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ABSTRACT In 2017, the lowa State University Veterinary Diagnostic Laboratory detected
a reverse-zoonotic transmission of a human seasonal H3 influenza A virus into swine
(IAV-S) in Oklahoma. Pairwise comparison between the recently characterized human
seasonal H3 IAV-S (H3.2010.2) hemagglutinin (HA) sequences detected in swine and
the most similar 2016-2017 human seasonal H3 revealed 99.9% nucleotide identity.
To elucidate the origin of H3.2010.2 IAV-S, 45 HA and 27 neuraminidase (NA) sequen-
ces from 2017 to 2020 as well as 11 whole-genome sequences (WGS) were genetically
characterized. Time to most recent common human ancestor was estimated between
August and September 2016. The N2 NA was of human origin in all but one strain
from diagnostic submissions with NA sequences, and the internal gene segments from
WGS consisted of matrix genes originating from the 2009 pandemic H1N1 and
another 5 internal genes of triple reassortant swine origin (TTTTPT). Pigs experimen-
tally infected with H3.2010.2 demonstrated efficient nasal shedding and replication in
the lungs, mild pneumonia, and minimal microscopic lung lesions and transmitted the
virus to indirect contact swine. Antigenically, H3.2010.2 viruses were closer to a human
seasonal vaccine strain, A/Hong Kong/4801/2014, than to the H3.2010.1 human sea-
sonal H3 viruses detected in swine in 2012. This was the second sustained transmis-
sion of a human seasonal IAV into swine from the 2010 decade after H3.2010.1.
Monitoring the spillover and detection of novel 1AV from humans to swine may help
vaccine antigen selection and could impact pandemic preparedness.

IMPORTANCE H3.2010.2 is a new phylogenetic clade of H3N2 circulating in swine
that became established after the spillover of a human seasonal H3N2 from the
2016-2017 influenza season. The novel H3.2010.2 transmitted and adapted to the
swine host and demonstrated reassortment with internal genes from strains endemic
to pigs, but it maintained human-like HA and NA. It is genetically and antigenically
distinct from the H3.2010.1 H3N2 introduced earlier in the 2010 decade. Human sea-
sonal IAV spillovers into swine become established in the population through adap-
tation and sustained transmission and contribute to the genetic and antigenic diver-
sity of IAV circulating in swine. Continued IAV surveillance is necessary to detect
emergence of novel strains in swine and assist with vaccine antigen selection to
improve the ability to prevent respiratory disease in swine as well as the risk of zoo-
notic transmission.

KEYWORDS influenza A virus, H3N2, human-to-swine spillover, reverse zoonosis,
swine, H3.2010.2

nfluenza A virus (IAV) is a rapidly evolving, segmented, RNA virus endemic to swine
(IAV-S) that undergoes genetic change due to polymerase error and reassortment,
and it poses a threat to both human and animal health (1-3). Epithelial cells lining the
swine respiratory tract express a2,6- and «2,3-Gal-linked sialic acid on their cell surface
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that may make them vulnerable to IAV infections from other species. Swine infected
with human- or avian-origin IAV can generate viruses with unique combinations of sur-
face and internal genes, allowing pigs to be potential mixing vessels for the generation
of novel viruses that may contribute to IAV genetic diversity (4).

Influenza viruses capable of interspecies transmission have caused pandemics in
the past, such as the 1918 Spanish flu, which later became the origin of the classical H1
lineage in swine (5). The 1990 decade marked the spillover of human seasonal H3N2
IAV into North American swine generating novel viruses with the triple reassortant in-
ternal gene constellation (TRIG), which caused a dramatic change in the genetic ecol-
ogy of IAV circulating in swine (6). Since the 2009 HIN1 pandemic (H1pdm09),
increased surveillance efforts have identified additional spillover events where H1 and
H3 viruses transmitted from humans to swine have become established in the pig pop-
ulation and impacted the genetic diversity of IAV in swine globally (6-10). The trans-
mission of human seasonal H3N2 and pre-2009 H1N1 viruses into swine have been fol-
lowed by adaptation that includes changes in glycosylation sites in the hemagglutinin
(HA) gene, amino acid substitutions, and reassortment with IAV endemic to pigs (11).
In contrast, H1pdm09 transmitted from human to swine more frequently maintains the
original internal gene segments of H1pdm09, with limited adaptive changes required
for infection and potential sustained transmission in swine, and has been involved in
yearly human-to-swine transmission and outbreaks of clinical disease in pigs (8, 10, 12,
13). These events highlight the need to monitor the evolution of IAV in pigs to better
prepare for potential human pandemics that could involve swine-lineage 1AV (8).

Currently, three IAV subtypes, HIN1, HIN2, and H3N2, cocirculate in U.S. swine.
Although IAV can transmit from swine to humans, spillovers of virus from humans to
swine is common (3, 10). At least 20 introductions of human seasonal IAV into swine, 13
of them H3N2, were identified between 1965 and 2013, although most did not become
endemic (9). The most recent successful human-to-swine spillover with sustained trans-
mission in pigs was a human seasonal H3 that was detected in 2011 (13). This IAV was
designated the H3.2010.1 clade in swine (14). Since 2016, H3.2010.1 became a predomi-
nant H3 genetic clade detected at the lowa State University Veterinary Diagnostic
Laboratory (ISU VDL) and in 2020 accounted for approximately 39% of the H3 HA
sequences (15). In 2020, six H3 phylogenetic clades, H3.1990.4 (cluster IV, or C-IV),
H3.1990.4A (C-IVA), H3.1990.4B (C-IVB), H3.2010.1, H3.1990.1 (cluster I, or C-l), and the
newly designated H3.2010.2, described here, cocirculated in U.S. swine (15).

