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Abstract

Economic losses due to influenza A virus (IAV) infections are substantial and a global problem,
ranking among the top three major health challenges in the swine industry. Currently, H1 and

H3 subtypes circulate in pigs globally associated with different combinations of N1 and N2
subtypes; however, the origin, gene constellation, and antigenic makeup of 1AV vary greatly

on different continents. Vaccination is one means of mitigating the effects of 1AV disease, and
vaccines are most effective if the strains included closely match the currently circulating strains
in pigs. Genetic analyses provide panoramic views of the virus landscape at the sequence level
and, thus, can aid in the selection of well-matched swine 1AV vaccine strains, but is not sufficient
alone. Additionally, a major challenge in selecting appropriate swine 1AV vaccine strains is the
co-circulation of multiple lineages of viruses in the same region, requiring multivalent or broadly
cross-reacting antigens. Due to this complex 1AV ecology in swine, new vaccination strategies
and vaccine platforms are needed. The hemagglutinin (HA) viral protein is the major target

of neutralizing antibodies, which are widely considered to be correlated with protection. Virus
variants that are not recognized by previously elicited antibodies can render traditional vaccines
that primarily elicit humoral responses ineffective, and therefore result in the need for vaccine
strain reformulation and re-vaccination. In the future, new vaccine platforms may be on the market
that will provide alternative options to those currently available. Nonetheless, a collaborative
approach is needed to improve 1AV vaccine strain selection for use in swine.
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1. Introduction

Economic losses due to swine influenza infections are substantial and a global problem,
ranking among the top three major health challenges in the swine industry. Swine influenza
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is an acute respiratory disease caused by influenza type A virus (1AV) of the family
Orthomyxoviridae. The genome of AV consists of eight RNA strands in the negative

sense orientation encoding for at least 12—-13 proteins (PB2, PB1, PB1-F2, PB1-N40,

PA, PA-X, HA, NP, NA, M1, M2, NS1 and NS2/NEP). Swine influenza infections

are often characterized by rapid onset of high fever, lethargy, loss of appetite, labored
abdominal breathing, and coughing (Van Reeth et al., 2012). The disease lasts for 2—6

days and although mortality is low and most animals recover, weight loss can be severe.
Swine influenza is a contributing factor in chronic respiratory disease problems and the
presentation of Porcine Respiratory Disease Complex, a disease syndrome resulting from co-
infection with two or more respiratory pathogens. Swine influenza is occasionally associated
with fever-induced abortion in sows. 1AV infection in pigs involves epithelial cells of the
nasal mucosa, tonsils, trachea and lungs. The epithelial cells of the bronchi, bronchioli,

and alveoli can be severely compromised during swine influenza infection. An influx of
neutrophils and other inflammatory cells leads to epithelial cell necrosis and obstruction of
the airways. Equally important is the occurrence of subclinical infections in which swine can
become infected with one or more influenza subtypes without overt signs of disease.

2. Natural history of swine influenza viruses around the world

Based on the antigenic differences of the two major surface glycoproteins, hemagglutinin
(HA) and neuraminidase (NA), 1AVs are classified into subtypes. Currently, H1 and H3
HA subtypes circulate in pigs globally (Fig. 1) associated with different combinations of
N1 and N2 NA genes (Vincent et al., 2014a); however, their origin, gene constellation, and
antigenic make up vary greatly on different continents (Nelson et al., 2015c). The natural
evolution of IAVs is intimately associated with the inherent error prone characteristics of
the viral polymerase and the segmented nature of their genome. 1AV diversity in pigs is
also increased through a combination of mechanisms including gene segment reassortment,
point mutations, and introduction of influenza viruses into pigs from other hosts, particularly
humans. Once circulating in pigs, this highly dynamic 1AV population continues to evolve
through further reassortment and antigenic drift continues to shape the evolution of swine
IAVs (Nelson et al., 2012a, 2014).

In North America, swine influenza was historically associated with classical swine influenza
virus (cs-H1N1) that likely entered into the swine population at the same time of the 1918
H1N1 Spanish flu pandemic. The cs-H1NZ1 circulated virtually unchanged in this region

for almost 80 years until 1998 when swine H3N2 IAVs emerged; reviewed in (Nelson and
Vincent, 2015; Vincent et al., 2014b). The new H3N2 viruses were triple reassortant IAVs
(tr-H3N2) with HA, NA, and polymerase basic 1 (PB1) gene segments derived from a
seasonal human influenza virus, polymerase basic 2 (PB2) and polymerase acidic (PA) gene
segments derived from an avian 1AV, and nucleoprotein (NP), matrix (M), and nonstructural
(NS) gene segments from the classical-swine HIN1. The emergence and perpetuation of
swine 1AVs carrying the triple reassortant gene (TRIG) cassette changed the ecology of
swine influenza not only in North America but also around the world. Further co-circulation
of tr-H3N2 and cs-H1N1, as well as additional introductions of HA and/or NA genes

from seasonal human IAVs led to the emergence of novel HIN1, HIN2, H3N2 and H3N1
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genotypes (Anderson et al., 2015; Lekcharoensuk et al., 2006; Ma et al., 2006; Rajao et al.,
2015; Vincent et al., 2008).

