around the loop regions of the Sa and
Sb sites (Fig. [C.3). For example, all the Hr HA antigens have a Lys (K) at position 154 in the Sa region.
However, classical lineage Hr HA proteins, including P1, SW2, and SW4 have a Gly (G) at position 15,
whereas an Asp (N) is located at position 156 (Fig. [C.3). In contrast, human or seasonal human-like swine
influenza HA antigens have these amino acids transposed, with an Asp at position 155 and a Gly at 156.
There are three exceptions. SW/Korea/o6 HA has a glutamic acid (E) at position 155 in the Sa region (Fig.
[C3lD). Interestingly, the COBRA SW1 HA has the Niss and Nis6 in the Sa region (Fig. [C.3A), and the
COBRA P1 HA has Giss and Gis6 in the Sa site (Fig. ) Both these COBR A HA antigens represents
a hybrid of classical and human seasonal-like HA amino acids in the Sa antigenic region.

There was little difference in the N-linked glycosylation patterns between any of the swine or human
HA antigens, except in two locations (Figure . Human and human seasonal-like swine HA, as well
as SW1, SW3, X3, and X6 COBR A HA proteins, had putative glycosylation motif (N-X-S/T, where X is
any amino acid except proline (J. I. Kim & Park, 20125 Wei et al., 2010)) at amino acids 125 and 160. No
classical swine or pandemic-like HA antigens had these motifs. This includes P1, SW2, and SW4 COBRA

HA antigens.

C.4.3 Vaccinated mice challenged with pandemic HiN1 influenza virus

BALB/c mice (n>9) were vaccinated three times at 4-week intervals via intramuscular injection with

purified VLP vaccines expressing either COBRA HA, wild-type swine HA, or human HA plus an oil-in-
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(o)

Figure C.3: Subtle differences in the Sa and Sb regions lead to structural differences among the COBRA
and wild-type predicted structures surrounding the receptor-binding site. One monomer of each pre-
dicted trimer is shown for clarity. Protein structures predicted using SWISS-MODEL. CA/o09’s and
SW/IN/00’s actual crystal structures were used. Antigenic sites Sa (blue), Sb (green), Car (orange), Caz
(teal), and Cb (purple) are indicated.



HA1 (1-327AA) Amino Acid Residue
Hemagglutinin 10 11 23 54 73 87 119 125 127 141 155 160 162 195 269 274 276 287 481 540

A/South Carolina/1/1918 KCN'ASS | NGT i KTS | NHE | ETT | ASS| GSS| KLS | SKS {ADA|DAP| DCN | NTK | NSS|NGT iNGS
P1 ] KCN'{ ARS | NGT ; KES j NHN { NTT | KSS'; GGS; KLS | SKS ; ENA{NAS; ECN | NTK | NSS j NGT {NGS
I,[A/SW/Spain/50047/2003 NST | NVT i NCN | ANS | NGA | KAT { NHD | DTT { ANS | GNS| KLS i SKS iNHT{DAHi NCT | TTK | KSN {NGT {NGS
AISW/Zhejiang/1/2007 i NCN | ANS | NGA | KAT | NHD ; DTT ; ANS ; GNS; KLS | SKS -DAQi NCT | TTK | KSN {NGT |NGS
SW1 | NCS'| KSS'| NGT | KES | NHD | DTN | KNS | NNL- SKS {ENAIDAPi DCN i NTT | NSS {NGTiNGS
SW3 KSS | NGT | KES { NHT | TBN | KRS | NGL i NLS | SKS | ENA{NAP; ECD | DTK i NSS | NGT {NGS
A/SW/NC/02744/2009 | SCS | KES | NGT | KES | NHN NVN | KSS | NGL i NLS'| SKS |ENA{DAP; ECN | NAK | NSS | NGT |NGS
T AJSW/NC/152702/2015 SCS | KES | NGT | KKS |[NHT | TVT | NSS | NNL {JNBSH SKS | ENA|NAP| ECN | NAK | NSS |
X3 i KES | NGT | KES [NHT | TVT | KSS | NGL i NLS | SKS [ENA[NAS| ECD | DAK | NSS |NGT INGS|
X6 KES | NGT | KES | NHT | TVT | KSS | NGL i NLS | SKS |ENA|NAP| ECD | DAK | NSS |NGT |NGS
A/Brisbane/59/2007 KES INGT I KES i NHT | TVT | ESS1 NGL1 NLS | SKS i ENAINAPI KCD | DAK | NSS INGT INGS
SW2 KCN | KSS | NGT | KES | NHD | DTN | TNS | GNS| KLS | SKS |ADA|DAP| DCN | NTT | NTS |NGT {NGS
Sw4 | KCN'i KSS'i NGT | KES | NHD i DTN | ANS | GNS|i KLS | SKS | ADAIDAPi DCN | NTK i NTS | NGT INGS
A/SW/NE/A10444614/2013 KCN | ASS | NGT { KAN | NHD { DTD | ANS | ENS | KLS | SKS {ADA|DAP; DCN NTS| — | —
AISW/WI1/125/1997 | KCN'IASS'{ NGT | KAN | NHE | ETN | ANS | GNS| KLS | SKS | ADA|DTP| DCN NTN iNGT INGS
AISW/MN/A01489606/201 KCN'i ASS | NGT i KTS { NHD i DTN | TNS | GNSi KIN | NKS {ADA{DTSi DCD i DTT i NTS iNGT iNGS
A/SW/Korea/Asan04/2006 KCN 7ASS  NGT . KTS ' NHD . DTN ; TNS . ENS . KIS  SKS ;ADA: DTS DCN NTS /NGT \NGS
A/SW/IN/P12459/2000 KCN'i ASS | NGT i KTS i NHD i DTN i AKS | ENSi KLS i SKS {ADA|DTS|{ DCN NTS |NGT iNGS
A/SW/NC/34543/2009 KCNASS ' NGT { KTS ' NHD  DSN ; AKS : GNS KLS  SKS tADA;DTP; DCN SMiijIl} NTS |NGT:NGS
AlCalifornia/07/2009 KCN'i ASS | NGT i KTS i NHD i DSN i AKS | GNS|i KLS i SKS {ADA{DTPi{ DCN NTS |NGT iNGS

Highly predicted to be glycosylated; motif present (+++)

| |Predicted to be glycosylated; motif present (++)

Meets threshold to be predicted to be glycosylated; motif present (+)
Not predicted to be glycosylated; motif present (-)

Not glycosylated; motif absent

Figure C.4: Differential putative glycosylation sites between the human seasonal-like sequences and the
classical swine sequences. A representative unrooted phylogenetic tree displays the genetic relationships,
as well as, the clade classification.
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water based adjuvant. To determine the protective efficacy of each swine COBR A HA vaccine, vaccinated
mice were challenged with CA/o9 influenza virus (5 x 10* PFU/ so ul) 4 weeks after the third vaccination
(Fig. . Mice vaccinated with SWa2, SW4, P1or CA/09 HA VLP vaccines experienced little weight loss
(Fig. and B) and all survived challenge (Fig. ) Mock-vaccinated animals rapidly lost weight
and many mice reached experimental endpoints (80% of original body weight) between 4-6 days post-
infection (dpi). Mice vaccinated with SW3, X3, or X6 had similar morbidity and mortality results as
mock-vaccinated mice (Fig. and B). Mice vaccinated with SWt lost on average 10% of their original
body weight by day 5 post-infection, but rapidly returned to original weight (Fig. [C.5]A). Some groups
of mice vaccinated with wild-type swine VLP vaccines (SW/NC/34543/09, SW/W1/97) were protected
against CA/o9 challenge with little weight loss (Fig. and D). In contrast, mice vaccinated with VLPs
expressing any of the other six wild-type swine HA antigens, lost between 10-15% of their body weight
by day 6 post-infection with 50% of the mice in the SW/Korea/06 and SW/MN/15 groups succumbing
to infection (Fig. [C.5|G). The range of weight loss observed at day 6 post-infection is shown in Figures
3H-J per individual mouse for each vaccine group. Mice vaccinated with SW2, SW4, and P1 COBRA HA
vaccines had little weight loss per group, which was consistent with the lack of detectable CA/o9 virus in
the lungs of mice collected at day 3 post-infection (Fig. [C.sH-J). No virus was detected in mice vaccinated
with SW2, SW4, P1, SW/Zhejiang/o07, SW/NC/34543/09 or CA/09 VLP vaccines (Fig. —M).

C.4.4 Vaccinated mice challenged with swine HiN2 influenza virus

To determine if these COBR A HA antigens would elicit protective immune responses against a human
seasonal-like swine virus, vaccinated mice were challenged with SW/NC/152702/15 (HiN2) influenza
virus (1 x 107 PFU/ so pl) 4 weeks after the third vaccination (Fig. . All mice vaccinated with SWr,
X3, and the homologous SW/NC/15s HA VLP vaccines quickly recovered from early weight loss and all
survived challenge (Fig. [C.6]A-B). Mice vaccinated with SW3, X6 or CA/09 HA VLP vaccines had similar
morbidity and mortality results as mock-vaccinated mice. By day 6 post-infection, mice vaccinated with

SW1 or SW/NC/15 lost on average 8% of their original body weight by day 6 (Fig. [C.5|C), but rapidly
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Figure C.5: A/California/o7/2009 HiNr viral challenge of vaccinated BALB/c mice. Mice vaccinated
with either COBR A or wild-type HA VLP vaccines were challenged three weeks after final boost with
5 x 10* PFU of CA/09. Weight loss (A-D) and survival proportions (E-G) were monitored during the
course of infection. The peak weight loss observed at six days post-infection was analyzed for statistical
difference to the CA/o9 group (H-J). The viral load of CA/09 was enumerated from challenged mice
three days post-infection (n = 3) (K-M).
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returned to their original weight. In contrast, mice vaccinated with VLPs expressing CA/o9 or any of
the other six COBR A HA antigens, lost between 12-20% of their body weight by day 6 post-infection
(Fig.[C.s|C-D). However, only mice vaccinated with SW/NC/1s HA VLPs had no detectable virus in their
lungs at day 3 post-infection (Fig. —F). Mice vaccinated with SW1, X3, X6, or mock had lung viral

titers between 10* to 10° PFU/ lung. All the other groups had lung viral titers greater than 10° PFU/ lung.