H3.2010.2, the most recent human-to-swine H3 spillover with sustained transmis-
sion in the United States, was detected in 2016 and is the second human seasonal H3
to become established in swine in that decade. The H3.2010.2 clade was detected in
approximately 3.4% of H3 IAV sequences generated at the ISU VDL from 2017 to 2020
(15). The aim of the current study was to genetically and antigenically characterize the
novel H3.2010.2 and evaluate its pathogenesis and transmission in swine.

RESULT

Case history. From January 2017 to December 2020, 45/1,362 H3 HA sequences
were identified that did not belong to known phylogenetic clades circulating in U.S.
swine, although their consistent detection suggested sustained transmission in swine
(16). These 45 uncharacterized H3 HA from the ISU VDL were subjected to NCBI BLAST,
which revealed these HA were 99.9% similar to the closest matching H3 HA from the
2016-2017 human influenza season (A/Indiana/23/2017; GenBank accession no.
CY234634.1). Spatial dissemination of the 45 ISU VDL human-like H3 HA across the cen-
tral U.S. included 17 from Indiana, 10 from Oklahoma, 9 from lowa, 5 from lllinois, and
4 from Ohio. Due to the continuation of detections over multiple years and evidence
of regional spread, the HA genes were designated H3.2010.2 as the second sustained
H3 introduction of the 2010 decade.

The 45 H3.2010.2 sequences were associated with accessions submitted to the ISU
VDL for diagnostic purposes that represented at least 6 different production systems
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and 19 sites originating from the 5 states. There were 13 accessions with H3.2010.2 HA
sequences detected exclusively through ISU VDL submissions to the anonymous USDA
IAV surveillance system in swine that provides only the date of collection, specimen
type, and state of detection. The pig age or stage of production was represented by 8
accessions from breeding/farrowing operations, 2 from replacement stock, 14 from
nursery, and 6 from grow-finish, and 2 accessions did not specify a stage of production
on the submission form. Three accessions demonstrated mixed infections with H1 IAV,
and one accession detected an H3 HA with an N1 and N2 NA.

Clinical epidemiology data. Among the 45 ISU VDL accessions containing H3.2010.2
HA sequences, 17 accessions were submitted for routine monitoring and requested only
quantitative reverse transcriptase real-time PCR (qRT-PCR) screening, subtyping, and HA
sequencing without providing clinical epidemiology data beyond the production system,
site, state, sample type, and stage of production. Clinical signs of respiratory disease
(coughing) were reported in 11 accessions in addition to variable reports of lethargy and
wasting. Pneumonic lesions were reported by the submitter in 8 accessions and included
lung consolidation, suggestive of influenza, and 1 of the 8 accessions also reported pleuri-
tis, suggesting secondary bacteria. There were 8 accessions reporting necrotizing bron-
chiolitis consistent with IAV-S microscopic lesions. Some coinfections were identified by
qRT-PCR, including 2 accessions that detected porcine reproductive and respiratory syn-
drome virus (PRRSV) and 1 accession that detected Mycoplasma hyorhinis by qPCR.
Routine culture detected secondary bacteria in 10 accessions, including single or coinfec-
tions of Streptococcus suis, Glaesserella parasuis, Actinobacillus suis, Pasteurella multocida
type D, and Bordetella bronchiseptica.

Genetic characterization. A maximum likelihood (ML) analysis was conducted with
the 45 ISU VDL H3.2010.2 HA sequences (see Table S1 in the supplemental material)
and the following HA sequences that were randomly sampled from the Influenza
Research Database (IRD): 10 H3.2010.2, 35 cluster | (C-1), 248 C-IV (11 C-IV, 199 C-IVA, 37
C-IVB, and 1 C-IVE), and 575 H3.2010.1 (Fig. STA). For the NA maximum likelihood phy-
logenetic analysis, 27 ISU VDL N2 NA and 33 2016, 22 1998, 6 1998B, 209 2002A, and
579 2002B from the IRD were used (Fig. S1B). The 55 IAV H3.2010.2 HA sequences clus-
tered together in a monophyletic clade with a common ancestor from the human sea-
sonal H3 HA sequences (Fig. STA). Time-scaled Bayesian phylogenetic trees of the
H3.2010.2 HA and NA genes were reconstructed for swine to estimate the time to the
most recent human seasonal H3 ancestor (Fig. 1). All 55 H3.2010.2 HA sequences
shared a common ancestor with human seasonal H3 IAV and formed a separate, statis-
tically supported clade (Fig. 1A). The maximum clade credibility phylogenetic tree
revealed the time of the H3.2010.2 spillover from humans to swine was approximately
August to September 2016 (2016.53 to 2016.85, 95% highest posterior density [HPD]).
The current phylogenetic tree reflects only one independent human-to-swine H3N2
introduction of H3.2010.2 without evidence of additional spillover events. The HA nu-
cleotide diversity within the H3.2010.2 clade averaged 1%, and between-clade diver-
gences were 3% with human seasonal strains, 7% with H3.2010.1 in swine, and up to
15% with swine C-IV, C-IVA, and C-IVB (Table 1). The within- and between-clade per-
cent identity warranted the 2010.2 clade designation for swine H3 nomenclature.
Average amino acid differences between the H3.2010.1 and H3.2010.2 HA chosen for
antigenic analysis were 11% (Table S2 to S4).