Epitomizing the role of swine in the generation of novel genotypes was the 2009 HIN1
pandemic virus (HIN1pdm09), a TRIG swine IAV that incorporated the NA and M gene
segments from an Eurasian swine 1AV strain and which may have originated in central-west
Mexico (Mena et al., 2016; York and Donis, 2013). Although questions remain regarding
the emergence of this virus, there is little doubt that the swine-human interface played a
major role in this event. Its rapid spread highlights the complexities associated with viral
emergence in a dynamic commercial animal production system and the need for robust
surveillance in these populations. The spillover of the HIN1pdmO09 virus back to pigs in
many countries (Nelson et al., 2012a) and the realization that these viruses (or their gene
segments) continue to reassort in pigs have renewed interest in worldwide swine surveillance
efforts.

In the US, the US Department of Agriculture (USDA) began a surveillance system in 2009
to better characterize the genetic diversity of swine IAVs (Vincent et al., 2014a). There are
currently seven different H1 HA genetic clades in the US classified as 6-1, 6-2, a, B, v, 2,
and pandemic. The y and 6-1 genetic cluster remain predominant in the US (Vincent et al.,
2014b). The H3 viruses are divided into eight different HA genetic clades (1V, IV-A, 1V-B,
IV-C, IV-D, IV-E, IV-F, and human-like H3s), with clade IV-A representing the majority
of circulating H3 in production herds (Kitikoon et al., 2013). The different H1 and H3
genetic lineages currently circulating in the US are most commonly paired with either the
N2 NA gene segment from a 2002 human H3N2 seasonal influenza virus or the N1 NA
gene segment from the cs-H1N1 virus. A small but consistent proportion of swine isolates
contain N2 segments from a 1998 human seasonal lineage virus (Nelson et al., 2012b),
mostly paired with 6-2 H1.

The cs-HIN1 virus was detected in Europe until the 1970s, but it was soon replaced in
1979 by the “avian-like” (av-H1NZ1) swine 1AV that continues to persist in Europe. Swine
“human-like” H3N2 (hu-H3N2) IAVs also became established in pigs in Europe (Brown,
2013; Zell et al., 2013). The currently circulating hu-H3N2 viruses are reassortants that
inherited the internal gene constellation from an av-H1N1 virus in the mid-1980s. In 1994,
an HIN2 virus emerged in the UK (hu-H1NZ2), from a multiple reassortant event involving
human seasonal HIN1 from the 1980’s, swine hu-H3N2, and swine av-H1N1 viruses,

and spread across Western Europe. Widespread circulation of av-H1NZ1, hu-H3N2 and hu-
H1N2 swine 1AVs continues across Europe (Brown, 2013; Zell et al., 2013). The presence
of additional reassortant viruses with HIN1pdmQ9 gene segments has been documented
(Simon et al., 2014; Watson et al., 2015), though these appear geographically constrained.

Evolution of swine IAVs in Asia is a result of swine and virus movement as well as
human to swine introductions; reviewed in (Choi et al., 2013; Zhu et al., 2013). The
cs-H1N1 viruses were recognized as enzootic in China in 1974. Soon after the human
H3N2 pandemic (1968 Hong Kong flu), the virus was reported in pigs in several Asian
countries where it persisted for few years. Descendants of human H3N2 viruses have
repeatedly transmitted to and remained in pigs long after the parental human strains had
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been replaced in the human population (Zhu et al., 2013). Classical swine H1 viruses

that acquired an N2 of contemporary human virus origin also circulated during this

time. European H3N2 and H1N1 viruses were first detected in China in 1999 and 2001,
respectively, and North American TRIG viruses were found in 2002 (Zhu et al., 2013). In
general, many of these viruses are not from a single monophyletic clade, indicating multiple
independent introductions. These viruses continued to exchange gene segments, further
increasing their diversity. Indeed, H3N2 reassortants with HIN1pdmO09-like internal genes
and tr-H3N2 surface segments were isolated in Southeast China and are considered potential
progenitors of the 2009 HIN1pdmO09 virus (Smith et al., 2009). Subsequent studies have
characterized additional reassortment events occurring with HIN1pdmQ9 internal genes,
observing additional genotypic diversification (Liang et al., 2014).