C.4.5 VLP vaccines with swine Hr HA antigens elicit antibodies with HAI

activity against swine Hr strains, but not human Hr viruses

Serum was collected from vaccinated mice on day 56, following the third vaccination (Fig. . Mice
vaccinated with the SW1 VLP vaccine elicited antibodies with HAI activity exceeding 1:40 against 50%
(2/4) of the human seasonal-like swine Hr lineage isolated from 2009 to 2015 and HAI activity against
45% (s/11) of the classical swine Hi lineage viruses in the panel (Fig. [C.7]A). Mice vaccinated with SW2
and SW4 had similar patterns of HAT activity against the viruses in the panel. Mice vaccinated with
SW2 had antibodies with high HAI activity against one of four human seasonal-like swine Hr viruses
and recognized all the classical swine Hi viruses (Fig. [C.7B). SW4 had similar responses and recognized
the same human seasonal-like swine virus (SW/NC/5043-1/09). However, these induced antibodies had
lower HAI activity, and all the SW4 vaccinated mice did not detect SW/Korea/06 and SW/MN/1s human
classical Hi viruses to such a degree as SW2 (Fig. ) The HAI activities induced by SW2 and SW4
antibodies were similar to antibodies induced by Pr COBR A HA (Fig. [C.7[E), which was designed using
both human and swine Hi sequences. Mice vaccinated with SW3 recognized only one of seventeen swine
viruses in the panel (Fig. [C.7[C), which was similar to HAI activities by antibodies induced by the X3 and
X6 COBRA HA antigens (Fig. and G).

Mice vaccinated with seven of the nine VLP vaccines expressing wild-type swine Hr HA antigens had
antibodies with HAT activity against at least thirteen of the seventeen viruses in the panel (Fig. [C.8A-). In
addition, the CA/o9 HA VLP vaccine elicited antibodies with HAI activity against one human seasonal-

like virus and all, except SW/NE/13, classical lineage viruses (Fig. [C.8]}). The SW/NC/1s elicited antibodies
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Figure C.6: A/Swine/North Carolina/152702/2015 HIN2 viral challenge of COBR A vaccinated BALB/c
mice. Mice vaccinated with COBRA HA VLP vaccines (n = 11) were challenged three weeks after final
boost with 1 x 107 PFU of A/Swine/North Carolina/1s2702/2015 HiNz2. Survival proportions (A, B)
and weight loss were monitored during the course of infection (n = 5). The peak weight loss observed
at day six was analyzed for statistical difference to the SW/NC/15 group (C, D). The viral lung titer was
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determined from lungs (n = 3) harvested 3 days post-challenge (E, F).
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Figure C.7: HAI titers of COBRA VLP vaccinated mice sera against swine Hr VLPs. HAI titers were
determined for each group of mice (n>5) vaccinated at minimum twice (day o and 28) with wild-type
HAs originating from swine or human Hr influenza viruses against a panel of seventeen swine Hr VLPs
expressing their respective HA. HAIs were conducted with sera collected on day 56. Dotted lines indicate
1:40 and 1:80 HAI titer. Blue = Delta-2 human seasonal clade; Gray = Eurasian clade; Purple = alpha
classical clade; Pink = beta classical clade; Orange = gamma classical clade; Red = pandemic classical clade.

with HAI activity against itself and SW/NC/14 (Fig. [C.8B). Mice vaccinated with human seasonal HA
VLP vaccines elicited antibodies with HATI activity against 73% of the viruses in the panel. Mice vaccinated
with Sing/86 or Bris/o7 had the same HAI pattern; detecting all viruses except two human seasonal-like
viruses and two classic swine viruses (Fig. and N). None of the vaccines expressing human HA
antigens detected SW/Zhejiang/o7 or SW/MN/1s. At least one of the four human seasonal HA VLP vac-
cines did not detect SW/NC/5043-1/09 (Chile/83 VLPs), SW/Spain/o3, SW/Korea/06 (Sing/86, NC/99,
Bris/o7 VLPs), SW/OH/o7 (Chile/83, NC/99 VLPs), and SW/IN/oo (NC/99 VLPs). In contrast, when
swine HA antigens were used in VLP vaccination, few elicited antibodies had HATI activity against human
seasonal influenza viruses isolated from 1983 to 2007 (Fig. . This same elicited antiserum from the

Eurasian and classical swine lineage had HAI antibodies that recognized the CA/o9 virus (Fig. —I).
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The antiserum from human seasonal-like lineage vaccinations, however, did not recognize any human
virus (Fig. [C.9A-B).

Although narrow breadth was seen in the elicited antiserum of the COBR A and wild-type HA vac-
cines to recognize the receptor binding site of the human seasonal-like SW/NC/15 hemagglutinin (Fig.
and Fig. antibodies were elicited that bound to the HA by both COBRA (Fig. [C.10A) and
wild-type swine (Fig. [C.10B). Against SW/NC/15 recombinant HA (rHA), SW1, SW3, X3 and X6 had
intermediate antibody binding followed by the SW2, SW4, and Pt COBR A vaccines. The classical swine
strains SW/Korea/06, SW/IN/oo and SW/NC/34543/09 produced antibodies that bound to the human
seasonal-like virus, but the titers decreased quicker. The human seasonal-like, Eurasian, and human sea-
sonal vaccines all had minimal antibody binding (Fig. [C.10/C). When the vaccine antisera were tested
against CA/o9 rHA (Fig. [C.10D-F), all the COBRA groups had at least intermediate binding to the
protein. The SW-2 COBRA and SW/NC/34543/09 binding curves matched the CA/o9 elicited antisera
profile. SW/MN/15 and SW/NC/02744/09 exhibited the lowest binding curves which correlated to the
illness observed during challenge (Fig. , G,J,M).

C.s Discussion

In the past 7o years, pig farming practices have changed from simple small-scale herds to immense herds
in large, co-operate settings. These large herds are maintained by a constant introduction of young swine,
leading to a constant supply of pathogen-susceptible animals and changes in farming practices (White
etal, por7) (Simon-Grife et al., |2o12). Cross-species transmission and reassortment of avian and human
influenza viruses in pigs has been documented (Castrucci et al., 1993; Lycett et al., 20125 Nelson et al.,
20125 Vincent et al., 2008). These reassortment events result in emergence of genetically and antigenically
diverse influenza viruses within the pig population with pandemic potential (C. S. Anderson et al., |2018;
T. K. Anderson et al., 2013; Lorusso et al., 20105 Rajao et al.,[2018)). In 2009, a pandemic-like virus of swine
origin, originated in Mexico and quickly spread to the United States and ultimately leading to a worldwide

pandemic (Lemey et al., 2009). With the diversity of circulating swine-like Hr viruses, there is an urgent
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Figure C.8: HAI titers of swine and human wild-type HA VLP vaccinated mice sera against swine Hi
VLPs. HAT titers were determined for each group of mice (n>s) vaccinated at minimum vaccinated at
minimum twice (Day o and 28) with wild-type HAs originating from human and swine Hi influenza
viruses against a panel of nineteen swine Hr VLPs expressing their respective HA. HAIs were conducted
with equally pooled sera collected on day 56. Dotted lines indicate 1:40 and 1:80 HAI titer.
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Figure C.9: HAI titers of swine wild-type HA VLP vaccinated mice sera against human HiNI viruses.
HALI titers were determined for each group of mice (n>s) vaccinated at minimum twice (Day o and 28)
with wild-type HAs originating from swine Hr influenza viruses against a panel of eight human HiN1
viruses. HAIs were conducted with sera collected on Day s6. Dotted lines indicate 1:40 and 1:80 HAI
ticer.
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Figure C.10: ELISA of elicited antibodies against either SW/NC/15 or CA/09 recombinant HA protein.
HA-specific IgG levels in the serum of mice vaccinated with various HINx VLP vaccines tested in an
ELISA. (a-c) Antisera tested against tHA from SW/NC/1s. (d-f) Antisera tested against tHA from CA/o9.

Antisera collected from mice vaccinated with (a and d) COBR A HA vaccines; (b, ¢, e and f) Wild-type
HA vaccines.

unmet need to develop universal pandemic vaccine strategies to control spread of swine influenza viruses
in pig populations, as well as, to control the potential spread of these viruses to humans. Despite the
economic importance of swine influenza viruses, immune mechanisms of protection induced by natural
infection or vaccination have been understudied in pigs compared to small animal models or humans.
Neutralizing antibodies with HAI activity correlate with improved protection in humans and suggests that
similar antibodies could protect against swine influenza viruses in pigs. However, immune mechanisms,
such as cell-mediated immunity through direct killing, antibody dependent cellular cytotoxicity (ADCC),
or induction of mucosal IgA may also contribute protection against swine influenza viruses in pigs. The
administration of influenza vaccines that provide more “universal” protection against these viruses in
both pigs and humans is needed.