The 11 HA sequences generated from MiSeq whole-genome sequencing (WGS)
were consistent with single HA gene Sanger sequencing results. The H3.2010.2 WGS
data demonstrated the NA genes were closely related to 2016 human seasonal H3N2,
the PB2, PB1, PA, NP, and NS genes originated from the triple reassortant internal gene
constellation (TRIG), and the M genes originated from the H1pdm09 lineage (see Fig.
S2 to S7 at 10.6084/m9.figshare.16934590). The time of the 2016 human seasonal NA
introduction in swine matched the H3 HA, which was approximately August to
September 2016 (2016.53 to 2016.85, 95% HPD) (Fig. 1B). Phylogenies inferred for indi-
vidual internal gene segments (see Fig. S2 to S7 at 10.6084/m9.figshare.16934590) sug-
gested reassortment of the human seasonal H3N2 with IAV endemic to swine where
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FIG 1 Time scaled phylogenies demonstrating time of spillover of human seasonal H3N2 virus into swine. (A) Bayesian phylogenetic tree of the H3.2010.2
HA, including human seasonal H3 HA sequences. (B) Bayesian phylogenetic tree of the H3.2010.2 N2 NA, including human seasonal N2 NA sequences.
Human H3-HA and N2-NA data are colored gray, swine data (H3.2010.1) are colored black, and H3. 2010.2 data are colored blue. The asterisk indicates the

spillover event from humans to swine.

the virus acquired HA and NA from human seasonal IAV and internal genes from IAV-S.
One WGS was identified to have acquired N2-NA of 2002B swine lineage. Phylogenies
suggest a single introduction of the virus followed by reassortment events.

Antigenic characterization and glycosylation pattern. Six amino acid positions
(145, 155, 156, 158, 159, and 189; H3 numbering) in the globular head region of the he-
magglutinin gene (HA1 domain) are known to play an important role in defining the
antigenic phenotype of IAV-S (17). These six positions collectively are referred to as the
antigenic motif. There were two predominant antigenic motifs, STHNYK and STHNYN,
detected in the majority of H3.2010.2 ISU VDL HA sequences from 2017 to 2020. The
STHNYK motif was predominant in H3.2010.2 in 2017, which was also the antigenic motif
identified in 2016-2017 human seasonal H3 sequences, and most of the H3.2010.2
sequences demonstrating the STHNYK antigenic motif detected in 2017 were from
Oklahoma. Subsequently, an STHNYN motif became predominant after 2017.

An antigenic map was generated to visualize antigenic relationships between repre-
sentative swine H3N2 strains of the H3.2010.2 lineage, the H3.2010.1 lineage (Table S2),
and human seasonal H3N2 vaccine strains using hemagglutination inhibition (HI) data
(Fig. 2A) (Table S5). The H3.2010.2 swine viruses retained closer antigenic similarity to

TABLE 1 Estimates of evolutionary divergence over sequence pairs of swine and human H3 HA within and between phylogenetic clades®

Between clades (%)

H3 clade Within clade (%) C-lv C-IVA C-lvB 3.2010.1 3.2010.2
C-Iv 8.3(2.0-12.0)

C-IVA 3.0 (0.0-7.0) 9.6 (8.4-12.0)

C-IVB 5.2(0.3-10.1) 9.8 (9.0-12.0) 9.0 (8.0-11.0)

3.2010.1 2.0 (0.0-5.0) 15.0 (14.0-17.0) 14.4 (13.0-17.0) 14.7 (13.0-17.0)

3.2010.2 0.9 (0.0-2.3) 15.0 (14.0-16.0) 14.6 (13.5-16.0) 14.9 (14.0-16.0) 7.1 (6.0-9.0)

Hu seasonal® 2.0 (0.0-4.0) 14.6 (13.0-16.0) 14.4 (13.0-16.0) 14.4 (13.0-16.0) 6.6 (5.0-8.0) 2.5(0.2-5.0)

aRanges of divergence between sequences are shown in parentheses.
bHu seasonal, human seasonal IAV from years 2016 to 2020.
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FIG 2 Antigenic relationships between swine H3.2010.1 and H3.2010.2 lineages and human seasonal H3N2 vaccine strains. (A) Three-dimensional antigenic
map of H3.2010 lineages and human seasonal H3N2 vaccine strains. Spheres represent each antigen in the map colored by lineage: H3.2010.1 (purple),
H3.2010.2 (blue), and human seasonal H3N2 vaccine strains (gray). Numbers in the map indicate strain name with antigenic motif in parentheses in the
legend. Each square of the background grid in the map corresponds to 1 antigenic unit (AU), which represents a 2-fold loss in HI cross-reactivity. (B)
Antigenic distances of swine H3.2010.1 and H3.2010.2 lineages from recent human seasonal H3N2 vaccine strains. The antigenic distance is reported in

antigenic units (AU).

human seasonal H3N2 than the H3.2010.1 swine viruses. A/swine/Oklahoma/A02218157/
2017 (OK/17; GenBank accession no. MF471685), representing H3.2010.2 with an
STHNYK motif, demonstrated the closest antigenic relationship (1.0 antigen unit [AU]) to
the human seasonal H3N2 vaccine strain A/Perth/16/2009, whereas A/swine/Indiana/
A02430356/2019 (IN/19; GenBank accession no. MK640458), representing H3.2010.2 with
an STHNYN motif, demonstrated the closest antigenic relationship (1.0 AU) to a genetically
similar human seasonal H3N2 vaccine strain, A/Hong Kong/4801/2014 (Fig. 2B, Table S5).

