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ABSTRACT Two separate introductions of human seasonal N2 neuraminidase genes
were sustained in U.S. swine since 1998 (N2-98) and 2002 (N2-02). Herein, we charac-
terized the antigenic evolution of the N2 of swine influenza A virus (IAV) across 2
decades following each introduction. The N2-98 and N2-02 expanded in genetic di-
versity, with two statistically supported monophyletic clades within each lineage. To
assess antigenic drift in swine N2 following the human-to-swine spillover events, we
generated a panel of swine N2 antisera against representative N2 and quantified the
antigenic distance between wild-type viruses using enzyme-linked lectin assay and
antigenic cartography. The antigenic distance between swine and human N2 was
smallest between human N2 circulating at the time of each introduction and the ar-
chetypal swine N2. However, sustained circulation and evolution in swine of the two
N2 lineages resulted in significant antigenic drift, and the N2-98 and N2-02 swine N2
lineages were antigenically distinct. Although intralineage antigenic diversity was
observed, the magnitude of antigenic drift did not consistently correlate with the
observed genetic differences. These data represent the first quantification of the an-
tigenic diversity of neuraminidase of IAV in swine and demonstrated significant anti-
genic drift from contemporary human seasonal strains as well as antigenic variation
among N2 detected in swine. These data suggest that antigenic mismatch may
occur between circulating swine 1AV and vaccine strains. Consequently, consideration
of the diversity of N2 in swine IAV for vaccine selection may likely result in more
effective control and aid public health initiatives for pandemic preparedness.

IMPORTANCE Antibodies inhibiting the neuraminidase (NA) of 1AV reduce clinical dis-
ease, virus shedding, and transmission, particularly in the absence of neutralizing im-
munity against hemagglutinin. To understand antibody recognition of the genetically
diverse NA in U.S. swine IAV, we characterized the antigenic diversity of N2 from swine
and humans. N2 detected in swine IAV were derived from two distinct human-to-
swine spillovers that persisted, are antigenically distinct, and underwent antigenic drift.
These findings highlight the need for continued surveillance and vaccine development
in swine with increased focus on the NA. Additionally, human seasonal N2 isolated af-
ter 2005 were poorly inhibited by representative swine N2 antisera, suggesting a lack
of cross-reactive NA antibody-mediated immunity between contemporary swine and
human N2. Bidirectional transmission between humans and swine represents a One
Health challenge, and determining the correlates of immunity to emerging IAV strains
is critical to mitigating zoonotic and reverse-zoonotic transmission.
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he neuraminidase (NA) protein of influenza A virus (IAV) is a tetrameric, type Il integral

membrane protein that possesses sialidase activity (1-3). NA-mediated cleavage of si-
alic acid from glycosylated host cell proteins is required for the release of nascent virus
particles from the surface of infected cells, completing the virus replication cycle. In addi-
tion, NA-mediated cleavage of mucins and disruption of viral aggregates promotes the
initiation of infection (1, 4-6). Inhibition of the NA sialidase by antibodies or chemical
compounds can be an effective antiviral therapeutic strategy. NA inhibitors (i.e., oseltami-
vir, peramivir, and zanamivir) are approved antiviral drugs proven to reduce disease sever-
ity and duration if administered soon after the onset of symptoms (7-9). The NA is also a
target for the host adaptive immune response, and, similar to NA inhibitor drugs, NA-in-
hibiting (NAI) antibodies do not neutralize virus infection but can reduce the severity and
duration of influenza infection (10-12). Monoclonal NAI antibodies were shown to protect
mice from lethal influenza virus infection (13-15) in addition to displaying heterologous
cross-reactivity within subtypes (16, 17). In humans, NAI antibodies are induced following
infection and may provide broad immunity (18-20). Preexisting NAI antibodies can
reduce the severity of influenza epidemics and pandemics and demonstrate a back boost
against previously encountered historical antigens (21, 22). The NA, like the hemaggluti-
nin (HA), undergoes antigenic drift over time, reducing the effectiveness of preexisting
NA immunity (23, 24). These data have been used as rationale for increased attention to
the NA component in human vaccines as a means to enhance vaccine efficacy (25).

Both N1 and N2 subtypes are endemic in U.S. swine populations, with N1 represent-
ing approximately 35% of recent NA detections and the remaining 65% of detections
being N2. The classical N1 lineage is the predominant N1 isolated from U.S. swine (26,
27), along with consistent 2009 HIN1pdm N1 detection (28). Three N2 lineages cur-
rently cocirculate in U.S. swine and are the result of independent introductions of
human seasonal N2 to swine in 1998 (N2-98), 2002 (N2-02), and 2016, and these line-
ages circulate with H1 and H3 HA in swine (29-33). The majority of N2 detections in
passive surveillance are N2-02 lineage; the N2-98 lineage also has sustained detection
(26, 34), but the 2016 lineage is infrequently detected (34). Similar to humans, pigs pro-
duce broadly cross-reactive NAI antibodies to the N2 protein following IAV infection or
vaccination, though cross-reactivity did not extend between N2-98 and N2-02 lineages
(35). Vaccine-associated enhanced respiratory disease (VAERD) is aggravated pneumo-
nia in pigs manifested following a mismatch of HA in a whole-inactivated influenza
vaccine (WIV) and the HA of a challenge virus (36, 37). However, matching the NA in
the WIV, despite an HA mismatch, was shown to not only reduce IAV replication in the
lung but also abrogate pathology related to VAERD (38). The antigenic diversity of con-
temporary swine N2 and the breadth of N2 NAI cross-reactivity is currently unknown. A
more comprehensive understanding of the antigenic properties of NA in swine will
improve vaccine efficacy while eliminating negative effects associated with a mis-
matched HA vaccine component.