The COBR A method uses multiple rounds of consensus building based upon not only the phylo-

genetic sequence of each isolate, but also the outbreak and specific time that each isolate was collected,
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thereby eliminating the bias in the number of sequences uploaded to online databases. Previously, our
group has demonstrated the effectiveness of the COBRA HA antigens for HsNi (Giles, Crevar, et al.,
2012; Giles & Ross, 2011b), H3N2 (Allen, Jang, et al,, |2018; Allen, Ray, et al., 2018b; T. M. Wong et al.,
2017)), and HINTI against human seasonal and pandemic influenza viruses (Carter et al., 2016b). These
HiN: COBRA HA proteins (X3, X6, and P1) elicited antibodies with HAT activity against a range of
human HiN1 viruses spanning the last 100 years. However, when antibodies elicited by these same three
COBRA HA vaccines were tested against swine Hr influenza viruses, the effectiveness of these vaccine
antigens decreased. The X3 and X6 HiN1 HA COBRA proteins were designed from predominantly
human seasonal Hr influenza HA sequences (Carter et al., 2016b). The antibodies, while effective against
human seasonal HiN1 influenza viruses, had little or no HAIT activity against either classical or human
seasonal-like swine influenza viruses (Fig. [C.7)). And the Pt COBR A HA antigen, a hybrid derivative HA
designed using both human and swine influenza HA input sequences (Carter et al., 2016b), while more
effective at eliciting antibodies with HAI activity classical swine influenza viruses, was less effective against
human seasonal-like swine influenza viruses.

In this study, we used the COBR A approach to design and develop HA vaccine candidates solely
based upon swine Hr HA input sequences. Four new COBRA HA antigens (SWi-4) were developed
following multiple rounds of sequence alignment to generate a single unique swine Hr HA sequence only.
The swine specific COBR A HA antigens, SW1and SW3, elicited antibodies with HAI activity, but did
not protect against classical swine influenza virus infections, which was similar to the previously published
X3 and X6 COBRA HA antigens (Carter et al., 2016b). However, SWr was as effective at protecting mice
against the HIN2 human seasonal-like swine influenza virus, SW/NC/1s (Fig. . Furthermore, SW2.
and SW4 COBR A HA antigens elicited antibodies with similar HAI activity as the Pr COBRA HA.
In addition, all three of these antigens protected against the CA/09 pandemic-like influenza virus, but
none of them elicited protective immunity against the human seasonal-like swine virus. These results
indicate that, while similar, the swine COBR A HA antigens have epitopes that allow for the elicitation

of antibodies with HAT activity against subsets of swine influenza viruses, but are missing epitopes that

209



allow for elicitation of antibodies against human seasonal Hr influenza viruses. Concurrently, the human
seasonal COBR A HA antigens, X3 and X6, elicit antibodies specific for human seasonal HiN1 influenza
viruses only. However, since the COBR A P1 HA incorporates both swine and human specific epitopes,
this HA antigen elicits a broader breadth of HATI activity. However, the antibody profile indicates that P
elicited antibodies are still missing some critical epitopes found in both swine and human Hr influenza
viruses, since P1 elicited antibodies do not have HATI activity against some important Hr influenza viruses,
such as A/Brisbane/s9/2007 (Carter et al., 2016b). Future studies using monoclonal antibodies will need
to determine the specific epitopes on each of these COBR A antigens (alone or in combination) that elicit
specific protective antibodies against the panel of swine and human viruses.

Analysis of amino acids within the antigenic sites indicated a pattern that strongly suggests an existence
of shared epitopes amongst swine and human influenza viruses (Fig. [C.1). SW1and SW3 have a more
human seasonal-like set of amino acids in the antigenic sites and have similar predicted HA structures (Fig.
. Both these HA vaccines sequences were generated exclusively or predominately from HiN2 swine
influenza viruses, which implies that the HA sequences in many HiN2 viruses are more closely related to
the HA in human seasonal influenza viruses. This is consistent with the observation of cross-reactivity
of human HiNr antisera against swine Hr viruses (Myers et al., 2006). In contrast, the SW2 and SW4
HA sequences were developed using primarily HA sequences from HiNr influenza viruses, which biases
the HA to a classical or pandemic-like phenotype. Indeed, the major antigenic sites in SW2 and SW4
have many identical amino acids as the CA/o9 and P1 HA sequences. Structural analysis of the antigenic
sites showed similarity especially around the Sa antigenic site that could potentially determine vaccine
effectiveness.

There was little difference in the N-linked glycosylation patterns between any of the swine or hu-
man HA antigens (Table [C.4)), except in two locations at amino acids 125 and 160. No classical swine
or pandemic-like HA antigens had these motifs, including P1, SW2, and SW4 COBRA HA antigens.
Glycosylation in HA is important for the folding and stability of the protein (Hebert et al., 1997), and, in

some cases, significantly affects receptor binding and cleavage of the precursor HAo protein, influencing
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Figure C.11: Comparison of antigenic site residues of CA/09 and SW/NC/152702/15. The order from left
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the virulence and antigenicity of the virus (Zhang et al., 2013). Our group and others have shown that
glycosylation on the HA globular head domain physically shields the antigenic sites, preventing antibody
recognition and leading to viral evasion from antibody-mediated neutralization (Laursen & Wilson, 2013;
Pentiah et al., jpors; Tate et al., 2014; Zhang et al., 2013; Zost et al,, |2017). HA antigens acquire increased
glycans as influenza viruses circulate in people (Altman et al., 2019)), therefore it is not surprising that
human-like wild-type or COBR A H1 HA antigens have additional glycans that classical swine viruses do
not. More analysis aimed at elucidating the mechanism(s) of COBR A HA vaccines is needed to generate
next-generation vaccine designs. An approach that maps out the antigenic epitopes on theses vaccine
candidates, as well as addressing effect of glycosylation, will provide a better understanding how these
vaccines operate.

The P1, SW2, and SW4 COBR A HA antigens elicited antibodies with HAT activity against Eurasian
Hiisolates. In Europe, an avian HiNr influenza virus was first detected in pigs in Belgium in 1979, referred
to as ‘avian-like’ swine HiNr lineage (Nelson et al., 2o11). This lineage slowly established itself in the pig
population eventually replacing classical swine HiNI influenza viruses and also reassorted in pigs with
human H3Nz2 viruses (A/Port Chalmers/1/1973-like) (I. H. Brown, 2000). Importantly, to date, there
are no notable cases of Eurasian avian-like swine HiN1 influenza viruses circulating in North America.
However, the potential of introduction of viruses to North American herd is plausible, therefore, a vaccine
that efficiently elicits protective immune responses against all Hx influenza viruses is highly desired. The
SW2 and SW4 vaccines were effective in eliciting antibodies with HATI activity against the Eurasian derived
swine viruses (Fig.[C.€]). However, it was surprising that wild-type HA antigens isolated from swine viruses
induced antibodies with broad HAI activity. In particular, mice vaccinated with VLPs expressing wild-
type Eurasian HA were the most efficient at eliciting broadly reactive antibodies against both Eurasian
and North American isolates. This strongly supports the possibility of making a universal vaccine with
worldwide application.

Despite the similarities between the human seasonal-like HA antigens and, for example, COBR A SW1t

or SW3, these vaccines were not as effective as the SW/NC/1s HA homologous vaccine (Fig. [C.6). There
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is no clear explanation for why only mice vaccinated with SW/NC/1s HA VLP vaccine were protected
when the antigenic sites of SW1 and SW3 HA antigens are highly similar to the SW/NC/15 HA, with
similar predicted glycosylation patterns and similar predicted three-dimensional structures. Even though
SW1 HA VLP vaccinated mice had detectable virus in the lung (day 3 p.i.), mice vaccinated with the SWi
vaccine all survived challenge and had the lowest viral lung titers, other than the homologous vaccine. The
SW1 vaccine antisera was, however, able to bind to SW/NC/15 rHA implying that the SW1 COBR A was
able to elicit antibodies against the HA, but these were not receptor site binding. Antibodies elicited by
vaccination may have broader activity than just receptor binding site inhibiting, as seen by the lack of HAI
titer, but the presence of antibody binding (Fig. ) Future studies will need to tease out the specific
epitopes on these HA antigens that elicit the most effective neutralizing antibodies.

It is estimated that more than 100,000 workers work in swine barns with live pigs, and in just Iowa
alone - the leading swine-producing US state - more that 25 million hogs per year are reared (a ratio of more
that 9 swine per human resident) (Myers et al., 2006)). Therefore, it is likely that many people around the
world have been exposed to multiple swine influenza viruses (Lantos et al., 2016) and have a B cell memory
pool and antibody repertoire with HATI activity against multiple swine influenza viruses, but also historical
human strains that represent various antigenic types (Paccha et al., |2016; T. Yoshida et al., 2010). Our
group and others have demonstrated that ferrets pre-immune to HiNr1 influenza viruses elicited antibodies
with broader HAI activity against more antigenic variants following COBR A HA vaccination than using
wild-type HA antigens (Carter et al., po13; Kirchenbaum et al., 2016; Y. Li et al., |2013)). Therefore, we
would expect these COBR A vaccines to be even more effective in people pre-existing memory B cells to
previous swine influenza exposures. Overall, this study demonstrated that computationally optimized
HA antigens are a viable way of designing vaccines with broader application for both human and swine
population, which is important given the zoonotic potential of influenza viruses. vaccines that are aimed

at protecting both humans and swine population.
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APPENDIX D