A heat map with antigenic distances was generated to demonstrate the antigenic
diversity between H3.2010.1 and H3.2010.2 swine lineages (Fig. 3). The representative
strains within the H3.2010.2 lineage, OK/17 (STHNYK) and IN/19 (STHNYN), were antige-
nically similar, within 1.3 AU from each other. In contrast, both H3.2010.2 strains were
at minimum 2.9 AU away from representative strains of the H3.2010.1 lineage
(Table S3), indicating the swine strains represented from clade H3.2010.2 formed a sep-
arate antigenic cluster from H3.2010.1. Fourteen amino acid positions were predicted
as putative N-glycosylated sites in the initial H3.2010.2 clade HA peptides. From late
2017 through 2020, there was a complete loss of one putative N-glycosylation site at
amino acid position 133 (H3 numbering).

Pathogenesis and transmission study. Pigs were challenged with IN/19, repre-
senting the H3.2010.2 swine strains from 2018 to 2019, to evaluate pathogenesis and
transmission. At 5 days postinfection (dpi), challenged pigs demonstrated mild macro-
scopic lung lesions typical of IAV infection, with a group average of 6% lung consolida-
tion (Table 2). The magnitude of microscopic lung lesion scores (average score, 4.6)
were consistent with the macroscopic lesions (Table 2), and microscopic trachea lesion
scores were consistent with IAV infection (average score, 2.6) (Table 2). The IN/19 strain
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FIG 3 Heat map of antigenic diversity based on the pairwise antigenic distances between swine H3.2010.1 and H3.2010.2 lineages. The antigenic distances

are in antigenic units (AU), where 1 AU represents a 2-fold loss in HI cross-reactivity.

replicated at high titers in the lungs (average, 6.2 log,, 50% tissue culture infectious
dose [TCIDs,/ml]) in inoculated pigs, and virus shedding was detected in nasal swabs
from 1 to 5 dpi (Table 3). Indirect virus transmission to contact pigs was detected by
5 days postcontact (dpc), albeit with low nasal titers, and was confirmed by serocon-
version of all contact pigs at 14 dpc (Table 4).

DISCUSSION

In the current study, we described the successful incursion and sustained transmis-
sion of a second human seasonal H3 IAV into the U.S. swine population in the 2010
decade following the introduction of the H3.2010.1 HA clade. Pairwise comparison

TABLE 2 Macroscopic and microscopic lung lesions from pigs challenged with H3.2010.2
A/swine/Indiana/A02430356/2019¢

Lung lesions Trachea lesions
Group Macroscopic (%) Microscopic (0-22) Microscopic (0-8)
Negative control 0.0 +0.0 0.0 +0.0 0.0 0.0
IN/19 6.0 = 1.3° 47 = 0.6° 2.7 *03°

aValues are means = standard errors of the means (SEM). Microscopic lung lesion scores ranged from 0 to 22,
and microscopic trachea lesion scores ranged from 0 to 8.
bSignificantly different from negative control (P =< 0.05).
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TABLE 3 Virus titers in pigs challenged with H3.2010.2 IN/19

Nasal swab virus titers at®:

Group Odpi 1 dpi 2 dpi 3 dpi 4 dpi 5 dpi BALF titer at 5 dpi
NC* 0.0 £0.0 0.0 0.0 0.0 £0.0 0.0 £0.0 0.0 = 0.0 0.0 = 0.0 0.0 £0.0

IN/19 0.0 £0.0(0/0) 2.0=*04*(7/10) 2.6=*0.5*(8/10) 2.6*+0.3*(9/10) 3.7 +0.3*(10/10) 3.6 =0.2*(10/10) 6.2 = 0.1*(10/10)
aNC, nonchallenged controls.

bVirus titers are represented as log,, TCID;,/ml. Numbers in parentheses indicate number of positive pigs out of the total number of pigs. Data are means * SEM. An asterisk
indicates significantly different from the NC (P =< 0.05).

between the initial detection of an H3.2010.2 HA sequence in swine and the most simi-
lar human seasonal H3 revealed >99% nucleotide identity. The HA sequences of the
newly emerged H3.2010.2 first detected in March of 2017 were genetically most similar
to H3N2 strains from the 2016-2017 human influenza season, indicating this human
H3 1AV was detected relatively soon after its introduction into swine. The H3.2010.2
strains also demonstrated an antigenic phenotype similar to that of recent human sea-
sonal H3 strains, including the A/Hong Kong/4801/2014 human H3 vaccine strain.