The recent decade has shown an increase in the detections of zoonotic infections
with 1AV from swine, designated “variant” to differentiate from seasonal human IAV
infections. From 2010 to 2018, 430 cases of variant H3N2, H3N2v, have been reported,
most of which were associated with attendance of agricultural fairs or swine exhibits
(39; https://www.cdc.gov/flu/weekly/fluviewinteractive.ntm). Studies have shown
some H3N2v to be capable of replication and transmission in ferrets, the gold-standard
animal model for IAV replication and transmission in humans (40, 41). Following the
introduction of H3N2 from humans in 1998, antigenic evolution of the H3 in swine
was evident and demonstrated significant distance from human seasonal H3 as well
(42—-44). The relevance to human risk was demonstrated when ferrets immunized with
human seasonal inactivated trivalent influenza vaccines (TIV) were shown to lack
protection from infection with a swine-origin H3N2v (45, 46). Despite the documented
antigenic evolution of the H3 from human and swine IAV, there were no reports char-
acterizing the antigenic evolution of the swine N2 or the antigenic relationships
between the N2 of human and swine IAV.
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FIG 1 Representative maximum-likelihood phylogeny of 250 swine and human N2 NA genes. The two
major N2 lineages in swine are the result of independent introductions of N2 from humans to swine and
are grouped by 1998 and 2002. Each lineage was divided into multiple statistically supported clades
(denoted A, B, 1, and 2) for which the branches have been colored. Selected reference and test antigens
are annotated by stars, and branches are colored cyan; human seasonal N2 NA genes are colored in gray.
The tree is rooted on the human seasonal N2 gene A/Port Chalmers/1/1973 (H3N2); all branch lengths are
drawn to scale, and the scale bar indicates the number of nucleotide substitutions per site. Multiple
antigens residing in closely located branches are denoted by text to the right of the star indicating the
number (n) of antigens in this area of the tree. The phylogeny with tip labels included is presented in the
supplemental materials and available at https://github.com/flu-crew/n2-characterization.

Here, we undertook the largest-scale antigenic characterization to date of the N2
lineages currently circulating in U.S. swine. Swine antisera were generated using
recombinant, targeted N2 antigens that were tested in enzyme-linked lectin assays
(ELLA) to measure NAI antibodies. Following the introduction of human seasonal
strains, the N2 lineages in swine IAV diversified, resulting in the emergence of multiple
clades of N2, increased antigenic distances between N2-98 and N2-02 lineages, and
drift from contemporary human N2. Our data demonstrate a high degree of antigenic
diversity in the N2 circulating in U.S. swine IAV and suggests vaccination efforts should
include matching the NA component in addition to the HA to increase efficacy.

RESULTS

Genetic diversity of N2 in swine. To understand the genetic evolution of N2 in
swine, we inferred a maximum-likelihood phylogeny of 3,329 N2 sequences collected
from 1998 to 2018 (Fig. 1). Major lineages in the phylogeny were derived from separate
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TABLE 1 Antigens used for N2 antisera generation (reference antigen) and to test N2 antigenic relationships (contemporary and human

antigens)

Antigen Abbreviation Subtype N2 clade Virus propagation Accession no.

Reference antigens
A/swine/Texas/4199-2/1998 TX/98 H3N2 98B MDCK CY095677
A/swine/Minnesota/02011/2008 MN/08 H1N2 98A.1 MDCK HM461804
A/swine/South Dakota/A01349341/2013 SD/13 H1N2 98A.2 MDCK KC844211
A/swine/Oklahoma/A01409770/2014 OK/14 H1N2 98B.2 MDCK KJ437590
A/turkey/Ohio/313053/2004 OH/04 H3N2 2002 MDCK EU735820
A/swine/Nebraska/A01492366/2014 NE/14 H1N2 02A.1 MDCK KJ549772
A/swine/New York/A01104005/2011 NY/11 H3N2 02A.2 MDCK JN940424
A/swine/Minnesota/A01678475/2016 MN/16 H3N2 02B.1 MDCK KY349114
A/swine/lowa/A01480656/2014 IA/14 H3N2 02B.2 MDCK KJ635930

Contemporary N2 antigens
A/swine/lllinois/A02216460/2017 IL/17 HT1N2 1998A.2 MDCK MF375250
A/swine/Indiana/A01894974/2016 IN/16 H1N2 1998B.1 MDCK KX255806
A/swine/lowa/A02217289/2017 1A/17 H1N2 1998B.2 MDCK MF455500
A/swine/lowa/A01778372/2016 1A/8372 H1N2 2002A.1 MDCK KX772386
A/swine/lowa/A01778106/2016 1A/8106 H3N2 2002A.2 MDCK KX761361
A/swine/lllinois/A01671610/2016 IL/16 H1N2 2002B.2 MDCK KY486460
A/swine/Oklahoma/A02157314/2018 OK/18 H1N2 2002B.1 MDCK-L MH259506
A/swine/North Carolina/A02156991/2018 NC/18 H3N2 2002B.1 MDCK MH201009