Few other Asian countries have had routine surveillance systems in place to monitor swine
IAV activity, but the existing information shows regional differences. Swine 1AVs that

have been detected in South Korea, Japan, Thailand, and Vietham appear to have unique
epidemiologic histories (Choi et al., 2013; Nelson et al., 2015¢c; Zhu et al., 2013). In South
Korea, swine 1AVs of North American origin, TRIG reassortants of the HIN1, HIN2, and
H3NZ2 subtypes are common in the pig population; reviewed in (Choi et al., 2013; Zhu et
al., 2013). In addition, H3N1 acquired the HA gene from a human seasonal H3N2 virus and
other genes from the circulating Korean swine 1AVS. In Japan, the cs-H1N1 virus was first
reported in 1977 (Choi et al., 2013; Zhu et al., 2013). Additionally, there have been multiple
introductions of human H3N2 viruses in swine, but the most commonly reported virus is

an H1N2 reassortant that emerged in 1980 with the N2 from a human seasonal H3N2 virus
and other gene segments from a cs-H1IN1 virus. In Thailand, swine 1AVs of North American
(mainly cs-H1N1) and Eurasian lineages were detected in the 1980s, along with human
lineage H3N2 viruses (Choi et al., 2013; Zhu et al., 2013); multiple reassortment events
have led to a diversity of gene constellations. In Vietnam, reassortant H3N2 viruses with

the North American TRIG cassette and H3 and N2 segments acquired from 2004 to 2006
human seasonal viruses were reported, along with the parental tr-H3N2 (Baudon et al., 2015;
Ngo et al., 2012). Additionally, an HIN2 virus with the N2 and TRIG cassette in association
with an H1 from human seasonal 2006 strain was isolated in 2010 (Takemae et al., 2013).
H1N1pdmO9 viruses have been isolated from pigs in South Korea, Japan, Thailand, and
Vietnam: however, a more frequent result of the HLN1pdmO09 in this and other regions has
been reassortment with cocirculating strains, and a subsequent contribution to internal gene
constellation diversity (Lam et al., 2011; Liang et al., 2014; Vijaykrishna et al., 2011).

Following the emergence of the 2009 H1IN1pdmQ9 virus, IAV surveillance in Latin America
was also increased; reviewed in (Vincent et al., 2014a). Argentina was the first to report
human to pig transmission of the HLIN1pdm09 at the peak of the pandemic (Pereda et al.,
2011). Since then, the HIN1pdmOQ9 virus has been isolated from pigs in Argentina, Brazil,
Chile, Colombia, Costa Rica, Guatemala, Mexico, and Peru. These reports correspond to
multiple independent introductions of the HIN1pdmO039 virus from humans to pigs and are
often associated with respiratory disease in the swine population. In Argentina, Brazil,
Chile and Mexico, the emergence of wholly human H3N2 viruses and novel reassortant
strains of HIN1 and H1N2 and the HLIN1pdmO09 virus have been reported, each strain
unique to each country or region within the country. In Argentina, there is evidence of
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circulation of reassortants of HIN1pdm09 and seasonal IAVs: HIN1 and H1N2 viruses with
HA and NA segments from (2000-2003) human seasonal HIN1 and H3N2 viruses and
H1N1pdmO09 internal gene segments were isolated (Pereda et al., 2011). In Brazil, there

is evidence of circulation of pdm-H1N1, HIN2, and H3N2 viruses. Phylogenetic analysis
revealed independent introductions of human seasonal 1990-like H3N2 and human seasonal
2000-like H1N2 viruses (Nelson et al., 2015b). The pdm-H1N1, and human origin H3N2
and H1N2 viruses have reassorted multiple times in Brazilian pigs with a tendency to
maintain internal gene segments from the HIN1pdmO039 virus (Nelson et al., 2015b). In
Chile, independent introductions of human seasonal viruses, two H3N2s and two H1N1s,
have been detected, as well as HIN2 reassortants from these viruses (Nelson et al., 2015a).
The swine Chilean H3N2 viruses were probably introduced into pigs in the late 1980s.
Likewise, the H1s are most closely related to human seasonal HIN1 viruses from the late
1980s and early 1990s, representing two independent introductions from humans. There is
no evidence in Argentina, Brazil, or Chile of swine 1AVs of the classical, North American
TRIG reassortant or avian-like Eurasian lineages.

3. What to vaccinate against

Understanding both animal and virus movement are needed for the implementation and/or
improvement of biosecurity practices or containment measures. Vaccination is another
means of mitigating the effects of influenza virus disease and vaccines are most effective if
the strains included closely match the currently circulating strains in pigs. Genetic analyses
provide panoramic views of the virus landscape at the sequence level in a country or

region and thus, can aid in the selection of well-matched swine IAV vaccine strains. A
major challenge in selecting appropriate swine 1AV vaccine strains is the co-circulation of
multiple lineages of viruses in the same region. The HA viral protein is the major target

of neutralizing antibodies, and antibodies that inhibit virus hemagglutination of red blood
cells as measured in hemagglutination inhibition (HI) assays are considered correlates of
protection. Virus variants that are not recognized by previously elicited antibodies can render
traditional vaccines that primarily elicit humoral responses ineffective, and therefore result
in the need for vaccine strain reformulation and re-vaccination.