Several human seasonal IAV spillovers have occurred in swine that established and
became frequently detected throughout North America (18, 19). The first H3N2 was
identified in the U.S. swine population in 1998 with an HA from Fujian-like human sea-
sonal 1AV (10, 20). Such transmissions were followed by evidence of reassortment with
lineages endemic to swine. Based on phylogenetic analysis, these human seasonal
H3N2 variants later evolved into H3 C-IV, which continues to circulate in swine in North
America (21, 22). A more recent human seasonal H3 spillover that is currently prevalent
in U.S. swine was detected in 2012 and designated the H3.2010.1 clade (10, 13).
H3.2010.1 is another example of a successful reverse zoonotic transmission from
humans to swine that demonstrated limited detections for several years after the intro-
duction in 2010 to 2011 but accounted for approximately 38% of the ISU VDL H3 HA
sequences detected in swine in 2020. These spillover events and other sporadic trans-
mission of human seasonal IAV into swine, followed by adaptation and reassortment,
increased the antigenic diversity of IAV circulating in U.S. swine.

Our in vivo study demonstrated that H3.2010.2 (IN/19 strain) with a genome con-
stellation of TTTTPT and human-origin N2-2016 replicated efficiently in the nose and
lungs, causing a typical IAV infection in pigs with mild pneumonia. The IN/19 strain
transmitted indirectly to contact pigs, similar to previous observations with the
H3.2010.1 and other swine-adapted strains (10). The IAV surface glycoproteins (HA and
NA) and combination with the internal gene constellation can affect virulence and effi-
ciency of virus replication (23-25). Different combinations of swine H3N2 genome con-
stellations have shown variable degrees of pathology and distinct patterns of viral
shedding and transmission in pigs (26). The internal gene constellation plays an impor-
tant role in the evolution and diversity of the human-origin viruses in swine (26). All 11
of the H3.2010.2 WGS generated in this study contained a TTTTPT internal gene con-
stellation. The M gene from H1pdm09 became predominant in IAV circulating in North
American swine after approximately 2014, and the TTTTPT internal gene constellation
remains one of the most frequently detected patterns in U.S. swine IAV WGS data.
Circulation of such reassortant viruses not only affects the pig industry but also could
have public health implications.

Human-to-swine spillover IAV that are maintained in swine are often followed by
reassortment of the internal genes with swine-lineage segments, suggesting that

TABLE 4 Virus titers in pigs that were indirect contacts of pigs infected with H3.2010.2 IN/19

Nasal swab virus titers at’:

Group 1dpc 2 dpc 3 dpc 4 dpc 5 dpc 7dpc 9dpc Hl titer at 14 dpc®
IN/19 0.0 £0.0(0/0) 0.0+0.0(0/0) 0.0*0.0(/0) 00*x00(/0) 05=*05(1/5) 14£09(2/5 1.4+09(2/5) 208 = 48(5/5)

aVirus titers are represented as log,, TCID;,/ml. Numbers in parentheses indicate number of positive pigs out of the total number of pigs. Data are means = SEM.
bGeometric mean titer.
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reassortment and swine adaptation are important for sustained onward transmission
(27). In addition, the transmission of human seasonal IAV to swine and reassortment
was also associated with antigenic evolution in the H3.2010.1 swine IAV lineage, as
shown here and in previous studies (12, 13). In the current study, the representative
H3.2010.2 IAV from 2017 and 2019 were antigenically distinct from H3.2010.1 IAV cur-
rently circulating in the U.S. and demonstrated a close antigenic relationship with
human seasonal H3N2 vaccine strains. However, human seasonal H3N2 vaccine strains
were not available after 2014 in our panel to assess antigenic drift from more current
human seasonal H3N2 vaccine strains (Fig. 2).

Substitutions in 7 amino acid positions (145, 155, 156, 158, 159, 189, and 193) were
shown to be largely responsible for the antigenic evolution of H3N2 viruses circulating
in humans for 35 years (28) and in swine H3N2 strains (17). The antigenic motifs
detected in H3.2010.2 in this study were not observed in the 20 most frequently
detected cluster-IV H3N2 antigenic motifs in the U.S. from 2012 to 2016 (22). The pre-
dominant HA antigenic motif of the initial H3.2010.2 detected in 2017 was STHNYK,
similar to contemporary 2016 human seasonal H3 HA, but mutated to STHNYN in the
2018-2020 HA sequences. This change of K to N at position 189 may be the result of
adaptation of the virus from humans to the swine host or due to immune pressure in
the swine population. Previous reports tested the antigenic effect of substitutions
introduced into the motif near the receptor binding site of the HA using an isogenic
swine lineage virus (17, 22). It was reported that amino acid substitutions at positions
145 and 189 significantly affected the antigenic phenotype of the virus by substantial
loss in HI antibody cross-reactivity. Our antigenic analysis demonstrated the two repre-
sentative H3.2010.2 strains (STHNYK and STHNYN motifs) were antigenically similar but
were 1.3 AU apart and showed a trend for differences in cross-reactivity with the other
test antigens that may be explained by the amino acid difference in the motif at posi-
tion 189 (Fig. 3). Amino acid substitutions outside the motif can also contribute to var-
iations in antigenic phenotype of strains with similar motifs or intracluster antigenic
drift (22). Based on antigenic motif, phenotypic differences were observed among
cocirculating C-IV IAV in swine (22), but it is unclear if the antigenic evolution of
H3.2010.2 HA will follow patterns similar to those of C-IV or H3.2010.1. The antigenic
diversity between H3.2010.1 and H3.2010.2 clades was substantially different, in ac-
cordance with changes at two previously described amino acid positions, 145 and 189,
that influenced their antigenic properties (28). The antigenic diversity between
H3.2010.1 and H3.2010.2 clades was likely also influenced by many other amino acid
differences observed outside the antigenic motif (17, 29).