AN INFLUENZA VIRUS HEMAGGLUTININ
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SWINE INFLUENZA VIRUSES

'Skarlupka, A. L., Reneer, Z. B., Abreu, R. B., Ross, T. M., & Sautto, G. A. An influenza virus hemagglutinin compu-
tationally optimized broadly reactive antigen elicits antibodies endowed with group 1 heterosubtypic breadth against swine
influenza viruses. J Virol. 2020. 94:¢02061-19. https://doi.org/10.1128/]JV1.02061-19. Reprinted here with permission of the

publisher.
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D.a Background

Computationally Optimized Broadly Reactive Antigens (COBR A) designed for different influenza virus
subtypes (HiN1, H3N2 and HsNi) elicit a subtype-specific broad antibody (Ab) response in naive as well
as in pre-immune influenza virus animal models (Allen et al., |po19; Allen, Ray, et al., 2018a; Carter et al.,
2017; Carter et al., 2016¢; Giles, Crevar, et al., 2012; Sautto et al., 20195 Sautto, Kirchenbaum, Ecker, et al.,
2018; Sautto, Kirchenbaum, & Ross, 2018} Sautto & Ross,[2019). In particular, an Hr hemagglutinin (HA)
COBRA candidate, named Pr1, has been designed by a multiple-sequence alignment of HA sequences
belonging to Hr swine and human strains (Carter et al., 2016¢) Importantly, immunization with Pr elic-
its a broad neutralizing Ab response against Hr human and swine viruses (Carter et al., 2016¢; Sautto,
Kirchenbaum, Ecker, et al., |2018; Skarlupka et al., 2019). Recently, we generated a panel of Pr-specific
mouse monoclonal Abs (MAbs) with the aim to dissect the Ab response to P1. As previously described,
these MAbs feature different functional activities, spanning from narrowly to broadly reactive against
HiN1 human viruses (Sautto et al., 2020]). In this study, we investigated the breadth of hemagglutination
inhibition (HAI) featured by representative P1-elicited MAbs, along with those generated following im-
munization with wild-type historic HINt human vaccine strains in order to dissect the breadth of HAI

activity of the Pr-elicited response against influenza swine viruses.

D.2 Results and Discussion

Asshown in Fig. , Pr-specific MAbs featured a differentiating breadth of HAI activity, spanning from
narrowly to broadly reactive against HIN1, HiN2, and H2N3 swine viruses. Interestingly, MAbs endowed
with broad HAI activity against a panel of human HiNT1 viruses featured a narrower HAI profile against
swine viruses. Comparatively, those endowed with a narrower profile against human viruses featured a
broader profile against swine viruses belonging to the Eurasian, classical, and human seasonal-like lineages
(Sautto et al., 2020). Unsurprisingly, due to its swine origin, CA/o9-specific MAbs, previously classified

to have a narrow profile of neutralization activity against pandemic and pandemic-like viruses (Sautto

216



etal.,2020), collectively exhibited a broad HAT activity against HIN1 and HiN2 swine viruses and none

against the A/Swine/Missouri/4296424/2006 H2N3 virus (Fig. )
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Figure D.1: HAI and neutralizing activity breadth of P1- (A), seasonal-, and pandemic-specific (B) MAbs
against influenza A HiNi1, HiN2, and H2N3 swine viruses.

Interestingly, a Pr-specific MADb (4Cs), previously demonstrated to have no HAIT activity against
any of the human HiNi strains (Sautto et al., 2020), showed detectable HAI activity against HIN1 and
HiN2 swine viruses, suggesting that its epitope is particular to swine viruses and not to human seasonal,
pandemic, and pandemic-like HA proteins. The antigenic cartography segregates MAbs based on their
HAI profile againsthuman and swine viruses, with the Prand pandemic-specific MAbs clustering together
as opposed to the seasonal (Brisb/07)-specific MAbs (Fig. (Sauttoetal., 20204 D.]J. Smith etal.,2004).
However, further investigation aimed at determining the amino acid contact residues of these MAbs will
improve the resolution of the recognized epitopes, clarify distinctions between human- and swine-specific

Hi epitopes, and elucidate the mechanism of breadth conferred by COBR A immunogens.
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APPENDIX E

INFLUENZA HEMAGGLUTININ
ANTIGENIC DISTANCE MEASURES
CAPTURE TRENDS IN HAI DIFFERENCES
AND INFECTION OUTCOMES, BUT ARE

i
NOT SUITABLE PREDICTIVE TOOLS

'Skarlupka, A. L., Handel, A. & Ross, T. M. (2020). Influenza hemagglutinin antigenic distance measures cap-
ture trends in HAI differences and infection outcomes, but are not suitable predictive tools. Vaccine, 38(36). 2020.
doi:10.1016/jvaccine.2020.06.042. Reprinted here with permission of the publisher.
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E.r Abstract

Vaccination is the most effective method to combat influenza. Vaccine effectiveness is influenced by the
antigenic distance between the vaccine strain and the actual circulating virus. Amino acid sequence based
methods of quantifying the antigenic distance were designed to predict influenza vaccine effectiveness
in humans. The use of these antigenic distance measures has been proposed as an additive method for
seasonal vaccine selection. In this report, several antigenic distance measures were evaluated as predictors
of hemagglutination inhibition titer differences and clinical outcomes following influenza vaccination or
infection in mice or ferrets. The antigenic distance measures described the increasing trend in the change
of HAI titer, lung viral titer and percent weight loss in mice and ferrets. However, the variability of
outcome variables produced wide prediction intervals for any given antigenic distance value. The amino
acid substitution based antigenic distance measures were no better predictors of viral load and weight loss
than HAT titer differences, the current predictive measure of immunological correlate of protection for

clinical signs after challenge.
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E.2 Introduction

Type A influenza virus (IAV) causes annual, seasonal epidemics and occasionally devastating pandemics
(Cox & Subbarao, 2000; Fedson, 2018; Reneer & Ross, [2019). Influenza virus infections negatively affect
the health of both the human population and the world economy (McElwain & Thumbi, 2or7; Putri
et al,, 2018; Sellers et al., 2017). The most effective way to combat influenza is through vaccination. In
general, the annual seasonal influenza vaccine is derived of two IAV strains and two influenza B strains
(IBV), which represent dominant circulating strains in the human population. However, due to viral
evolution and the time manufacturers need to produce the annual vaccine, there is often a mismatch in the
antigenic version of the influenza strains selected in the vaccine compared to the influenza viral variants
co-circulating during the next influenza season. The effectiveness of the annual vaccine is decreased if the
vaccine strain significantly differs from infecting strains (Tricco et al., 2013)).

Twice a year (once for each the Northern and Southern hemisphere), governmental agencies recom-
mend to vaccine manufacturers strains to include in the annual vaccine (Grohskopf et al., po19)). Influenza
experts in epidemiology, public health, and biomedical sciences decide if a change in the vaccine strain is
recommended for the upcoming season based upon the most current surveillance, laboratory, and clinical
study data at the time. Often, these recommendations are based upon the hemagglutination inhibition
(HAI) assay, where the cross reactivity of ferret reference serum produced from infection with influenza
vaccine strains is assessed to currently circulating viral variants (Organization, 2019). An 8-fold drop in
HAT activity often results in a strain change recommendation for the next season.

Currently, there is a goal to develop universal influenza vaccines (Paules & Fauci, |2o19). A variety
of strategies are being used that rely on improved antigen development, delivery, adjuvants and immune
assays (Vemula et al., 2017; Yakubogullari et al., |2019). These candidates are assessed for the elicitation
of protective immune responses in pre-clinical, and then, clinical studies. To ease the burden of these

expensive and time-consuming studies, computational tools have been developed to assist in vaccine
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selection and to improve vaccine effectiveness (Bedford et al., 2014; Luksza & Lassig, [2014; Morris et al.,
20185 Neher et al., 2o14).

The antigenic differences between influenza viruses are defined by the ability of the antibodies to
target the surface glycoprotein, the hemagglutinin (HA) and, in particular, the receptor binding site
(RBS) domains on HA (Cattoli et al., 2o1r; M. Liu et al., 2o15; Ndifon et al.,|2009)). The HA amino acid
sequence is composed of highly conserved regions that are structurally and functionally necessary to bind
to host cell sialic acid receptors and mediate viral fusion and entry to host cells (X. Xiong et al., 2o14). In
addition, there are highly variable head regions of the HA that are primary targets of the host antibody
responses (Caton et al., 1982a; Tsuchiya et al., 2001, Webster & Laver, [1980]). These regions, or antigenic
sites, differ in size and number on each HA antigen subtype, with the greatest differences observed in HA
between subtypes.

Computational methodologies can be used to assist with the vaccine selection process (Bedford et al.,
20145 Klingen et al., 2018; Luksza & Lassig, [2o14; Morris et al., 2018; Neher et al., |2016; Neher et al., 2014;
Peng et al., |2o17; Steinbruck et al., 2014; Steinbruck & McHardy, 2012). However, one difficulty is that
the genetic similarity between two HA amino acid sequences does not correlate reliably with the antigenic
distance between two strains (D. J. Smith et al., 2004). One or two amino acid differences in the HA can
alter the profile of newly elicited antibodies or the ability of previously generated antibodies to neutralize
(Koel et al., 2013; Koel et al., 20155 Koel et al., 2014)). In vitro methods have been used to quantify and
compare the antigenic distance of different influenza strains using HAI activity by ferret antisera with
vaccine efficacy (Archetti & Horsfall, 19505 Bedford et al., 2014; Fonville et al., 20145 Harvey et al., |2016;
Lee & Chen, 2004; D. J. Smith et al., 1999)) or with sequence based antigenic distances to correlates of
protection (C. S. Anderson et al.,|2018). Measuring the HA epitope sequence based antigenic distances
between strains in the annual vaccine and circulating strains (V. Gupta et al., 2006) has been found to
correlate with vaccine effectiveness in humans (Bonomo & Deem, 2018; Deem & Pan, 2009; V. Gupta
et al.,2006; X. Li & Deem, 2016; Munoz & Deem, 200s; Pan et al., 2o11; H. Sun et al., 2013)) or used to

predict HAT titers (Neher et al., 2016)). Analysis of just the immunodominant HA epitopes of the protein
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sequence and not the entire molecule was proposed to improve the ability to predict HAI titers (Lee &
Chen, 2004). The measure of antigenic distance derived from the assumed immunodominant epitope,
known as the dominant pepicope Value, was validated using historical influenza vaccine eftectiveness data
from people reporting influenza illness-like symptoms following vaccination with commercial influenza
vaccines (Bonomo & Deem, [2018; Deem & Pan, 2009; V. Gupta et al,, 20065 X. Li & Deem, |2016; Pan
etal, 2om). In this study, pepicope and related measures that use protein sequence information to estimate
antigenic distance (in the following referred to as antigenic distance measures (ADM)), were examined

on whether they could be useful predictors of HAI differences and infection outcomes in animal studies.