For human influenza A and B vaccines, the World Health Organization (WHO) organizes
and hosts vaccine strain consultation meetings twice each year to select human vaccine
strains for the Northern or Southern Hemispheres (Ampofo et al., 2015). Virologic
surveillance is the cornerstone of the WHO vaccine strain selection process, and is carried
out through a network of national influenza centers and collaborating centers, with data
representing national, regional, and global levels, as well as climatic or transmission zone
data aggregation. Laboratory characterization of virus isolates by HI assays remains the gold
standard, with specific ferret antisera as well as pre- and post-vaccination human sera. The
antigenic data is combined with sequence analysis, virus growth properties, epidemiological,
and clinical information to inform the vaccine strain selection process (Russell et al., 2008).
Newer technology is being incorporated into these analyses including next generation

whole genome sequencing and sequence analysis pipelines, antigenic cartography, and
antibody landscape modeling. Improving the understanding of NA evolution and immunity
as a consideration for vaccine candidate selection has also been recently re-emphasized.
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Although these methodologies and concepts can be applied for selection of swine (and other
animal) influenza vaccines, a structured system as described in Fig. 2 is still lacking to
collect and analyze large sets of viruses from swine at a global scale.

A major advance in tracking AV evolution and antigenic drift occurred following the
deduction of antigenic regions of the 1968 pandemic human H3 virus. These ‘antigenic
sites” have long served as a reference for antigenic positions of relevance to antigenic

drift on the globular head of H3, consisting of 131 positions and referred to as regions

A-E (Wiley et al., 1981). More recently, antigenic cartography, a computational analysis of
antibody-antigen binding assays such as HI assay data (Lapedes and Farber, 2001) has been
used not only to characterize the antigenic evolution of human H3 strains but also swine and
equine H3 AV strains (Lewis et al., 2014, 2011; Smith et al., 2004). The distance between
viruses in the antigenic map can be used as empirical support for changes in seasonal
vaccine strains when there is an 8-fold or greater HI difference between circulating strains
and vaccine strain (Cox et al., 2015). This technique was used to identify single amino acid
changes that account for phenotypic change. Although more than 130 amino acid positions
on the HA were previously characterized as putative antigenic sites, major substitutions
leading to the emergence of antigenically distinct seasonal epidemic viruses occurred at just
7 amino acid positions in the HA of the human seasonal H3 (Koel et al., 2013). The H3N2
component of the human vaccine for 2015-2016 was recommended to be changed based on
a change to a single amino acid at position 159, serving as a recent example that a single
amino acid substitution can be associated with a loss in vaccine efficacy.

Analyses of the antigenic evolution of swine H3 field isolates from the United States
identified two major antigenic clusters and several distinct outlier groups or strains (Lewis
et al., 2014). Six of the 7 positions previously identified in human seasonal H3 (positions
145, 155, 156, 158, 159, 189, and 193) were also associated with cluster/outlier transition
in the swine H3 wild type viruses (Lewis et al., 2014). Abente et al. quantified the effect of
mutations at these six positions using reverse genetics, and /n vitro and in vivo experiments
(Abente et al., 2016). Typically, at least two amino acid changes were required to impart

a significant antigenic change but these studies were restricted to a subset of field isolates,
and it is possible that single amino acid mutations would have major antigenic effects as
described for human strains under field conditions.

The antigenic structure of the H1 HA was also characterized, in which four
immunodominant antigenic regions or sites were determined, designated Sa, Sb, Ca, Cb
(Caton et al., 1982). Major antigenic changes in the recent evolution of seasonal HIN1
viruses (pre-H1N1pdm09) were predominantly caused by single amino acid substitutions
near the receptor-binding site in previously determined antigenic sites (Koel et al., 2013,
2015). The HIN1pdm09 viruses have not yet undergone a major antigenic transition;
however, substitutions in or near the receptor-binding site (mostly in the 151-159 loop)
were shown to influence the antigenic properties of these viruses (Koel et al., 2015).
Genetic diversity greatly influences the antigenic diversity of currently circulating U.S.
swine H1 IAV; however, antigenic changes have not been correlated with single substitutions
at specific amino acid positions at this time. More recently, Lewis et al. quantified the
antigenic diversity of swine influenza viruses on a multi-continental scale using the largest
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set of swine influenza virus antigenic data compiled to date (Lewis et al., 2016). Hundreds
of H1 and H3 strains were analyzed (Fig. 3). Significant antigenic variations were observed
particularly as the result of multiple cross-over events of human influenza viruses into pigs
and subsequent perpetuation of these viruses in the pig population. At the core of these
analyses is the realization that HA and NA antigen selections for vaccine components for
swine influenza vaccines is far more complex than for humans and will require decisions at
the country or regional levels, perhaps at even finer-scaled levels.