Adaptive changes of H3.2010.2 were suggested by evolution of the antigenic motif
and glycosylation pattern over time. Glycosylation of the HA globular head domain is
reported to physically shield antigenic sites preventing antibody recognition and leading
to viral evasion from antibody-mediated immune responses. Conversely, loss of a glycan
may expose a previously shielded antigenic region against which individuals with anti-
body might be protected (30), but these glycan shields may not be necessary in interspe-
cies transmission to a new naive host, such as 2010.2 H3 introduced from humans to
swine. In this study, based on predicted N-glycosylation sites in the translated protein
sequences (https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0), a complete loss
of glycosylation was observed at predicted site 133, and a partial loss was also observed
at another predicted site, 165, from late 2017 to 2020, although their significance is
unknown.

The ISU VDL data suggest that although the spread of H3.2010.2 is limited and may
not displace the C-IV and H3.2010.1 clades that are endemic to the U.S,, all three H3
IAV clades continue to cocirculate in U.S. swine. The antigenic differences between
H3.2010.1 and H3.2010.2 lineages have relevant implications for vaccine effectiveness
and IAV control strategies in U.S. swine populations. In addition, human seasonal H3
IAV transmitted to swine increase the genetic diversity of the virus and complicate the
ability of veterinarians to develop effective vaccination strategies. Public health officials
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also recognize human-like IAV that have become established in swine maintain the
potential to cause zoonotic infections. Indeed, the H3.2010.1 HA lineage was responsi-
ble for the majority of variant human cases of influenza after circulating in swine for
approximately 6 years (31, 32). Rapid detection of the newly emerging virus strains and
efficient monitoring of such reassorted viruses and their evolution will help control
transmission of the virus in swine and may help with pandemic preparedness.

MATERIALS AND METHODS

Ethics statement. All cases were submitted to the ISU VDL for general diagnostic purposes, and no
ethical compliance for sample collection was required.

IAV diagnostic submissions. In 2017, two novel human-like H3N2 IAV strains were isolated from
swine nasal swab samples submitted to the ISU VDL in the United States (54). The ISU VDL laboratory in-
formation management system (LIMS) storing IAV diagnostic test results and associated nucleotide
sequences was later searched for H3 sequences from swine and analyzed to determine H3 clade. A total
of 45 ISU VDL accessions contained H3 HA sequences from LIMS that did not cluster with previously des-
ignated H3 phylogenetic clades and formed a separate monophyletic clade. ISU VDL submissions that
were gRT-PCR positive with threshold cycle (C,) values of =38 were subtyped using a specific qRT-PCR.

IAV real-time RT-PCR. IAV extraction was performed on lung, nasal swab, and oral fluid samples
submitted to the ISU VDL from 45 accessions. Viral RNA was extracted using the MagMAX pathogen
RNA/DNA isolation kit (Thermo Fisher Scientific, Waltham, MA, USA) and a Kingfisher96 instrument
(Thermo Fisher Scientific) using the high-volume lysis (HVL) procedure per the manufacturer’s instruc-
tions. For the lysis step, 100 ul of sample was added to 240 ul of lysis/binding solution. Xeno internal
control RNA was added to the lysis-binding solution at 20,000 copies per reaction prior to extraction to
monitor PCR amplification and detect inhibition. The HVL used two washes each of 300 ul and 450 ul
wash solutions | and II, respectively. Nucleic acid was eluted in 90 ul elution buffer. The HVL extraction
was conducted using the Kingfisher program AM1836_DW_HV_v3.

IAV screening qRT-PCR was performed on nucleic acid extracts according to the manufacturer’s
instructions using PCR reagents with multiple primers and probes targeting different genomic regions
(VetMAX gold swine influenza virus [SIV] detection kit; Thermo Fisher Scientific). One positive extraction
control, one positive amplification control, one negative extraction control, and a negative amplification
control were included with each extraction and/or PCR run. Each qRT-PCR included 12.5 ul of 2x multi-
plex RT-PCR buffer, 1.0 ul of 25x SIV primer probe mix, 2.5 ul of 10x multiplex RT-PCR enzyme mix, and
1.0 ul of nuclease-free water. A final volume of 25 ul, consisting of 17 wl master mix and 8 ul of RNA
extract, was placed in each well of a 96-well fast PCR plate (Thermo Fisher Scientific). The qRT-PCR was
performed using standard mode on an AB 7500 Fast thermocycler: 1 cycle at 48°C for 10 min, 1 cycle at
95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 45 s. Amplification curves were analyzed
with commercial thermal cycler system software. Run data were analyzed using auto baseline with
thresholds of the target and Xeno set according to the kit insert. Samples with C; values of <38 were
considered positive.

IAV subtyping real-time RT-PCR. HA and NA subtyping was performed on qRT-PCR-positive 1AV
nucleic acid extracts using the VetMAX-gold SIV subtyping kit (Thermo Fisher Scientific). Separate qRT-
PCRs were used to detect the presence of H1 or H3 HA and N1 or N2 NA, respectively. Each qRT-PCR
included 12.5 ul of 2x multiplex RT-PCR buffer, 1.0 ul of 25x H1H3 or N1N2 primer-probe mix, 2.5 ul of
10x multiplex RT-PCR enzyme mix, and 1.0 ul of nuclease-free water. Each subtyping plate included the
same positive and negative controls used in the swine IAV general qRT-PCR. Cycling conditions were the
same as those for the IAV screening gqRT-PCR, and amplification curves were analyzed with commercial
thermal cycler system software using the auto baseline with thresholds set as described in the PCR kit
insert. Samples with C; values of <38 were considered positive.