E.3 Materials and Methods

E.3.a Identities of vaccine, challenge, and HAI panel strains

The strains of influenza used as vaccine antigens, challenge strains, and as an antigen in a hemagglutination
inhibition assay are detailed in Table The accession numbers, or appropriate reference, for the HA
amino acid sequences used for the antigenic distance calculations are included in the dataset publication
(Skarlupka, Handel, et al., 2020). Strains included Hr influenza from both human and swine origin as

indicated.

Table E.i: HAs used as HAI antigens, vaccine components, and viral challenge strains.

HAI Antigen Vaccine and HAI Antigen Vaccine, HAI Antigen, and Challenge Strain
Swine Isolate Human Isolate Swine Isolate Human Isolate COBRA
A/Swine/Towa/1973 A/South Carolina/1/1918 A/Swine/Wisconsin/125/1997 A/Chile/1/1983 SWi A/Swine/North Carolina/152702/2015
A/Swine/North Carolina/93523/2001 A/Weiss/1/1943 A/Swine/Indiana/P12439/2000 A/Singapore/6/1986 SW2 A/California/o7/2009
A/Swine/North Carolina/Ao1377454/2014  A/Fort Monmouth/1/1947 | A/Swine/Spain/s0047/2003 A/New Caledonia/20/1999 SW3
A/Swine/Nebrasak/Ao1444614/2013 A/Denver/1/1957 A/Swine/Korea/Asano4/2006 A/Brisbane/s9/2007 SW4
A/Swine/Missouri/Ao1203163/2012 A/New Jersey/11/1976 A/Swine/Zhejiang/1/2007 X3
A/Swine/Oklahoma/Ao149501/2011 A/USSR/90/1977 A/Swine/North Carolina/02744/2009 X-6
A/Swine/North Carolina/s043-1/2009 A/Brazil/1/1978 A/Swine/North Carolina/34543/2009 P-1
A/Swine/Colorado/SG1322/2009 A/Texas/36/1991 A/Swine/Minnesota/Ao01489606/2015
A/Swine/Ohio/s11445/2007 A/Beijing/262/1995
A/Solomon Islands/3/2006

E.3.2 Mouse vaccinations and infections

Mouse immunological and virological data were obtained from previous studies (Carter et al., 2013;

Skarlupkaetal.,2019). Briefly, BALB/c mice (Mus musculus, female, 6 to 8 weeks old) were purchased from
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Envigo (Indianapolis, IN, USA) and housed in microisolator units. Animals were allowed free access to
food and water and cared for under USDA guidelines for laboratory animals. All procedures were reviewed
and approved by the University of Georgia Institutional Animal Care and Use Committee (IACUC)
#2016-02-011-Y3-A7. Mice were randomly divided into 10 groups (n=11/group) and were vaccinated with
virus-like particles (VLPs) expressing Hr hemagglutinins (HA) of human, swine or COBR A origin. The
corresponding HA and a wild-type mismatched influenza neuraminidase (A/mallard/Alberta/24/2001
H7N3) were pseudotyped onto an HIV GAG protein to generate a VLP. Mice were vaccinated with each
VLP plus an MFso-like squalene oil-in-water adjuvant at day o and 28. A mock vaccinated group was
included which received a phosphate-buftered saline (PBS) and adjuvant vaccination. Serum samples were
collected at days 42 and 54 post-vaccination. Vaccinated mouse sera were tested for HAI activity against a
panel of Hi viruses (Table [E.).

Vaccinated mice were challenged with 5 x 10* plaque forming unit (PFU) (10x 50% lethal doses
[L Dsp]) wild-type A/California/o7/2009 (HiN1) or 1 x 107 PFU A/swine/North Carolina/152702/2015
HiNz2 in a volume of 5o pl. Mice were monitored daily for 14 days for weight loss, disease signs and death.
Mice from each group (n=3) were euthanized on day 3 post-infection for lung harvest. Lung tissue was
snap frozen on dry ice, and stored at -80°C for future viral titration. Mice were humanly euthanized when
they reached the humane endpoint of 20% original body weight loss or a cumulative clinical disease score
of 3 (lethargy=1, hunched posture=1, rough fur=1, weight loss 15%-20%=1, weight loss >20% of original
body weight=3). All procedures were performed in accordance with the Guide for the Care and Use of
Laboratory Animals (Council, 2o11), Animal Welfare Act (“Transportation, sale, and handling of certain

animals”, 2015), and Biosafety in Microbiological and Biomedical Laboratories (Richmond & McKinney,

1993).

E.3.3 Ferret infections

Immunological data of ferrets pre-immunized to A/California/o7/2009 (HiN1), A/Brisbane/s9/2007

(HiNT1), or A/Singapore/6/1986 (HiN1) were obtained from previous publication (Carter et al., 2017).
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Briefly, fitch ferrets (Mustela putorius furo, temale, 6 to 12 months of age, de-scented) were purchased from
Triple F Farms (Sayre, PA). Ferrets were pair housed in stainless steel cages (Shor-line, Kansas City, KS)
containing Sani-Chips laboratory animal bedding (P.J. Murphy Forest Products, Montville, NJ). Ferrets
were provided with Teklad Global Ferret Diet (Harlan Teklad, Madison, WI) and fresh water ad libitum.
The University of Georgia Institutional Animal Care and Use Committee approved all experiments, which
were conducted in accordance with the National Research Council’s Guide for the Care and Use of
Laboratory Animals, The Animal Welfare Act, and the CDC/NIH’s Biosafety in Microbiological and
Biomedical Laboratories guide. Ferrets (n = 4) were infected with one of the three HiNr influenza viruses
(10° PFU/ 1 ml) intranasally. Animals were monitored daily during the infection for adverse events,
including weight loss, loss of activity, nasal discharge, sneezing, and diarrhea and allowed to recover. All
blood was harvested from anesthetized ferrets via the anterior vena cava at day 14 post-infection. Blood
was transferred to a centrifuge tube and centrifuged at 6ooo rpm. Clarified serum was collected, frozen

at -20 % 5°C and used for HAI assays.

E.3.4 Hemagglutination inhibition (HAI) assay

The hemagglutination inhibition (HAI) assay was used to assess functional antibodies specific to the
receptor binding site of the HA that inhibit the agglutination of turkey erythrocytes. The protocols were
adapted from the WHO laboratory influenza surveillance manual (Organization & Network, 2o11) and
were performed as previously described (Carter et al., 2016¢). Briefly, to inactivate nonspecific inhibitors,
sera were treated with receptor-destroying enzyme (RDE) (Denka Seiken, Co., Japan) prior to being tested.
Three-parts RDE were added to one-part sera and incubated overnight at 37°C. Following RDE inactiva-
tion by incubation at 56°C for 30 min, six-parts phosphate-buftered saline pH 7.2 (PBS, Gibco) were added.
RDE-treated sera were diluted in a series of two-fold dilutions in V-bottom microtiter plates. An equal
volume of virus or virus-like particle, adjusted to approximately 8 hemagglutination units (HAU)/so ul,
was added to each well. The plates were agitated, covered, and incubated at room temperature (RT) for

20 min. Then, 0.8% of turkey red blood cells (RBCs; Lampire Biologicals, Pipersville, PA, USA) in PBS
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were added. All RBCs were stored at 4°C and used within 72 h of preparation. The plates were agitated
and covered. The RBCs were allowed to settle for 30 min at RT. The HAI titer was determined by the
reciprocal dilution of the last well that contained agglutinated RBCs. Positive and negative serum controls
were included for each plate. All mice and ferrets were negative (HAI < 1:10) for preexisting antibodies to
currently circulating human influenza viruses prior to vaccination or challenge and seroprotection was
defined as HAI titer > 1:40 and seroconversion as a 4-fold increase in titer compared to baseline, as per
the WHO and European Committee for Medicinal Products to evaluate influenza vaccines (“Guideline
on influenza vaccines”, 2o14)). The limit of detection for logo HAI titer was 3.32. If below the limit of

detection, 2.32 logs HAI titer was used for mathematical calculations.