Human N2 antigens
A/Wuhan/359/1995 WU/95 H3N2 MDCK-L CY112823
A/Sydney/5/1997 SY/97 H3N2 MDCK-L AJ291403
A/Moscow/10/1999 MO/99 H3N2 MDCK-L AJ458267
A/Fujian/411/2002 FU/02 H3N2 MDCK-L CY088485
A/Wisconsin/67/2005 WI/05 H3N2 MDCK-L CY034118
A/Brisbane/10/2007 BR/07 H3N2 Egg CY035024
A/Perth/16/2009 PE/09 H3N2 Egg CY081429
A/Victoria/361/2011 VI/11 H3N2 MDCK KJ942681
A/Hong Kong/4801/2014 HK/14 H3N2 MDCK EPI578429

introductions of human seasonal N2 genes in 1998, 2002, and 2016. The 2016 N2 intro-
duction (47) has persisted but is infrequently detected in passive surveillance (48). The
1998 and 2002 lineages had two distinct bifurcations, denoted as 1998A, 1998B, 2002A,
and 2002B, that reflect strong statistical support and genetic divergence (33). Each clade
began to diverge relatively close to the root of the tree, with short internal branches rela-
tive to external branches, indicating rapid expansion of both 1998 and 2002 lineages fol-
lowing the initial human-to-swine spillover. Additional statistically supported monophy-
letic clades were also identified within each lineage and clade, and these genetic
divisions were denoted as “0.1” versus “0.2” (Fig. 1). The 2002 NA lineage had signifi-
cantly more detections over the period sampled than the 1998 NA lineage, with 2,835
sequences compared to 494 sequences, respectively. The major clades of the 2002 N2
lineage, 2002A and 2002B, are similarly sized, though the minor clades 2002A.2 and
2002B.2 are the most numerous, with 1,056 and 1,161 sequences, respectively. The
minor clade N2-1998B.2 was the predominant 1998 N2 clade within the lineage. We
selected representative N2 genes from the two major N2 lineages with an amino acid
sequence closest to clade consensus from each lineage and clade to generate recombi-
nant influenza viruses with a heterosubtypic HA (H9). The reverse-engineered HIN2 was
used to produce swine reference antisera for NAI assays and antigenic characterization
(Fig. 1; Table 1).

Alignment of the amino acid sequences of reference N2 proteins showed frequent
mutations within putative antigenic sites (Fig. S1 in the supplemental material).
Mutations were identified in known NA epitopes, and generally, these were associated
when comparing the 1998 to the 2002 lineage. However, there were mutations within
epitopes associated with the finer-scale genetic clade divisions, i.e.,, F149 in N2-98B.2
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FIG 2 Antigenic distance of reference swine N2. The NAI of swine N2 antisera against homologous, reference antigens was determined using the ELLA.
Antigenic cartography was used to chart the NAI data in three dimensions and calculate antigenic distances between antigens. (A) Antigenic map of N2
antigens shows a large antigenic distance exists between 1998 and 2002 lineages. (B) Graphical representation of antigenic distances between reference
antigens. Each antigen is listed on the x axis, and the distances to reference antigens of the 1998 lineage (bottom) and 2002 lineage (top) are represented

by colored dots. Bold line indicates an antigenic distance of 3 AU.

versus 1149 in N2-02A.1, T265 in N2-98A.2 versus V265 in N2-02B.1, V332 in N2-02A.2
versus L332 in N2-02B.1, and A435 in N2-98B.2 versus R435 in N2-02B.1, along with
mutations only occurring in a single reference antigen (E367 in N2-98A.1, 1370 in N2-
98A.2, and S346 in N2-98A.2).

Antigenic diversity of the N2 of IAV in swine. We hypothesized that the rapid
expansion and cocirculation of multiple genetic clades of N2 were mirrored as a highly
diverse antigenic landscape of N2 in swine. To assess whether genetic diversity impacted
the antigenic diversity of swine N2, antisera with specific NAI titers were generated
against a panel of recombinant influenza viruses carrying reference N2 genes and an
irrelevant H9 HA to avoid interference by anti-HA antibodies. Two pigs per antigen were
immunized twice with UV-inactivated recombinant HIN2 virus (256 HAU) combined
with a commercial adjuvant. The resulting reference sera with an irrelevant H9 HA were
then tested against wild-type H1N2 or H3N2 swine strains using an ELLA to detect NAI
antibodies, with subsequent quantification with antigenic cartography. These ELLA data
demonstrated there were minimal interlineage cross-reacting NAI antibodies between
N2-98 and N2-02 antigens (Table S1). The limited cross-reactivity was reflected in the an-
tigenic map as two linearly separable clusters of antigens grouped by N2-98 and N2-02
lineage (Fig. 2A). The calculated antigenic distance between N2-98 and N2-02 lineages
was >4 antigenic units (AU) (Fig. 2B). Reference antigens from the N2-98 lineage formed
an antigenic cluster, with all antigens being no more than 2.0 AU apart. The N2 antigens
selected to represent the clades within the N2-02 lineage exhibited increased antigenic
diversity compared to those within the N2-98 lineage. The N2-02B.2 (IA/14) reference
antigen was in an antigenic cluster with the 2002 archetypal antigen from A/turkey/
Ohio/313053/2004 (1.08 AU). The antigens of clades N2-02A.1 (NE/14) and N2-02A.2 (NY/
11) were 2.11 and 3.24 AU from the N2-02B.2-N2-02 cluster, respectively. The reference
antigens of the N2-02A clade, N2-02A.1 (NE/14) and N2-02A.2 (NY/11), were separated
by an antigenic distance of 3.31 AU. The N2-02B.1 (MN/16) reference antigen was >4 AU
from the N2-02 and N2-02B.2 (IA/14) cluster but was closest antigenically to the N2-
02A.2 (NY/11, 1.61 AU) reference antigen.