3.1. What to vaccinate with

Not all countries with actively circulating swine influenza viruses use vaccines as a means
to control disease. It is expected, however, that as swine production intensifies worldwide,
more countries will rely on the use of vaccines to control swine influenza. Previously, all
the influenza vaccines licensed in the United States were whole inactivated virus (WIV)
products typically combined with potent oil-in-water adjuvants (Fig. 4). Adjuvanted WIV
vaccines usually stimulate robust antibody responses that can be measured by HI assays.
Different adjuvants can alter the response to antigens by stimulating different arms of the
immune system or stimulating broader cross-reactive antibodies. However, experimental
data suggest that the protection provided by commercial WIV against contemporary 1AV is
limited, in part due to the diversity of viruses we describe above; reviewed in (Van Reeth
and Ma, 2013). In an attempt to overcome this challenge, the USDA Center for Veterinary
Biologics implemented a new licensure policy in 2007 that allows vaccine manufacturers
with current licensing to update vaccine strains to reflect contemporary genetic diversity.
Further, in 2012, a new vaccine platform product was licensed for swine H3N2 virus
(Harrisvaccines, 2012) using technology based on a non-replicating alphavirus RNA particle
(Vander Veen et al., 2012, 2013). These approaches are used alongside autogenous vaccines
which account for approximately 50% of vaccines produced in 2008 to 2011. A recent
review by Sandbulte et al. provided guidance for choosing vaccines based on the currently
available technology (Sandbulte et al., 2015).

Licensed products must be demonstrated to be efficacious in experimental studies with
homologous or related viruses, yet they frequently fail or perform sub-optimally in the
context of field application. Manufacturers are not required to inform or include strain
names of 1AV contained in the vaccine on the label, so we cannot speculate on the potential
coverage of commercial vaccines. These factors complicate our understanding of which
antigens are being routinely used for vaccination and obscure large-scale objective measures.
In contrast to human 1AV vaccine efficacy evaluation, there is no continued evaluation by
regulatory authorities on efficacy of licensed swine vaccines in the field following licensure.

3.2. Why vaccines fail

Although sterilizing immunity would be ideal, the reality is that this type of vaccine
immunity is rarely achievable with 1AV, at least long term, due to its remarkable ability

to evolve and evade host immunity. The more realistic goals are to prevent clinical disease
and reduce virus replication and shedding to the extent that transmission events are greatly
reduced without causing immunopathology. While vaccination with WIV induces robust HI
antibody responses, protection depends on the vaccine and challenge virus being closely
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related, and often only results in partial protection (Kitikoon et al., 2006; Loving et al.,
2013). Further, absence of serum HI titers does not always indicate lack of protection

if cell-mediated immune and mucosal responses are stimulated, as it has been shown

after the use of live attenuated influenza vaccines (LAIV) in pigs (Vincent et al., 2012).
Although traditional 1AV vaccines seem fairly basic, there are many mitigating factors

that can interfere with 1AV vaccines being successful at achieving these goals. At a

basic level, the importance of antigenic balance in multivalent vaccines, especially with

H3 and H1 components, is well known (Quinnan et al., 1983). Some viruses are poor
antigens and induce minimal HI titers even with adjuvants. When implementing a new
vaccine formulation or strategy into a herd, pre- and post-vaccination serum should be
tested against each of the vaccine antigens in the HI assay at the minimum. HI tests with
post-vaccination serum against herd-specific outbreak strains gives further confidence in the
vaccine coverage. In addition to considerations with vaccine immunogenicity, WIV used in
the field can have diminished performance, even with vaccines that performed well under
test conditions due to more complicated host immune factors.

Monitoring immunologic profiles in individuals with a series of 1AV exposures over time
revealed potentially complex immune responses to conserved and heterologous epitopes

of 1AV. The sequence of exposures is extremely important to each subsequent exposure,
especially with vaccines. The concept of original antigenic sinwith AV (Fazekas de St and
Webster, 1966), whereby the strain specific response to the first exposure blocked a strain
specific response to a second virus of a distant antigenic variant of the same subtype or

a different subtype, has had major implications in the development of influenza vaccines.
Generally, the second heterologous exposure boosted the antibody response to the initial
priming exposure at the expense of the secondary response. This has also been shown to
happen with less extreme pairs of heterologous viruses, where the heterologous secondary
exposure still boosts the priming exposure, but the secondary exposure is only muted rather
than blocked, a phenomenon known as back-boosting (Fonville et al., 2016). Additionally,
the initial infection with 1AV that an individual experiences has been proposed to shape
every subsequent response, termed antigenic imprinting (Worobey et al., 2014), and may
have impacted mortality patterns during pandemics, particularly the 1918 pandemic.

An additional complicating factor has recently been identified in pigs, termed vaccine-
associated enhanced respiratory disease (VAERD). VAERD occurs when pigs are vaccinated
with oil-in-water adjuvanted WIV and challenged with a homosubtypic but antigenically
distinct IAV and results in extensive lung damage. The immune response elicited from

the vaccination consists of cross-reactive antibodies that fail to neutralize the mismatched
virus (Gauger et al., 2011; Rajao et al., 2014). Understanding these phenomena in pigs at
the individual and population levels may be used to avoid unwanted responses and even
leveraged to enhance protection, such as the potential for heterologous prime and boost
vaccine strategies to broaden the antibody repertoire or intentionally inducing a back-boost
with a heterologous boost vaccine to increase the antibody titers to the priming exposure.