E.3.s Viral lung titers

Plaque assay was performed according to previously described protocols (Gaush & Smith, 1968)). In brief,
lungs were homogenized in 1 ml Dulbecco’s Modified Eagle Medium (DMEM), and the supernatant was
collected by spinning the homogenized samples at 2000 rpm for s min. Low passage (< 30) Madin-Darby
Canine Kidney (MDCK) cells were plated at a confluency of 1 x 10° cell per well of a six-well plate
(Greiner bio-one, NC, USA) one day before the assay. MDCK cells were infected with different dilutions
of samples in 100 pL of DMEM supplemented with penicillin-streptomycin. After 1 h incubation at RT,
the medium was removed, and cells were washed twice with fresh DMEM. After the addition of 2 mL of
Modified Eagle Medium (MEM) medium at 2 pg/mL TPCK-trypsin and 0.8% agarose (Cambrex, East
Rutherford, NJ, USA), cells were incubated for 72 h at 37°C with 5% CO2. Agarose was removed, and the
cells were fixed with 10% buffered formalin and stained with 1% crystal violet (Fisher Science Education) for
15 min. The crystal violet was removed by rinsing thoroughly in distilled water. The numbers of plaques
were counted in duplicate. Duplicates were then averaged and transformed by logro. The virus titer was

analyzed as the average logro PFU/lung for each individual mouse.
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E.3.6 Amino acid based antigenic distance measure (ADM) calculation

The five antigenic sites used in the calculation of the Hr HA subtype antigenic distance were outlined previ-
ously (Deem & Pan, 2009)). Due to the inclusion of the pandemic HAs, the A(H1N1)/California/o04/2009
numbering scheme was used with a maximum length of 549 residues for the HAo (Deem & Pan, 2009).
The amino acid numbering begins following the seventeen amino acids in the signal peptide (Burke &
Smith, 2014; Nobusawa et al., 1991; Winter et al., 1981). The HA1 region was defined as amino acids 1-327.
The antigenic sites include the amino acids predicted to be important to vaccine efficacy: neutralizing-
antibody binding residues, structure/sequence homologues of known H3 epitopes, and protein surface

residues with high information entropy (Table (Deem & Pan, 2009). The following equations were

used to calculate the antigenic distances (Equations [E.s):

number of substitutions in entire HA sequence

P = . — . Ex
PN total number of amino acids in entire HA sequence (Ea)
number of substitutions in HA1 (E.2)
Pua1 = ; 1. 2
total number of amino acids in HA1
number of substitutions in all epitopes
Dallepitope = . T 1 - . (ES)
total number of amino acids in all epitopes
number of substitutions in epitope x
Pepitopexr = X 1 . . (E4)
total number of amino acids in epitope x
Depitope = MAX Pepitope x (ES)

Table E.2: Amino acid residues used to calculate the ADM of vaccine and challenge virus combinations.
Antigenic Site Amino Acid Residue

A (SA) 118, 120, 121, 122, 126,-129 1, 132-135, 137, 139-143, 146, 147, 149, 165, 252, 253

B (Sb) 124, 125, 152157, 160, 162, 183-187 189-191, 193-196

C 34-38, 40, 41, 43-45, 269-274, 276-278, 283, 288, 292, 295, 297, 298, 302, 303, 305-310

D (Ca) 89, 94-96, 113, 117, 163, 164, 166174, 176-178, 200, 202, 204-216, 222-227, 235, 237, 241, 243-2.45
E (Cb) 47, 48, 50, 51, 53, 54, 56-58, 66, 68-75 78-80, 82-86, 102, 257-261, 263, 267

ADM were determined through protein alignment. Briefly, the HAo was aligned utilizing Geneious

alignment with global alignment with free end gaps and a cost matrix Blosumé62 with open gap penalty

228



12, and gap extension penalty 3, with refinement iterations of 2 (Geneious vir.1.s). The HA1 portions
(1-327AA) were extracted from the alignment. From which, all or individual antigenic sites were extracted

and the differing number of amino acids between two viral strains were determined.

E.3.7 HAI titer difference calculation

The original raw HAI data were in two-fold serial dilution titers and transformed by log,. From those
transformed values, the mean log, HAI titer was calculated for each vaccine:challenge virus combina-
tion. Outliers were not removed, but mock controls (PBS vaccinated) were removed from analysis. The
difference between reference HAI titer and HAI titer for a specific strain was computed as AHAI =

10g2 (HA]reference) - 10g2 (HAIspeciﬁc strain) .

E.3.8 Regression analysis between ADM and correlates of protection

Linear regression models, as done previously with antigenic measures (Wikramaratna & Rambaut, 2015)),
were fit to the data with the different antigenic measures as predictors, and HAI differences, lung titer and
percent weight loss as outcomes. The adjusted R? was reported for all linear fits. The 95% confidence and
prediction intervals were computed for each model with R version 3.6.2 using RStudio version 1.2.5033
(R-Project, 2017). The day 6 percent weight loss for mice was determined by dividing weight on day six
post-challenge by the original day o weight and which was expressed as a percentage. Further analysis

including the data below the limit of detection were analyzed separately.

E.4 Results

E.41 ADM describe the trend of AHAI titer of Hx influenza viruses in mice

The goal of this study was to determine if the ADM determined from influenza HA amino acid sequences

may be a predictive measure for HA-induced HAT activity in collected antisera. These values — psequences
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PHA Pall-epitope> ANd Pepicope — are different attempts to measure the antigenic distance between two different
viruses (V. Gupta et al., 2006).

Three hundred and sixteen AHAI titers from vaccinated mice (Skarlupka, Handel, et al., 2020) were
examined for the linear relationship between the AHAI titers and ADM. The ADM had ranges starting
at 0.0 with varying maximums (Pscquence=0-222, PHAr=0.303, Pallepitope = 0-528, Pepitope = 0-864). There was
a linearly increasing trend of HAI titer difference as antigenic distance increased (p<o.ooor) (Fig.
Fig. . The adjusted R? increased as the antigenic measure became more specific (Dsequence < PHAr <
Pallepitope < Depitope)- L NUS, Pepicope Was the best among the ADM in describing AHAIL Nevertheless, the
R? values were all low, with a maximum value of 0.288 for the Pepitope antigenic distance (Table Table
[E.4). The variability of HAI differences for any value of antigenic distance was wide and ranged from a

minimum of 0.868 AHAI at a peyicope Of 0.545 and a maximum of 12.5 AHAI at a value of 0.864 ADM,

with a mean variability of 5.60 AHAL
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Figure E.1: Amino acid sequence based antigenic distances modeled against the change in HAI titer of
Hi influenza in the mouse model. Linear regression of Pyquence (A)s Prar (B), Pattepicope (C)> and Pepicope
antigenic distances (D) against the AHATI titers to homologous control elicited in BALB/C mice. The

95% confidence intervals are depicted with grey shading. The 95% prediction intervals are depicted by
dashed lines.

E.4.2 ADM are poor predictors of A HAI titer of Hx influenza viruses in mice

To evaluate the ability of the ADM to predict AHAI, the 95% prediction intervals were computed. Those

intervals are wide; the mean pepiope; 0.420 units, has the narrowest prediction interval of the data. The
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Figure E.2: Amino acid sequence based antigenic distances modeled against the change in HAI titer of Hx
influenza in the mouse model including points below the limit of detection. Linear regression of Pyquence
(A), pra: (B), Paltepitope (C), and pepicope antigenic distances (D) against the AHALI titers to homologous
control elicited in BALB/C mice with the inclusion of point below the limit of detection. The 95%

confidence intervals are depicted with grey shading. The 95% prediction intervals are depicted by dashed
lines.

predictive interval for the mean, around the fitted estimate of 4.056 AHAI was + 4.8:16 AHAI. The
predictive intervals are wider than this range for any other given antigenic distance value. With widths

greater than &£ 2.0 AHAI, the measures were not suitable as predictive tools for outcomes of HAI assays.

E.4.3  Depitope Shows improved, but still limited, performance for COBRA vac-

cines

To evaluate if ADM might perform better for a specific type of vaccine, namely the COBR A vaccines
(Carter et al., 2or7; Skarlupka et al., 2019)), another analysis was performed on a subset of the data. Only
mice vaccinated with a COBRA vaccine were analyzed. The pepicop. ADM was focused on since it per-
formed best in the previous analyses. The prediction intervals for COBR A vaccinated mice tested against
a wild-type human or swine Hr influenza strain were still wide, with a minimum spread of £ 4.479 AHAI
around the fitted value of 4.724 AHAT at the mean peyicop. ADM of 0.405 units (Fig. ) However,
the COBR A vaccinated mouse sera tested against COBR A VLPs in the HAT assay had smaller prediction

intervals than most other combinations of 4= 3.06 AHAI around the fitted value of 4.154 AHAI at the
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Table E.3: Summary of resultant equations from best-fit analysis.

Dependent Variable Independent Variable Equation D.F. t-value p-value Adjusted R’
Prequence y = 15.1139x + 1.9647 291 6.515 <0.0001 0.1243
Paa y = 11.5253z 4 2.0162 301 6.856  <0.0001 0.1322
Mouse AHAI Piepicope y = 7.4514x + 1.7648 306 7.924  <0.000I 0.1675
Pepicope y = 5.8683x + 1.5887 314 11328  <0.000I 0.2878
Piequence y = 32.7805x + 1.5102 28 4539 <0.0001 0.4034
Paa, y = 24.1281x + 1.4296 28 4.648  <0.0001 0.5153
Ferret AHAI Pitepicope y = 12.8958z + 1.4243 28 4.579 <0.0001 0.4078
Pepitope y = 8.9706x + 0.9403 28 5.616 <0.0001 0.5129
Piequence y = 9.1448x + 2.7541 21 1.671 0.10960 0.0753
Pya y = 7.3363x + 2.6468 21 1.892 0.07232 0.105
Mouse Day 3 Viral Lung Titer = Pyjrepitope y = 4.586x + 2.552 21 2189  0.040025 0.147
Pepitope y = 5.0661x + 2.1251 22 5.543 <0.0001 0.5638
AHAI y = 0.41453x + 1.73092 22 4.285 0.0003 0.4302
Piequence y = 32.410x + 7.936 21 1.556 0.13462 0.06069
Pya y = 7.3363x + 2.6468 21 1.763 0.09248 0.08742
Mouse Day 6 Weight Loss Pitepitope y = 16.153x + 7.247 21 2.013 0.05715 0.1218
Pepitope y = 17.587x + 5.561 22 4.816 <0.0001 0.491
AHAI y = 1.4931x + 3.9187 22 4.085 0.0005 0.4054

Table E.4: Summary of resultant equations from best-fit analysis including points below the limit of
detection.