Antigenic drift of the N2 of IAV in swine. To assess the breadth of antigenic evolu-
tion within the N2-98 and N2-02 lineages, additional contemporary IAV antigens were
selected (Table 1) and tested against our panel of swine HIN2 antisera. The antigenic
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FIG 3 Antigenic distance of reference swine N2 to contemporary swine N2. (A) Antigenic map of N2 antigens shows a large antigenic distance exists
between N2-98 and N2-02 lineages. The NAI of swine N2 antisera against homologous, reference, and contemporary antigens was determined using the
ELLA. Antigenic cartography was used to chart the NAI data in three dimensions and calculate antigenic distances between antigens. (B) Graphical
representation of antigenic distances between reference and contemporary antigens. Contemporary antigens are listed on the x axis, and the distances to
reference antigens of the N2-98 lineage (bottom) and N2-02 lineage (top) are represented by colored dots. Bold line indicates an antigenic distance of
3 AU.

map incorporating contemporary swine N2 antigens remained in two separate clusters,
with each antigen placed within the cluster matching its genetic classification of N2-98
or N2-02 lineage (Fig. 3A). However, antigenic distances between these contemporary
N2 antigens varied within genetic clade (Fig. 3B), with evidence for expanding anti-
genic diversity within each swine N2 lineage.

Within the N2-98 lineage, the contemporary N2-98A.2 antigen, A/swine/lllinois/
A02246460/2017 (IL/17), was 4.66 AU from the N2-98A.2 reference antigen, A/swine/
South Dakota/A01349341/2013 (SD/13). This was the largest increase in antigenic dis-
tance between contemporary and reference antigens. The contemporary N2-98B.2
antigen, A/swine/lowa/A02217289/2017 (IA/17), was 2.47 AU from the reference anti-
gen, A/swine/Oklahoma/A01409770/2014 (OK/14). An antigen selected from the
emerging minor clade N2-98B.1, A/swine/Indiana/A01894974/2016 (IN/16), was antige-
nically distant from other N2-98B antigens and showed greater antigenic similarity to
antigens from the N2-98A.1 (A/swine/Minnesota/02011/2008, MN/08) and N2-98B.2 (A/
swine/Oklahoma/A01409770/2014, OK/14 and A/swine/lowa/A02217289/2017, 1A/17)
clades. Variation in putative antigenic sites in the N2-98 clades was mainly confined to
residues 249, 254, 258, 263, 329, 331, 346, 369, 400, 401, and 402 (Fig. S2). Of these, the
1254V, E258K, 1263N, and K369T amino acid changes appear to be the major amino
acid signatures associated with antigenic drift in the N2-98A.2 (SD/13 and IL/17)
subclade.

Within the N2-02 lineage, there was also considerable antigenic diversity within con-
temporary phylogenetic clades, but this was typically constrained to antigenic distances
of less than 3 AU. The antigenic distances between reference and contemporary anti-
gens within the minor clades N2-02A.1, N2-02A.2, and N2-02B.2 were 2.41 AU, 0.55 AU,
and 2.09 AU, respectively (Fig. 3B). The N2-02B.1 reference antigen, A/swine/Minnesota/
A01678475/2016 (MN/16), was antigenically closer to the N2-02A.2 reference NY/11
(1.61 AU), despite sharing a more recent common ancestor with the N2-02B.2 antigen
IA/14 (4.14 AU) (Fig. 1). Since the MN/16 antigen from the clade N2-02B.1 was an anti-
genic outlier, we tested two additional contemporary antigens, A/swine/Oklahoma/
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TABLE 2 Geometric mean of neuraminidase inhibition reciprocal titers of homologous, contemporary, and human N2