Control of 1AV infection in swine production systems traditionally relied on the vaccination
of breeding females with W1V to result in the passive transfer of antibodies to their piglets
via colostrum. Ideally, the titers of the maternally derived antibodies (MDA) should be
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high enough to protect the piglets during the first weeks of life before they can mount a
protective active immune response. However, these passive antibodies can interfere with
active humoral and cellular immune responses to vaccine and may lead to VAERD when
pigs are vaccinated in the presence of MDA and then exposed to heterologous virus (Loeffen
et al., 2003; Vincent et al., 2012). MDA do not usually protect piglets against infection

and transmission but rather against clinical disease, provided the antibodies match the 1AV
strain to which pigs are exposed (Allerson et al., 2013, 2014). Mismatched MDA alone

was shown to negatively impact the outcome of disease as MDA-positive pigs infected

with heterologous virus developed VAERD (Rajao et al., 2016). These complicated immune
interactions with 1AV are important to keep in perspective when considering the great
diversity of 1AV circulating in pigs currently and the widespread use of inactivated products
for immunization of pigs.

3.3. The way forward

Biological and computational methods to better understand and quantify the antigenic
evolution of influenza viruses, together with relevant correlates of protection, are greatly
needed to inform the decision-making process for vaccine strain selection. On the

vaccine front, several approaches are under development and have shown great promise
against swine influenza. Subunit and/or vectored (baculovirus- adenovirus-, plasmids-based)
vaccines targeting the HA, NA, and/or the more conserved M or NP proteins have

also demonstrated efficacy against IAV in swine (Braucher et al., 2012; Wesley and

Lager, 2006), and some have clinical or manufacturing advantages over WIV vaccines.
There is renewed interest in messenger RNA (MRNA)-based vaccines due to significant
improvements in methods and reagents to increase mRNA stability, delivery, and activity,
including TLR7-mediated effects (Petsch et al., 2012). mMRNA-based vaccines can be easily
delivered intramuscularly or intradermally where innate pattern-recognition receptors in
target dendritic cells take up the mRNA, synthesize the encoded product and stimulate
protective humoral and CD8+ responses. There are many advantages of mMRNA-based
vaccines over other recombinant approaches: it is non-replicating, is a fully defined genetic
vector with limited persistence and antigen expression, has no possibility for recombination,
and allows for precise control over pharmacokinetics and dosing, thus potentially reducing
the need for adjuvants. In addition, the production of mRNA vaccines is flexible and

highly scalable and, for influenza vaccines, it does not require growing virus in eggs.
Studies by Petsch, et. al., showed that naive pigs immunized with triple mRNA vaccine
formulation encoding HA, NA, and NP were protected from mild disease and vaccinated
pigs showed reduced virus titers after challenge (Petsch et al., 2012). Despite many potential
advantages, recombinant, DNA-based or RNA-based subunit vaccine strategies have to be
meticulously designed to contain contemporary antigens to increase antigenic coverage

of the circulating viral diversity. Furthermore, it remains to be determined whether these
alternative approaches can overcome VAERD as observed with currently licensed vaccines.

The concept of developing vaccines that induce broadly cross-protective and long lasting
immunity has been a focus for human 1AV research for many years (Cox et al., 2015). The
term “universal” vaccine was coined from this field of study. Universal vaccine platforms
include viral-like particles expressing multiple HA and NA subtypes, vectored peptides
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from highly conserved epitopes of HA or NA, as well as several strategies targeting the
more conserved HA2 stem or stalk (Wiersma et al., 2015). One stem-targeting approach

is to use sequential heterologous exposures to vaccine viruses with chimeric HA proteins
(Krammer et al., 2014; Nachbagauer et al., 2014). The HAL globular head containing the
highly variant portion of the mature HA is replaced by HA1 from an irrelevant subtype.
Each series of the chimeric vaccines contain the conserved HA2 stem from a relevant 1AV
strain to drive a more robust antibody response to the conserved HA2 stem. Although
antibodies induced from this platform are not neutralizing in the traditional sense, this
vaccine strategy can reduce viral shedding and transmission and prevent clinical disease
against heterosubtypic viruses with the conserved stem in laboratory animal models. In pigs,
however, one study revealed that anti-stalk antibodies generated by WIV were associated
with VAERD (Khurana et al., 2013). Thus, a universal influenza vaccine in pigs will need to
be carefully evaluated to avoid eliciting antibodies with detrimental features or outcomes.