Sanger sequencing IAV HA gene. Whole-gene segments of the HA were sequenced using Sanger
methods for initial sequence analysis. Viral RNA was extracted as described above. Conventional RT-PCR
was conducted for each gene segment (primers provided upon request) using the qScript XLT 1-step
RT-PCR kit (Quantabio, Beverly, MA). The sequencing RT-PCR setup reaction mix was according to manu-
facturer's recommendations, using 200 nM each primer. One positive extraction control (H1 or H3), one
negative extraction control, and one negative amplification control were included with the reaction. The
RT-PCR was performed using an ABI 2720 thermal cycler: 1 cycle at 48°C for 20 min, 1 cycle at 94°C for
3 min, and 45 cycles of 94°C for 30 s, 55°C for 50 s, and 68°C for 150 s. The final elongation step was 68°C
for 7 min. Detection of the RT-PCR product, HA at 1,701 bp, was performed on a QlAxcel (Qiagen, Inc.,
Germantown, MD, USA) capillary electrophoresis system using a DNA screening cartridge and the
AM420 method and purified with ExoSAP-IT PCR cleanup reagent (Affymetrix; Thermo Fisher Scientific)
by following the manufacturer's recommendations. Samples were submitted to the lowa State
University DNA facility (Ames, IA) for sequencing. Lasergene software (DNAStar, Madison, WI) was used
to compile sequences.

WGS. WGS was performed on 11 randomly selected IAV isolates or clinical specimens submitted to
ISU VDL for general diagnostic purposes. Viral RNA was extracted using the MagMAX pathogen RNA kit
(Thermo Fisher Scientific) and a KingFisher Flex system (Thermo Fisher Scientific). Sequencing libraries
were constructed using TruSeq (lllumina, Inc,, San Diego, CA). Next-generation sequencing was per-
formed on an lllumina, Inc., MiSeq platform by following standard lllumina protocols at the ISU VDL (34,
35). Approximately 2,000,000 raw sequencing reads per sample were preprocessed using Trimmomatic
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v0.36. Sequencing was quality checked with FastQC (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) (36). Quality-trimmed total reads were mapped against reference sequences down-
loaded from the NCBI Influenza Sequence Database (ftp://ftp.ncbi.nih.gov/genomes/INFLUENZA/) using
BWA-MEM (36). Mapped reads were extracted using SAMtools and used for de novo assembly (37). For
each segment, contigs were assembled using ABySS and SPAdes (38, 39). The contigs were manually
curated in SeqMan Pro to remove extraneous sequences and trim chimeric contigs, generating a con-
sensus sequence for each segment.

Phylogenetic analysis. Publicly available human seasonal IAV and swine H3 HA sequences were ran-
domly sampled and obtained from the Influenza Research Database (IRD) (www.fludb.org) (40). For the H3-
HA Bayesian analysis, 501 human HA and swine H3-HA (H3.2010.1) sequences were randomly sampled,
downloaded, and aligned with 55 H3.2010.2 HA (45 from ISU VDL, 10 from IRD) using default settings in
MAFFT v7.409 (41). The best-known maximum likelihood phylogenetic tree was inferred for H3 HA using
FastTree v2.1.10, implementing a general time-reversible (GTR) model of nucleotide substitution with
gamma-distributed rate variation among sites to generate maximum likelihood phylogenetic trees (see
Fig. S1 in the supplemental material) (42). The 26 NA (26/27 N2-NA that were of human origin were retained
while one case that had N2-NA from swine 2002B lineage was not used in the Bayesian analysis) were
aligned with 498 human N2-NA, and phylogenetic trees were constructed. The 11 internal gene sequences
were also aligned as described with randomly selected swine IAV H3 sequences (since the internal genes
were not of human origin, human data were excluded from Bayesian analysis for the internal genes), and
phylogenetic trees were constructed for all internal genes. A time-scaled Bayesian analysis for each of the 8
gene segments was used to compute the time to most recent common human ancestor (Fig. 1A and B;
also see Fig. S2 to S7 at 10.6084/m9.figshare.16934590) (43, 44). The time-scaled Bayesian analysis
employed a GTR substitution model with estimated base frequencies and uncorrelated relaxed clock. The
phylogenetic trees used a constant GMRF Bayesian Skyride tree prior (44). The analysis was run with
100,000,000 Monte Carlo-Markov chain length with 10,000 echostate to screen. Tracer implemented in
BEAST was used to check the analysis for convergence, and 10% of the chain was removed as initial burn-
in. Treeannotator was used for summarizing trees created by BEAST 1.10 (44). Figtree v1.4.4 was used to
view and annotate the phylogenetic trees (http://tree.bio.ed.ac.uk/software/figtree/).

Within- and between-clade nucleotide distances for the H3 HA clades were calculated in MEGA-X (45).
OctoFLU was used for annotation of the internal genes (https://github.com/flu-crew/octoflu) (14). H3 HA
glycosylation patterns were analyzed using the NetNGlyc online tool (https://services.healthtech.dtu.dk/
service.php?NetNGlyc-1.0). Six H3 HA amino acid positions, 145, 155, 156, 158, 159, and 189 (H3 num-
bering), found in the globular head of the HA gene, are important to antigenic evolution in swine.
These positions were collectively referred to as the antigenic motif and are known to play a role in
defining the antigenic phenotype (28, 46). These positions were identified in the sequences based on
alignment and using H3 numbering. Microreact (http://microreact.org) was used for spatial distribu-
tion data visualization. Data used in the study can be accessed through the following link: https://
microreact.org/project/4AiXTceagFHQjH7uoZrhUH.