antigens against a swine reference antisera panel®
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Alswine/Oklahoma/A01409770/14 98B.2 80 80 160 40 80 80 640 640 | 20 20 80 40 80 40 80 20 20 20
Alturkey/Ohio/313053/04 02 <10 <10 <10 10 40 <10 <10 <10 | 320 640 160 160 160 80 40 40 640 80
Aswine/Nebraska/A01492366/14 02A.1 13 14 20 14 20 20 10 16 40 28 508 254 160 32 40 20 50 16
Alswine/New York/A01104005/11 02A.2 20 <10 <10 <10 <10 <10 <10 <10 | 80 40 160 160 1280 640 80 40 80 <10
Alswine/Minnesota/A01678475/2016 02B.1 20 20 10 20 13 20 <10 20 20 25 20 32 254 127 840 160 20 20
Alswine/lowa/A01480656/14 02B.2 <10 <10 <10 10 20 40 <10 <10 | 80 254 101 64 80 32 40 14 640 254
Contemporary Antigens
Alswine/lllinois/A02216460/2017 98A.2 10 13 80 20 127 101 16 32 10 10 10 10 10 10 40 10 <10 <10
Alswine/Indiana/A01894974/2016 98B.1 80 40 80 40 160 80 80 80 20 40 160 80 40 40 40 40 10 10
Alswine/lowa/A02217289/2017 98B.2 40 20 80 20 40 40 80 320 | <10 20 <10 20 40 20 40 10 10 <10
Alswine/lowa/A01778372/2016 02A.1 <10 <10 <10 <10 <10 20 <10 <10 | 20 <10 320 160 80 20 80 80 40 20
Aswine/lowa/A01778106/2016 02A.2 <10 <10 <10 <10 <10 <10 <10 <10 | 20 20 320 160 1280 640 80 40 20 40
Alswine/North Carolina/A02156991/2018 02B.1 40 20 10 20 80 40 10 20 | 640 1280 640 320 1280 640 640 320 1280 160
Alswine/Oklahoma/A02157314/2018 02B.1 <10 <10 <10 <10 <10 <10 <10 <10 | 10 10 10 10 20 20 640 80 10 <10
Alswine/lllinois/A01671610/2016 028.2 <10 <10 <10 10 20 40 <10 <10 | 80 254 101 64 80 32 40 14 640 254
Human Antigens
A/Wuhan/359/1995 50 40 80 80 127 101 50 80 40 40 64 32 40 25 113 40 50 10
A/Sydney/5/1997 20 <10 40 40 20 40 20 40 10 20 40 20 20 10 NT  NT 10 <10
A/Moscow/10/1999 25 28 13 25 40 32 20 32 101 80 127 64 101 40 113 113 64 10
AJFujian/411/2002 40 16 16 40 64 50 16 80 202 160 320 127 254 101 320 226 127 10
A/Wisconsin/67/2005 40 <10 <10 <10 20 20 <10 <10 40 40 80 20 40 10 NT NT 40 <10
ABrisbane/10/2007 <10 <10 <10 <10 <10 <10 <10 <10 <10 10 10 <10 <10 <10 NT NT <10 <10
AlPerth/16/2009 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 10 <10 <10
AlVictoria/36/2011 <10 <10 <10 <10 <10 <10 <10 <10 20 10 10 <10 <10 <10 80 80 10 <10
A/Hong Kong/4801/2014 10 <10 <10 <10 <10 <10 <10 <10 10 20 10 <10 <10 <10 20 40 20 <10

9HIN2 swine antisera (n = 2 pigs per antigen) were tested against wild-type H3N2 or HIN2 influenza A viruses in the enzyme-linked lectin assay.

The geometric means of the reciprocal 50% inhibition titers were extracted from merged antigenic cartography data, and homologous titers are

bold and underlined. Boxes indicate titers from same lineage (i.e., N2-98 or N2-02). NT, not tested.

A02157314/2018 (OK/18) and A/swine/North Carolina/A02156991/2018 (NC/18), in the
ELLA against our N2 antisera panel. These two antigens displayed discordance in anti-
genic distances to N2-02 reference antigens (Fig. 3A). The OK/18 antigen was antigeni-
cally closest to the N2-02B.1 reference antigen (MN/16, 1.9 AU), while the NC/18 antigen
was 3.4 AU from the MN/16 N2-02B.1 reference but was closer to the N2-02A.1 (NE/14,
1.9 AU), N2-02A.2 (NY/11, 2.7 AU), and N2-02B.2 (IA/14, 0.95 AU) reference antigens.
Amino acid changes in putative antigenic sites potentially affecting antigenic distance in
the N2-02 clades were located at 199, 263, 332, 344, 367, 369, 370, and 400 (Fig. S3). The
E381K amino acid change was present only in N2-02B proteins, but this change has not
been previously described as associated with any known antibody epitopes. When com-
paring contemporary N2-02B.1 clade antigens, there were amino acid changes at E199K,
K344E, and T369K.

The N2 of IAV in swine were antigenically distinct from the N2 of human IAV.
All N2 of IAV circulating in swine originated from human seasonal IAV. We tested repre-
sentative human N2 against our swine N2 antiserum panel to determine whether there
was cross-reactivity between our swine N2 against human N2 vaccine antigens. Low
reactivity was observed in ELLA NAI assays between the swine N2 antisera tested
against human vaccine N2 from strains isolated in the years between 1995 to 2014
(Table 2). Swine antisera against N2-98 lineage antigens retained some cross-reactivity
against A/Wuhan/359/1995 but had limited cross-reactivity against A/Sydney/5/1997,
A/Moscow/10/1999, and A/Fujian/411/2002. NAI titers of swine N2-02 lineage antisera
were highest against A/Fujian/411/2002 but had minimal cross-reactivity against
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FIG 4 Antigenic distance of reference swine N2 to the N2 from human seasonal vaccines. (A) Antigenic distance between swine and human N2 increased
over time. The NAI of swine N2 antisera against human seasonal N2 was determined using the ELLA. Antigenic cartography was used to chart the NAI data
and calculate antigenic distances. The antigenic map reflects the introduction of human N2 into the U.S. swine population in 1998 and 2002 by A/Wuhan/
359/1995-like and A/Fujian/411/2002-like viruses, respectively. (B) Graphical representation of antigenic distances between N2 of selected reference swine
and human seasonal vaccine strains. Each contemporary antigen is listed on the x axis, and the distances to reference antigens of the N2-98 lineage
(bottom) and N2-02 lineage (top) are represented by colored dots. Bold line indicates an antigenic distance of 3 AU.