Research in swine on LAIV has repeatedly demonstrated their general safety and superior
efficacy under experimental conditions that are more similar to those in field-settings

when directly compared to inactivated vaccines (Fig. 4) (Masic et al., 2009; Pena et

al., 2011; Richt et al., 2006; Solorzano et al., 2005; Vincent et al., 2007). Experimental

data demonstrated that attenuated vaccines are superior in their ability to overcome MDA
interference, protect against heterologous antigenically distinct viruses, as well as protect
against transmission of heterologous challenge viruses to naive contact pigs (Kappes et al.,
2012; Loving et al., 2013). More importantly, LAIVs have not been associated with VAERD
under experimental conditions. Three types of LAIV platforms have been tested in swine:
(1) a replication defective swine influenza virus carrying a HA gene segment encoding

a cleavage site recognized by elastase (eHA), instead of the natural amino acid sequence
recognized by trypsin-like proteases; (2) viruses based on various deletions of the viral NS1
ORF (ANSL1); and (3) a two-combination strategy with temperature sensitive amino acid
mutations in the PB2 and PB1 segments and addition of a HA tag at the C-terminus of PB1
(tsHAtag). Elastase is produced by neutrophils but is not typically released into the lumen
of the respiratory tract. Thus, the eHA LAIV virus displays limited replication in pigs.

Pigs vaccinated intratracheally with the eHA LAIV virus were protected after swine 1AV
challenge by showing reduced lung pathology and reduced virus titers. Likewise, LAIVS
based on either the ANS1 or the tsHAtag have been shown safe after intranasal delivery

and highly protective in various challenge studies. Both of these LAIV vaccines have shown
significant cross-protection after challenge with antigenically distinct viruses but within the
same subtype. In a side-by-side study, various commercially available WIV vaccines were
compared to the ANS1 and tsHAtag LAIVs in terms of protective efficacy against a cluster
IV H3N2 swine AV (Loving et al., 2013). In the same study, the capacity of transmission
of the challenge virus from vaccinated pigs to naive pigs was analyzed. Low levels of

virus shedding after challenge from vaccinated pigs were sufficient to initiate a round of
virus transmission among naive pigs. The only group showing sterilizing immunity, and
therefore no transmission to naive pigs, was vaccinated with the tsHAtag LAIV. Lack of cell
mediated responses in the WIV groups may explain their lower performance compared to
the LAIV groups. Greater antigenic differences between the ANS1 LAIV (cluster 1) and the
tsHAtg LAIV (cluster 1) compared to the challenge virus (cluster 1V) may have accounted
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for lack of sterilizing immunity in the former. This and other studies, however, revealed

that the caveat to the LAIV are the limitations of the HI assay in predicting protection or
cross-protection. Alternative, more refined, methods to measure protective responses using
LAIV are greatly needed. In our studies, LAIVs have consistently provided evidence of
higher IgA responses in lung lavages. From a more practical perspective, increase IgA levels
in pig serum is usually detected after LAIV; however, it remains to be established the levels
of 1gA that correlate with protection. In large swine production settings, intranasal delivery
of LAIVs is perhaps more cumbersome than intramuscular WIV administration.

The risk of reassortment of LAIVs with wild type swine strains is perhaps very low but

it cannot be overlooked. If LAIVs become mainstream for the prevention and control of
swine influenza in the field, it will require close monitoring as their misuse could create
more problems than they solve. Mixing of different vaccines from different sources is not
uncommon in the field. The rationale behind this type of practice is to increase the chances
of protection against disease while minimizing the number of times a pig needs to be
restrained or handled for immunizations. If, for example, a ANS1 LAIV vaccine were to be
mixed with a eHA LAIV or tsHAtag LAIV vaccine prior to administration to pigs, there is a
chance that a wild type swine IAV will be generated with gene segments derived from each
of unmodified gene segments in each LAIV vaccine. Such scenarios may lead to even more
diversity of swine 1AV strains or strains with increased zoonotic potential. Incorporation of
the HA segment into a wild type backbone is the most significant risk from animal and
public health perspectives. Thus, it would perhaps be advisable to consider the incorporation
of molecular markers in the HA segment that would reduce its fitness and capacity to
reassort and allow for easy detection and differentiation from wild type segments.

4. Conclusions

The key questions are how can we use current vaccines to improve the ability to control

AV in swine and what is on the horizon in the future? The first question requires going
back to basic epidemiology and disease control. Each farm needs to know the virus status
and immune profile at the pig level and in different age groups. Each pig production flow
needs to know the virus status and population immune profiles at farm and flow levels.
When do MDA wane and does hyper-immunizing sows with WIV negate the use of vaccine
in growing pigs? What are the consequences for AV evolution and emergence of novel
variants within the pig flow with this strategy? What are the consequences if our current sow
vaccination strategies were changed? What are the 1AVs circulating at the regional level, i.e.,
what 1AV do your neighbors and pig sources have? How are 1AV transmitted, transported,

or otherwise shared within pig production flows and between regions and farms? Once

these profiles are established, endemic and outbreak strains need to be matched to vaccines.
This requires knowledge at the genetic and antigenic levels for the strains contained in

the vaccines. Can different vaccination strategies be employed to increase effectiveness

by expanding the breadth or quality of immunity? Different vaccine application strategies
should be tested in swine to better understand the impact of heterologous prime-boost or

the effects of applying different vaccines at different timings based on immune profiles as
discussed above.