Antigenic characterization. Monovalent antisera were raised in pigs against human seasonal H3N2
vaccine strains (A/Perth/16/2009, A/Victoria/361/2011, A/Switzerland/9715293/2013, and A/Hong Kong/
4801/2014) and representative swine strains of H3.2010.1 and H3.2010.2 lineages (see Table S2 in the
supplemental material). Prior to immunization, all pigs were treated with ceftiofur crystalline-free acid
(Excede; Pfizer, New York, NY) and enrofloxacin (Baytril; Bayer Animal Health, Shawnee Mission, KS). A
pair of 3-week-old naive pigs were immunized with two doses of IAV whole inactivated vaccine (WIV)
adjuvanted with Emulsigen-D (MVP Laboratories, Inc., Ralston, NE) 2 weeks apart. Blood was collected
when pigs reached an HI titer of =160, as previously described (47). Pigs were cared for in compliance
with the Institutional Animal Care and Use Committee of the National Animal Disease Center, USDA-
ARS. Sera were treated with a receptor-destroying enzyme (RDE) (Sigma-Aldrich, MO, USA), heat inacti-
vated at 56°C for 30 min, and adsorbed with 50% turkey red blood cells to remove nonspecific aggluti-
nation and hemagglutination inhibitors, and HI assays were performed according to a previous protocol
(48). Cross-HI data were used to quantify antigenic distances using antigenic cartography as previously
described, in which 1 antigenic unit (AU) is equivalent to a 2-fold loss in HI cross-reactivity (17).
Antigenic distances were plotted using ggplot2 in R Studio version 1.1.383 (49, 50).

In vivo pathogenesis and transmission study. Pigs were obtained from a herd free of IAV and por-
cine reproductive and respiratory syndrome virus (PRRSV). Upon arrival, pigs were treated prophylacti-
cally with ceftiofur (Zoetis, Florham Park, NJ), according to the label directions, to reduce potential respi-
ratory bacterial pathogens. Pigs were housed in biosafety level 2 (BSL2) containment during the
challenge. Pigs were cared for in compliance with the Institutional Animal Care and Use Committee of
the National Animal Disease Center, USDA-ARS, Ames, lowa. Swine IAV strains were grown in Madin-
Darby canine kidney (MDCK) cells with Opti-MEM (Life Technologies, Carlsbad, CA), and clarified virus
from infected culture was used for challenge. Ten 3-week-old cross-bred pigs were group-housed in a
single isolation room and challenged with 2 ml intratracheally and 1 ml intranasally 10° TCIDg,/ml A/
swine/Indiana/A02430356 /2019(H3N2), and 5 noninfected pigs housed in a separate isolation room
served as negative controls. To assess virus transmission, at 2 dpi 5 naive pigs were placed in the same
room as |AV-inoculated pigs but in a different pen as indirect contacts. Nasal swabs were collected daily
from primary pigs from 0 through 5 dpi and from contact pigs from 0 through 5 dpc and then on 7 and
9 dpc. Ten primary inoculated pigs and five negative-control pigs were humanely euthanized and nec-
ropsied at 5 dpi to evaluate lung pathology and virus replication. Bronchoalveolar lavage fluid (BALF)
samples of all primary pigs were collected at necropsy (5 dpi). Serum samples were collected from con-
tact pigs at 14 dpc to assess seroconversion and confirm transmission at the time of euthanasia.
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Pathology. The percentage of the lung affected with purple-red consolidation typical of IAV in
swine was visually estimated at 5 dpi as previously described (51). Tissue samples from the trachea and
right middle or affected lung lobe were fixed in 10% buffered formalin for histopathologic examination.
Tissues were processed by routine histopathologic procedures, slides stained with hematoxylin and eo-
sin (H&E), and lesions scored by a veterinary pathologist (51).

Virus titration. Nasal swab and BALF samples were titrated on MDCK cells to evaluate virus replication
in the nose and lungs, as previously described (52). MDCK-inoculated monolayers were evaluated for cyto-
pathic effect (CPE) between 48 and 72 h postinfection, fixed with 4% phosphate-buffered formalin, and
stained using immunocytochemistry (ICC) with anti-influenza A NP monoclonal antibody (53). A TCIDy,/ml
titer was calculated for each sample using a method described by Reed and Muench (33). To check if all
contact pigs seroconverted, blood samples were collected at 14 dpc to perform HI assays (48). The recipro-
cal titers were divided by 10, log, transformed, analyzed, and reported as the geometric mean.

Statistical analysis. Lung lesion scores, log,-transformed virus titers, and log,-transformed HI recip-
rocal titers were analyzed using t test, with a P value of =0.05 considered significant (GraphPad Prism
software version 8.00; San Diego, CA).

Data availability. The sequences from the initial detection of H3.2010.2 are available in GenBank
under accession numbers MG720216 and MG720224 (54). GenBank accession numbers for the HA
sequence data generated from the study are listed in Table S1. Data used in the study can be accessed
through the following link: https://microreact.org/project/4AiXTceagFHQjH7uoZrhUH.
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