A/Wisconsin/67/2005 and N2 from human seasonal strains isolated prior to 2002 (Table
S1). Both of the swine N2-98 and N2-02 lineage antisera showed little to no cross-reac-
tive titers against human seasonal N2 from strains isolated after 2007.

Antigenic cartography was used to visualize and quantify the antigenic distances
between human and swine reference antigens. The human N2 vaccine antigens geneti-
cally and temporally closest to the human seasonal N2 introductions into swine were
positioned nearest to the subsequent swine N2 lineage strains (Fig. 4A). A/Wuhan/359/
1995 mapped closer to the N2-98 swine antigens, whereas A/Fujian/411/2002 was closest
to N2-02 swine antigens. The most recent human N2 vaccine antigens demonstrated sig-
nificant antigenic distance to all swine N2 antigens (Fig. 4B). The pairwise antigenic dis-
tances of N2-98 antigens were closest to A/Wuhan/359/1995, and N2-02 antigens were
closest to A/Fujian/411/2002 (Fig. 4B) as predicted by the cross-NAl titers (Table S1). The
N2-98A.1 reference antigen, A/swine/Minnesota/02011/2008 (MN/08), had the smallest
antigenic distance to the progenitor human N2, 1.28 AU away from A/Wuhan/359/1995.
The remaining N2-98 lineage antigens were approximately 3 AU from the human N2 A/
Wuhan/359/1995. The distance from N2-02 lineage antigens to A/Wuhan/359/1995 was
consistently greater than 3 AU. Instead, the majority of swine N2-02 antigens were more
antigenically similar to A/Fujian/411/2002: the swine N2-02 antigen NE/14 was 1.9 AU
from this human strain, and all other antigens tested were no more than 3.5 AU away.
The greatest antigenic distances were between the swine N2 antigens and the most
recent human seasonal N2, A/Victoria/361/2011 and A/Hong Kong/4801/2014.

DISCUSSION

We present results detailing the existence of substantial antigenic diversity within
the established N2 NA genes circulating in U.S. swine. Following two distinct human-
to-swine spillovers, the N2-98 and N2-02 lineages have been established in swine and
antigenically evolved across the past 20 years. Using a representative panel of swine
antisera raised against HON2 viruses, we showed that high homologous titer N2
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antisera generated against the selected antigens of the N2-98 lineage did not inhibit
the sialidase activity of N2-02 lineage antigens and vice versa (35). The antigenic diver-
sity of the two circulating swine N2 lineages and statistically supported genetic clades
within each lineage was consistent with the high degree of genetic diversity found in
N2 of U.S. swine strains. Accordingly, we documented a number of amino acid muta-
tions across each clade in putative antigenic sites that were previously associated with
antibody escape mutants (24, 49-52) or antibody binding (53-55); specifically, substitu-
tions at amino acid positions 147, 199, 249, 329, 344, 346, and 370 were identified in
the swine N2 as previously reported in studies with N2 from human seasonal IAV.
Further, amino acids changes in residues adjacent to previously identified NA epitopes
were found in swine N2 at positions 263, 265, 331, 332, 367, 369, 400, 401, 402, and
435, In each case, these amino acid mutations were correlated with antigenic drift in
each N2 clade, suggesting clades that are rapidly expanding in genetic diversity were
also more antigenically diverse. Our data showed minimal inhibition of the N2 from
human seasonal IAV vaccines from 1995 to 2014 by swine N2 antisera. This corre-
sponded to antigenic distances of >3 AU between most of the contemporary N2 of
swine and human seasonal vaccine strains. The antigenic distance between swine and
human antigens increased over time: despite swine N2 NA being derived from human
seasonal N2, evolution in the swine host has resulted in little antigenic similarity. These
data suggest there to be little to no cross-reactive NA-mediated immunity in swine or
human populations to circulating N2 genes, and this may significantly impact the
occurrence of future spillovers in either pigs or humans. Together, these data represent
the most comprehensive antigenic analysis of the NA from IAV in swine and highlight
the necessity for increased focus on the NA in increasing vaccine efficacy and breadth
of protection.

Previous studies have shown vaccination and infection of pigs induced the produc-
tion of NAI antibodies (35, 38, 56). Serum NAI antibody titers from pigs vaccinated with
whole-inactivated influenza vaccines (WIV) or live-attenuated influenza vaccines (LAIV)
did not differ from those that were produced in response to natural infection, though
mucosal NAI antibodies were only expressed following administration of LAIV or infec-
tion. Sandbulte et al. (35) found that serum NAI antibodies generated against N2-98
cross-reacted with a drifted N2-98, but NAI titers against an N2-02 were not detected.
We expanded the swine N2-98 and N2-02 antigen and antisera panels to investigate
this pattern and determine the extent of antigenic diversity among contemporary
swine HIN2 and H3N2 strains. These data demonstrated that the antigenic distance
between N2-98 and N2-02 is substantial (>4.5 AU), suggesting a lack of cross-reactivity
between the 2 lineages. Mutations, including E199K/N, K221N, R/K331S/R, N336H/Y,
S372L, Q432E, and E/A435K/R, may be the primary drivers of the observed antigenic
distance between N2-98 and N2-02 lineages. Importantly, Rajao et al. (38) showed that
matching the NA between vaccine and challenge strains can negate the manifestation
of VAERD. Thus, in order to increase vaccine efficacy and to reduce the potential for
negative impacts of mismatched vaccines, N2 lineage should be considered when
selecting vaccine strains for swine.