Vet Microbiol. Author manuscript; available in PMC 2021 November 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vincent et al.

Page 12

In the future, new vaccine platforms may be on the market soon that will provide

alternative options to those currently available. Nonetheless, an integrated multi-agency
approach is needed to improve 1AV vaccine strain selection for use in swine. The USDA
AV in swine surveillance system has reached a critical mass and is in a position to

provide input to national and regional vaccine strain selection, but surveillance alone does
not lead to better vaccines. Finer scale resolution of spatio-temporal trends in subtype,
genotype, and antigenic diversity will allow the identification of long-term patterns of
transmission and evolution. Representative viruses from predominant phylogenetic clusters
should be evaluated at an antigenic level for serologic cross-reactivity with anti-sera from
vaccinated swine. Additional swine antisera should be generated with AV that have

drifted antigenically or with newly added vaccine strains. /n7 vivo swine studies should be
conducted when field strains of 1AV with substantial changes have been identified or when
vaccine strains have been substantially changed. Following the human vaccine model, |1AV
backbones could be approved by the Center for Veterinary Biologics (CVB) to permit timely
update with new and relevant HA and NA for vaccine seed strains. These backbones should
exhibit high yield growth properties as well as attenuating mutations in the case of LAIV.
Companies may select viruses based on HA and NA sequences from the surveillance system
or from their own internal surveillance data for their customers. Viruses from the USDA 1AV
repository are readily available for this purpose.

Continued funding for surveillance and research, greater collaboration, and translation of
newer methodologies from human and other host species for use in swine are required in
order to improve control strategies to better mitigate the effects of continuous circulation of
diverse swine |AV. Greater transparency with farm and flow level meta-data to connect with
virus sequence data is needed to fully understand virus evolution and migration and build
upon the foundation established with the surveillance system thus far. Only then can vaccine
strains and platforms be better matched to meet the needs of the swine industry.
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Fig. 1.
Phylogeny of H1 and H3 influenza A virus hemagglutinin gene sequences from 2000 to

present. (A) The best-known tree generated using maximum likelihood methods of 4629
swine and representative human H1 gene sequences is shown: major genetic lineages are
labeled, and branch color represents continent of collection. The clade labeled HIN1pdm09
includes HA collected from 34 countries and all continents other than Antarctica. (B)

The best-known tree generated using maximum likelihood methods of 1782 swine and
representative human H3 gene sequences is shown: branch color represents continent of
collection. The geographic groups (data available upon request) include: North America
with data from Canada, Mexico, and USA,; Central and South America with data from
Argentina, Brazil, Chile, Colombia, Costa Rica, Guatemala, and Peru; Europe with data
from 12 countries; South Asia with data from Sri Lanka and India; East Asia with data from
China, Hong Kong, Japan, South Korea, and Taiwan; and Southeast Asia with data from
Singapore, Thailand, and Viet Nam. The trees were midpoint rooted for clarity, all branch
lengths are drawn to scale, and the scale bar indicates the number of nucleotide substitutions
per site. These analyses used the computational resources of the USDA-ARS computational
cluster Ceres on ARS SciNet (www.scinet.usda.ars.gov).
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Monitor genetic and antigenic evolution
Inform animal and public health stakeholders
Update diagnostic reagents and vaccines

Identify relevant strains for research

Develop intervention strategies

Fig. 2.
Structure of surveillance for influenza A virus (IAV) in swine. The foundation of a

surveillance system is diagnostic screening for presence of IAV. At each level, the number
of samples to test are reduced by screening and analyses to identify 1AV of interest, but

the level of complexity for each subsequent stage increases, allowing for fewer specialized
entities to contribute. The ultimate goals of an integrated and collaborative 1AV surveillance
network are to monitor and report genetic and antigenic evolution to inform animal and
public health sectors, update diagnostics and vaccines as needed, identify relevant strains for
further research, and to develop and implement improved intervention strategies.
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Evolutionary relationships of H1 (A, B) and H3 (C, D) influenza viruses circulating
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Antigenic dimension 3

in swine and humans inferred by Bayesian Multi-dimensional scaling (BMDS). Each
colored ball represents a single virus. Viruses are colored by lineage (A,C) and by
geography (B,D). Lines connecting each virus represent inferred phylogenetic relationships.

Distances for antigenic dimensions are measured in antigenic units (AU) and each unit
is equivalent to a two-fold dilution in HI assay data. Viruses close to one another are
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more antigenically similar than viruses further apart. Reprinted from Lewis et al., 2016;

doi:10.7554/eLife.12217.003.
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Fig. 4.

Vaccine platform and route of administration influence the resulting immune response.
Whole inactivated vaccines (WIV) are administered parenterally through intramuscular
routes whereas live attenuated influenza vaccines (LAIV) are typically delivered mucosally
through intranasal routes. Vectored or RNA vaccines may be delivered through either route.
The route of administration as well as the manner in which vaccine antigens are presented to
the immune system influences the resulting host immune response.
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