Dependent Variable Independent Variable Equation D.F. t-value p-value Adjusted R*
Prequence y =9.6780x +2.5490 417  3.910 0.0001 0.03305
Pya, y = 7.2434x + 2.6536 433 4.051  <0.000I 0.03429

Mouse AHAI Piiepicope y =4.9549x +2.3496 443 4.897 <o.0001 0.0492
Pepimpe y = 3.6333x + 2.0461 475 6.055  <0.0001I 0.06971
Prequence y = 21.6263z + 4.3229 94 5.704  <0.000I 0.2492
Py, y = 16.2446x + 4.1613 94 6.032  <0.000I 0.2714

Ferrer AHAIL Plepitope y = 8.993z + 4.058 94 6.236  <0.000I1 0.2851
Pepitope y = 7.1259x + 3.1554 94 8.031  <0.0001 0.4006

mean Pepicope Of 0.364 (Fig. ) The same subset was evaluated with the inclusion of the points below
the limit of detection and a similar trend was observed (Fig. Table [E.s)).

E.4.4 Pepitope poorly describes AHAI for swine Hx influenza viruses in mice

One of the most novel aspects of this dataset was the inclusion of the swine origin influenza as HAI
antigens and as vaccine antigens. When the swine antisera were matched with only human and swine
wild-type HAI antigens (removal of COBR A HAI antigens), there was again an increasing trend between

ADM and AHAI (Fig. ) However, upon subsetting the HATI antigen by host origin, the swine
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Figure E.3: The pepicope antigenic distance better describes computationally designed interactions, than
wild-type HAI antigen interactions. Linear regression of pepicope antigenic distance against the AHAI
titers to homologous control elicited in BALB/C mice. The vaccine antigen for all datapoints was a
COBRA HA antigen. The HAI antigen was either of wild-type origin (A) ora COBRA VLP (B). The
95% confidence intervals are depicted with grey shading. The 95% prediction intervals are depicted by
dashed lines.

233



A HAI Antigen: Human/Swine B HAI Antigen: COBRA
124 y=5.0524x+3.3132 .- 124 y=8.4167x+1.0953
2 _ _--" - 2 —

610'R =0.2318 - 10 RE=06586

2

<

T

(q\]

(@]

o

-

[0}

O

C

.

2

a

4 4
0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6
P-epitope P-epitope

Figure E.4: The pepicope antigenic distance better describes computationally designed interactions, than
wild-type HAI antigen interactions including points below the limit of detection. Linear regression of
Pepicope antigenic distance against the AHAIT titers to homologous control elicited in BALB/C mice with
the inclusion of point below the limit of detection. The vaccine antigen for all datapoints was a COBRA
HA antigen. The HAI antigen was either of wild-type origin (A) or a COBRA VLP (B). The 95%
confidence intervals are depicted with grey shading. The 95% prediction intervals are depicted by dashed
lines.
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Table E.s: Summary of resultant equations from best-fit analysis of sub-setted data with and without
points below the limit of detection (LOD).

Vaccine Antigen HAI Antigen Inclusion of LOD Equation D.F. t-value p-value Adjusted 12
Human/Swine No y =4.7926x + 2.7832 75 4.545 0.0001 0.2055

COBRA COBRA No y = 8.4080x + 1.0968 46 9.389  <0.0001I 0.6597
Human/Swine Yes y = 5.0524x 4+ 3.3132 110 5.873  <0.0001 0.2318
COBRA Yes y = 8.4167x + 1.0953 47 9.674  <0.0001 0.6586
Human/Swine No y = 5.4889x + 1.5064 164  7.473 <0.0001 0.2495
Human No y =4.830z 4+ 3.718 52 2.848  0.00628 0.1183

Swine Swine No y = 0.3155x + 2.2297 1o  0.7845 0.688 -0.00761
Human/Swine Yes y =4.7544x 4+ 1.7373 2n 5.472  <0.000I 0.1201
Human Yes y = 8.4599x 4+ 0.8844 64 6.182  <0.000I 0.3641
Swine Yes y =0.9832x +24704 145 0.879 0.381 -0.00156

anti-sera were less HAI cross-reactive with the human antigens (Fig. [E.sB), with most of the datapoints

having a large pepicope and a large AHAI titer. Interestingly, an analysis of swine antisera against different

swine viruses did not show a correlation (R? = -0.00761) between Pepicope and AHAI (Fig. ) The

same subset was evaluated with the inclusion of the points below the limit of detection and a similar trend

was also observed (Fig. Table [E.s).

B HAI Antigen: Human

A HAI Antigen: Swine/Human

Cc

HAI Antigen: Swine

121 y=5.4889x+1.5064 B 124 y=4.830x+3.718 - 12 y=0.3155x+2.2297
2 _ .- 2 _ -7 2 _

5 10 R? =0.2495 _- 104 R;—(—).ij}?_)__, oo 104 R 0.00761
': 81 84 seese 8
< o L
L 6- 6 6 —---F-—-mmmmm -
S L]
8’ 4 4 44 44
- - e o 8 ® e
8 21 24 PP 24 T <
& - Soosg. . R
= 0 04 - - [VEI] o o
£ N
a -24 24 24 ===

-4 4 44 -4

0.00 0.25 050 0.75 0.00 0.25 050 0.75 0.0 0.2 04 0.6 0.8
P-epitope P-epitope P-epitope

Figure E.5: The interactions of swine origin HA antigens with HAI antigens are not a function of the
Pepitope antigenic distance. Linear regression of pepicope antigenic distance against the AHALI titers to ho-
mologous control elicited in BALB/C mice. The vaccine antigen for all datapoints was a swine origin HA
antigen. The HAI antigen was both human and swine (A), only human (B), or only swine (C) origin.
The 95% confidence intervals are depicted with grey shading. The 95% prediction intervals are depicted

by dashed lines.
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Figure E.6: The interactions of swine origin HA antigens with HAI antigens are not a function of the
Pepitope antigenic distance even with inclusion of points below the limit of detection. Linear regression of
Pepicope antigenic distance against the AHAIT titers to homologous control elicited in BALB/C mice with
the inclusion of point below the limit of detection. The vaccine antigen for all datapoints was a swine
origin HA antigen. The HAI antigen was both human and swine (A), only human (B), or only swine
(C) origin. The 95% confidence intervals are depicted with grey shading. The 95% prediction intervals are
depicted by dashed lines.

E.4.s ADM describe the trend of AHALI titer of Hx influenza viruses in ferrets

To determine if the trend observed in the mouse model was consistent across animal models or an artifact
of the mouse model, the AHALI titer of antisera collected from ferrets infected with influenza virus was
used for analysis (Skarlupka, Handel, et al., 2020)). Thirty different antisera:HAI antigen combinations
from challenged ferrets were examined for the linear relationship between the AHAI titersand ADM. The
measures all had a range starting at 0.0 with varying maximums (Psequence = 0199, PHA: = 0.275, Pallepitope =
0.522, Pepitope = 0.727). There was a linearly increasing trend of HAI titer difference as antigenic distance
increased (p<o.ooor1) (Fig. . The adjusted R? remained similar across the four ADM; there was no
increasing trend, as seen with the mouse model. The ADM were higher than the mouse model, with a
maximum value of o.515 for the py, antigenic distance (Table , likely in part due to less data available

for these analyses. There was, again, a wide spread in AHAI for any value of antigenic distance with a
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mean variance of 4.78 AHAI for the peyicop. ADM. The same dataset was evaluated with the inclusion of

the points below the limit of detection and a similar trend was observed (Fig. Table [E.s).
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Figure E.7: Amino acid sequence based antigenic distances modeled against the change in HAT titer for
human HiNi1 subtype HAI data in the ferret model. Linear regression of pyquence (A), Prar (B), Pall-epicope
(C), and Pepicope antigenic distances (D) against the AHAI titers to homologous control elicited in pre-

immune ferrets. The 95% confidence intervals are depicted with grey shading. The 95% prediction intervals
are depicted by dashed lines.
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Figure E.8: Amino acid sequence based antigenic distances modeled against the change in HAI titer for
human HiNr1 subtype HAI data in the ferret model including points below the limit of detection. Linear

regression of Pequence (A), Prar (B)s Pall-epicope (C), and Pepicope antigenic distances (D) against the AHAT
titers to homologous control elicited in pre-immune ferrets with the inclusion of point below the limit

of detection. The 95% confidence intervals are depicted with grey shading. The 95% prediction intervals
are depicted by dashed lines.

This suggests that similar to the mouse results, the ADM can capture the overall trend in AHAI but

it is not possible to use them to predict outcomes of an HAI assay with much precision.
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E.4.6 ADM and AHAI show similar correlations with viral load and weight

loss following infection in mice.

In alast set of analyses, ADM or AHAI were assessed to determine if either correlated with two important
infection outcomes, namely the peak viral lung titer and weight loss in mice. In total, there were twenty-
four or twenty-three vaccine and challenge pairs analyzed depending on predictor variable (Table
(Skarlupka, Handel, et al., 2020))). Among the ADM, paii.cpicopes a0d Pepicopes showed statistically significant
correlations with lung virus titer, so did AHAI (Fig. —E; Table . The pait.epitope had a smaller R?
value of 0.147 compared to the other measures, such as 0.569 for pepicope and 0.430 for AHAI titer. The
Pepicope Nad the narrowest prediction intervals at the mean value of 0.337 ADM, for a fitted value of 3.833

+ 2.3144 logi0(lung titer).
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Figure E.9: The use of in vivo challenge data from the mouse model for linear regression with different
antigenic distances. The sequence based and HAI based antigenic distances were linearly modeled with
the mean logro lung viral titers (A-E) and day 6 percent weight loss (F-J) in mice after infection with either
a human HiNi1 (CA/09) or swHiN2 virus (SW/NC/1s). The 95% confidence intervals are depicted with
grey shading. The 95% prediction intervals are depicted by dashed lines.