Epitope mapping and identification of major antigenic residues are essential to
understanding inhibition of NA activity by antibodies and how it pertains to antigenic
differences. Previous studies found four major epitopes exist in the N2 NA of human
IAV, though antibody binding to only two inhibits NA sialidase activity (57). A major
epitope in the N2 of human IAV, the Mem5 epitope, was mapped to four loops of the
NA, 146 to 157, 195 to 202, 216 to 231, and 243 to 251 (52, 53). Additional mapping
studies have implicated residues at positions 328 to 370 and 381 to 403 in antibody
binding (50, 58). Analysis of the amino acid sequence of reference and contemporary
N2 of U.S. swine IAV revealed high levels of sequence variation located in the putative
epitopes extrapolated from N2 of human IAV, suggesting the molecular determinants
of N2 antibody binding in swine are located in these regions. Mutations potentially
driving the observed antigenic drift of the N2-98 were identified at positions 249, 329,
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331, 346, 369, 400, 401, and 402, though the contribution and impact of individual
mutations to antigenic drift remain unknown. There were other potential lineage-
defining mutations occurring at positions 432 and 436. Mutations in the N2-02 lineage
potentially contributing to antigenic drift included 147, 199, 263, 265, 329, 332, 344,
367, 369, 370, 400, 402, and 435. Additional studies using antibody escape mutants will
be crucial in identifying which of these amino acids are central to antibody binding
and whether single or combinations of mutations are responsible for driving antigenic
diversity.

Over the past decade, variant influenza cases have been detected as sporadic clus-
ters of infections associated with agricultural fairs (39, 40, 59). Human H3N2v cases
were more prevalent in young children with exposure to infected swine (60, 61), which
correlated with a lack of preexisting neutralizing antibodies against variant virus (62,
63). Characterization of multiple lineages of variant IAV found no barriers to infection
using in vitro and naive in vivo models of human infection or replication (40, 41, 64).
Previous studies in ferrets with a mismatched seasonal IAV showed that prior infection,
which was correlated with increased mucosal immunity but not vaccination, reduced
transmission to contact ferrets (45). These studies did not assess NAI titers, although
NAI titers have been shown to be a correlate of protection against emerging viruses
(20). The data presented here showed minimal inhibition of human N2 with swine N2
antisera in the ELLA assay. Analysis by antigenic cartography found dramatic antigenic
distances between swine and human N2, and this distance increased over time follow-
ing the initial establishment of each N2 lineage in the swine population. It is plausible
that a reduction in NA-mediated immunity due to the increase in antigenic distance
between swine and human N2, particularly since the mid-2000s, may increase the risk
of variant infections in humans. Additional analysis of NAI antibody activity against
swine N2 antigens in human population sera, as well as antisera generated in ferrets, is
necessary to fully understand the potential role of NA immunity for predicting and mit-
igating risk at the human and swine IAV interface. However, these data support future
consideration of NA-mediated immunity in pandemic preparedness vaccine strain
selection to protect against variant influenza viruses is warranted.

Vaccination is the most effective countermeasure against infection with influenza
virus in both swine and humans. Vaccine formulation is predominantly based on the
antigenic properties of currently circulating HA proteins, particularly HAI antibodies
(65). Recently, increased attention on the NA content has been suggested as a means
to improve vaccine efficacy (66, 67), but this requires a more comprehensive under-
standing of the antigenic properties of NA from swine IAV to improve swine vaccines.
The scope of the antigenic diversity shown here in the contemporary N2 NA in swine
presents an opportunity for improved vaccine strain selection for swine. Functional
studies, aimed at elucidating the effects of N2 antigenic distance on protection from
IAV infection, disease, and transmission, are necessary to better inform vaccine strain
selection.

MATERIALS AND METHODS

Sequence and phylogenetic analysis. All available swine 1AV NA-N2 sequences from HIN2 and
H3N2 subtypes were downloaded from the Influenza Research Database (68) on 24 October 2018. To
restrict to wild-type field viruses, we excluded data with “lab” or “laboratory” in the host record. As our
goal was to describe genetic diversity in circulating swine NA N2 genes, strains that reflected single-out-
break events collected as part of active surveillance at agricultural fairs were removed from analyses (57).
These data were compiled with a temporally matched set of N2 genes from the World Health
Organization (WHO)-recommended human seasonal vaccine sequences. The sequences were aligned with
default settings in MAFFT v7.294 (69), and sequences with 100% identity, those that were missing more
than 50% of the gene, or those with more than 5 nucleotide base ambiguities were removed. A maxi-
mum-likelihood phylogeny for the alignment was inferred, following automatic model selection, using 1Q-
TREE v2 (70, 71). Monophyletic clades were identified using statistical support (Shimodaira-Hasegawa ap-
proximate likelihood-ratio test [SH-aLRT] > 90; ultrafast bootstrap > 70) and detection frequency (a mini-
mum of 10 N2 genes from multiple locations across years). From each monophyletic clade, we deduced
amino acids for the N2 gene, aligned the data using MAFFT v7.294 (69), and generated a clade consensus
sequence using python code in the flutile package (https://github.com/flu-crew/flutile). We subsequently
identified the best-matched field strain to the clade consensus sequence, and this strain was used in the
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construction of reverse genetics (rg)-engineered HON2 viruses (Table 1). For visualization purposes, we
downsampled the inferred maximum-likelihood tree using smot (https://github.com/flu-crew/smot): we
implemented paraphyletic sampling, where monophyletic trees were identified within each named
genetic clade, and a random selection within each clade were identified with the scale factor set to 0.5
(excluding human seasonal N2 and swine antigen genes) and maintained for presentation in Fig. 1 with all
data and trees archived at https://github.com/flu-crew/n2-characterization.