The challenged mouse day 6 weight dataset revealed that of the ADM only the pepicope and AHAT titer
were significant (Fig. —]). The R? for these two measures were 0.491 and 0.40s, respectively. Hence,

the variation in weight loss in mice was better explained by the pepicope than the other antigenic measures.
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For all predictor and outcome variables in this analysis, prediction intervals were wide with the narrowest
prediction intervals for the dataset at the pepicope mean of 0.337 units with a fitted weight loss of 11.490 4
9.87% (Fig. , thus suggesting that while both peyicop. and AHAI can capture the overall trend, in lung

titer and weight loss, neither quantity is useful for precise predictions.

E.s Discussion

In this study, datasets from previous influenza virus vaccination and infection studies (Carter et al., 2o17;
Skarlupka et al., 2019) were used to determine the relationship between several ADM and HATI titer
differences, viral lung titer, and weight loss. The ADM correlated with the difference in HAI titer but
resulted in large prediction intervals (Fig. . The relationships of ADM and AHAI were similar
in the ferret and mouse models (Fig. [E.jand[E.7} Table [E.3). When comparing the ADM to viral lung
titer and percent weight loss, only the pepicope and AHAI adequately described the overall trends. The use
of ADM as a predictive measure of AHAI titer, viral lung titer, and weight loss was determined not to be
applicable due to wide predictive intervals for each outcome.

Previous studies compared HA-based computational ADM to ferret antisera HAI-based antigenic dis-
tances as predictors of inactivated influenza vaccine efficacy in humans and found that the computational
ADM s correlated better with vaccine efficacy than HAI-based measures did (Bonomo & Deem, 2018}
Deem & Pan, 2009; V. Gupta et al., 2006; X. Li & Deem, 2016; Pan et al., 2o11). This study differed from
the previous studies in that the outcome of interest was AHAI titer and murine clinical signs rather than
influenza-like symptoms in vaccinated persons. Unlike in the human system used for the previous studies,
the mice were not pre-immune to influenza. Although the mice were exposed to influenza HA through
three vaccinations, the immune responses to infection and vaccination are not equivalent (Ghendon, 1990}
Monto et al., 2015). The mechanism of exposure contributes to the epitope immunodominance of the
antigen (Angeletti et al., 2017; Blackburne et al.,, 2008)). Both vaccination and infection induce a systemic
antibody response. Yet the live influenza infection leads to local immune and cytotoxic T-cell responses

which could be captured in the original studies that used humans with pre-existing immunity and an out-

239



come of influenza-like illness through T-cell epitope similarity potentially having some multicollinearity
with B-cell epitope similarity through the genetic distance of the two genomes being compared (Monto
etal., 2o1s; Schotsaert et al., 2010). Furthermore, the ADMs may correlate better with vaccine efficacy in
a pre-immune human model where immunodominance drives the antibody response to the measured
dominant Pepicope- In a naive vaccinated model, the antigen immunodominance could be directed to a
different site thus not being captured by the ADM and contributing to the large variances of HAI titers
observed at any given ADM, but further analysis would need to be conducted to confirm. In addition, the
wide variability of HAI titers across ADM may have been influenced by including viruses isolated from
different animal species (T. K. Anderson et al., 2015; Rajao et al., |2018). A host origin different from hu-
man may have species-specific epitope signatures that lead to uncommon antigenic regions not included
in the definition of the antigenic regions since they are not shared across all species (Koedijk et al., 2017;
Lee & Chen, 2004; S. T. H. Liu et al., 2018; Sutton et al., 2or7; Vaughan et al,, |2012). Considering all of
these confounding factors, equating the immunodominant site to the most variable region, as used in this
and previous analyses (Deem & Pan, 2009), may be inappropriate and may have contributed to the low
correlation between the ADM and AHAI titers in an analysis with such variety of viral origins and animal
models. The determination of these origin and species-specific antibody binding and immunodominance
characteristics require future in depth studies on host antibody kinetics and viral escape mutant analysis.
Inferences from antibody responses from animal data and the correlations between amino acid sequences,
HATI titers, and viral protection should be cautiously made. Furthermore, strains may contain variations
in their antigenic and neutralizing sites in undefined locations on the HA protein or on another com-
ponent contributing to the observed poor correlation (Lees et al., 2010; A. W. Park et al., 2009). Other
methods may be proposed over the purely amino acid sequence based methods such as including limited
antisera data and genetic variation to achieve a finer resolution as previous shown with H3N2 (P. Wang
etal., 2018). Other correlates of protection, such as total antibody binding or neutralization titers, which
have been shown to be more reliable than HAI, could be investigated to determine if they correlate better

with the ADM (Belshe et al., 2000; Lee et al., 2004). The protective contribution of T-cell epitopes should
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be considered in pre-immune models especially due to human’s pre-existing immunity (Jurchott et al.,
2016).

The ability to accurately and precisely quantify antigenic distance at the amino acid sequence level
would be a valuable tool for influenza virus research. Currently, the phylogenetic distance between a pair
of viral gene segments is not an accurate predictor of antigenic distance (Lees et al., 2010). Therefore,
in-silico methods for the antigenic characterization of influenza viruses are being developed and improved
(Klingen et al., 2018). However, here we report that the ADM analyzed do not provide a method useful
for predicting the AHAI response from a variety of influenza host origins and vaccine and challenge
strain combinations, and the method did not correlate any better than AHAI titers in determining viral
challenge outcomes. With the potentially additive confounding factors of the species of the virus and
antibody origin, as well as, antigen delivery affecting the definition of antigenic regions. Hence, this
antigenic distance measure needs to be further optimized before use in animal model based vaccine research

and development.
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APPENDIX F

DeEsiGN OF N2 COBRA NA INFLUENZA

0
ANTIGENS

Fax Wild-type N2 lineages

The N2 influenza subtype has been present in the human population as either H2N2 (1956-1968) or H3N2
(1968-present). Similar to the N1 subtype, N2 is also isolated from animal reservoirs including swine, avian,
and feline species (Fig. [F.1). The wild-type N2 proteins were confirmed for enzymatic activity (Fig. [.1).
Using the defined N2 clades COBR A antigens were created to protect against either human and swine

lineage viruses (Clade N2.2) or to the most recent human-isolated viruses (Clade N2.2¢).

Fax Design of the N2-A COBRA NA

The N2-A COBRA NA was the resulting design of a COBRA antigen that would potentially elicit
protective antibodies across the N2.2 clade. To begin, wild-type sequences from were downloaded from
GISAID and saved with FASTA and accession ID information. Multiple sequence comparison by log
expectation (MUSCLE) multiple sequence alignment was performed. All sequences with ambiguities

or incomplete lengths were removed. The protein sequences were trimmed to include only the protein’s
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head region (N2 residue numbering: 75-469). Unique sequences were then extracted, aligned, and used
for phylogentic tree generation. For the first consensus layer, the clades were condensed individually, with
consensuses taken of strains had greater than 97% sequence identity (< 12 amino acid differences). The
final sequence did not result in any ambiguities and is included below. Similar to the Nt COBR A NAs
the N2 proteins were expressed either as full-length proteins for VLP production or as a soluble protein

in the pcDNA3.1 expression vector.

Fa.2 Design of the N2-B COBRA NA

The N2-B COBRA NA was designed similarly to the N2-A COBRA NA. However, instead of using
all of the sequences available, only the wild-type sequences from the N2.2e clade were used. The goal for
this COBR A antigen was to protect against the most recently circulating H3N2 viruses in the human
population. Ideally, this antigen would be paired with an H3 antigen as a supplemental component.
Therefore, the final sequence which contained ambiguities was aligned to the 2017-2019 vaccine strains

and in the ambiguities were chosen to match the consensus residues of those strains.

Table F.i: Summary of N2-A and N2-B COBRA NA antigen design. The motivation, wild-type se-
quences, time frames and methods used to create the N2 COBR A NA antigens.

Group # Sub-Lineage Years Descriptor # Trimmed Unique Sequences Clustering
302.2a
642.2b
Human:1957-2019  Antigen to protect against human ~ 522.2¢ 1°: 97% similarity (clades done separately)
Swine:1977-2019 and swine originating N2 viruses 310 2.2d 2°+: Combine all primary consensus then combined
8960 2.2¢
3174 N2.swine

N2-A COBRA 2.2

1°: 97% similarity
2°+: Based on tree layout;
8960 2.2¢ consensus sequences;
Ambiguities in the final sequence chosen based on:
Alignment to 2017-2019 vaccine strains

Antigen to protect against current

N2-B COBRA . H : -
* nae uman:2000-2019 circulating human H3Nz viruses
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Figure F.1: The clades of the N2 NA genetic lineages were determined through previous phylogenetic
analysis (J. M. Chen et al., 2007; Fanning et al., 20005 S. Liu et al., 2009; Schon et al., 2021, Zhuang et al.,
2019). Clades are color coded based upon host viruses are isolated from: grey: multiple host species; blue:
avian host species; red: swine host species; green: human host species; light blue: feline and canine host
species. AIV: Avian influenza virus; SIV: Swine influenza virus; HulV: Human influenza virus; CIV:
Canine influenza virus; FelineIV: Feline influenza virus.
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