Viruses. All swine influenza viruses were obtained from the USDA influenza A virus in swine surveil-
lance system virus repository held at the National Veterinary Service Laboratories, USDA-APHIS. Viruses
used as antigens or for generation of antiserum are listed in Table 1. All but three NA sequences from
the clade consensus were generated by custom DNA synthesis (GenScript, Piscataway, NJ) and cloned
into reverse genetics plasmids. NA from A/swine/Minnesota/02011/2008, A/swine/Nebraska/A01492366/
2014, and A/swine/New York/A01104005/2011 were directly amplified from viral RNA and used for virus
rescue using a PCR-based reverse-genetics strategy as previously described (72). To avoid interference
from antibodies to H1 or H3 HA, all recombinant influenza viruses (rgH9N2) used for swine antiserum
production were generated by pairing the respective NA gene with the H9 HA from A/guinea fowl/Hong
Kong/WF10/99 (H9N2) on an attenuated internal gene cassette from A/turkey/Ohio/313053/2004
(H3N2) (OH/04 att) (73). All NA genes were sequenced before and after rescue and matched with the
expected consensus sequence. Recombinant HIN2 and wild-type swine and human influenza viruses
were propagated on MDCK or MDCK-London monolayers in Opti-MEM (Life Technologies, Waltham, MA,
USA) supplemented with antibiotic/antimycotics and 1 wg/ml tosylsulfonyl phenylalanyl chloromethyl
ketone (TPCK)-trypsin (Worthington Biochemical Corp., Lakewood, NJ, USA). All virus work was per-
formed in a biosafety level 2 laboratory in accordance with USDA NADC institutional biosafety protocols.

Swine antiserum production. Three-week-old pigs were obtained from a herd free of IAV and por-
cine reproductive and respiratory syndrome virus and housed in a biosafety level 2 containment facility
in compliance with the USDA NADC Institutional Animal Care and Use Committee. Two pigs per virus
received an intramuscular immunization comprised of 2 ml of 128 HAU UV-inactivated, rgH9N2 virus in
20% Emulsigen-D adjuvant (MVP Laboratories, Omaha, NE, USA). Two weeks postvaccination, pigs were
boosted with an identical dose of whole inactivated virus vaccine. Two weeks postboost, serum hemag-
glutination inhibition (HI) titers were assessed and confirmed to be greater than 160 HAU. Pigs were
then humanely euthanized for blood collection. Whole blood was allowed to coagulate at 4°C overnight,
and serum was collected via centrifugation at 2,000 rpm for 20 min.

Enzyme-linked lectin assay. An enzyme-linked lectin assay (ELLA) was used to assess neuramini-
dase-inhibiting antibodies as previously described (74-76) with minor variations. As recombinant HON2
viruses were used to generate antisera specific for swine N2 of interest, they could not be used as anti-
gens in the ELLA, and thus, we used wild-type swine or human IAV (H1N2 or H3N2) as antigens for ELLA
experiments. Briefly, 2-fold serial dilutions of HON2 antisera were incubated with wild-type HIN2 or
H3N2 IAV on fetuin-coated plates for 18 to 20 h at 37°C. Following incubation, plates were washed with
PBS-Tween, incubated with horseradish peroxidase (HRP)-conjugated peanut agglutinin (Sigma-Aldrich,
St. Louis, MO), and detected with TMB substrate (KPL Laboratories, Gaithersburg, MD). Plates were read
at 650 nm and optical density at 650 nm (ODj,,) values were used to calculate the percent inhibition.
The inverse of the highest serum dilution that showed a 50% inhibition of NA activity was considered
the NA inhibition (NI) titer.

Antigenic cartography. Three-dimensional antigenic maps were created from NI data (Table S1 in
the supplemental material) using antigenic cartography as previously described (42, 77, 78). Spheres
represent NA antigens and are color-coded by genetic lineage. The spheres representing each antigen
were made to be equal size for ease of viewing, so antigens in the map may appear closer than the cal-
culated distance due to the maps being in three dimensions, and a still image was taken from the rota-
tion best displaying all antigens. Pairwise antigenic distances were extracted and graphed using the
ggplot2 package within the R programming language (79).

Data availability. All sequence data are publicly available in NCBI GenBank or GISAID with accession
numbers provided in Table 1. Data and tree files used in analyses are archived at https://github.com/flu
-crew/n2-characterization.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 8.5 MB.
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