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Influenza A viruses (IAVs) are the causative agents of one of the most important viral respira-
tory diseases in pigs and humans. Human and swine AV are prone to interspecies transmis-
sion, leading to regular incursions from human to pig and vice versa. This bidirectional
transmission of IAV has heavily influenced the evolutionary history of 1AV in both species.
Transmission of distinct human seasonal lineages to pigs, followed by sustained within-host
transmission and rapid adaptation and evolution, represent a considerable challenge for pig
health and production. Consequently, although only subtypes of HIN1, HIN2, and H3N2
are endemic in swine around the world, extensive diversity can be found in the hemagglutinin
(HA) and neuraminidase (NA) genes, as well as the remaining six genes. We review the
complicated global epidemiology of IAV in swine and the inextricably entangled implications
for public health and influenza pandemic planning.

ost-adapted influenza A viruses (IAVs) are

the cause of one of the most important viral
respiratory diseases in animals and humans. Re-
peated outbreaks and rapid spread of genetically
and antigenically distinct IAVs represent a con-
siderable challenge for swine production. Zoo-
notic IAV was recently ranked the number one
priority during a One Health workshop for
disease prioritization in the United States
(https://www.cdc.gov/onehealth/pdfs/us-ohzdp-
report-508.pdf), with swine being one of the
animal hosts posing the greatest risk for zoonot-
icIAV.IAV is a primary example of an infectious

disease challenge for both human and animal
health, and swine IAV requires One Health
strategies to appropriately respond to zoonotic
infections of swine IAV in humans (“variant”
IAV), to develop pandemic prevention plans,
and to minimize reverse zoonoses of human
seasonal TAV transmission to swine (Kasowski
et al. 2011).

Viruses of the HIN1, HIN2, and H3N2 sub-
types are endemic in swine around the world,
and, despite only three circulating subtypes, the
hemagglutinin (HA) and neuraminidase (NA)
genes show tremendous diversity. Much of the
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observed IAV diversity is the result of two-way
transmission between swine and humans (Ma
et al. 2009; Nelson et al. 2012; Lewis et al.
2016; Rajao et al. 2018a), followed by antigenic
drift and shift within swine host populations,
and viral diffusion through live animal transport
and trade. These complex evolutionary process-
es were highlighted by the emergence of the tri-
ple reassortant H3N2 viruses in the United
States and subsequent maintenance of the triple
reassortant internal gene (TRIG) constellation
(Vincent et al. 2008). These dynamics contrib-
uted to the generation of numerous genetically
and antigenically distinct lineages cocirculating
in swine around the world. Then, the reper-
cussions of these evolutionary events were
starkly shown with the swine-origin pandemic
in 2009 (Mena et al. 2016), the subsequent im-
pact of the continued 2009 pandemic HINI
(HIN1pdmO09) introductions into pig popula-
tions (Nelson et al. 2015¢), and ongoing detec-
tions of contemporaneous human seasonal
H3N2 spillovers into swine (Ngo et al. 2012;
Rajéo et al. 2015; Krog et al. 2017; Wong et al.
2018; Zeller et al. 2018a). The genetic diversity of
H1 and H3 viruses in swine is summarized in
Figure 1A,B and the N1 and N2 neuraminidase
genes in swine are summarized in Figure 2A,B.

Human seasonal IAV adaptation to swine is
likely situational to each event (Rajao et al.
2018b). Although species barriers exist between
human and swine IAV, swine-adapted H1 and
H3 IAV maintain receptor binding site (RBS)
profiles for 02,6 sialic acid-binding preference,
in contrast to IAV maintained in waterfowl and
domestic poultry with 02,3 sialic acid-binding
preference. However, human seasonal H3N2
and pre-2009 HIN1 viruses that spilled into
swine underwent dramatic changes in the pro-
cess of adaptation, including loss of one or
several glycosylation sites of the HA, multiple
amino acid substitutions across the genome,
and frequent reassortment with endemic swine
AV, including the acquisition of different NA
and internal gene segment lineages (Busch et al.
2008; Rajao et al. 2015). These adaptive changes
quickly separate the emerging swine lineage
from the seeding human seasonal virus. The
exceptions are human HINIpdmo09 viruses

that spill into swine, usually maintaining all
eight gene segments of the HIN1pdmo09 with-
out acquiring swine lineage gene segments or
adaptation mutations required for infection
and transmission in swine (Nelson et al.
2015¢; Gao et al. 2017; Chastagner et al. 2018).
This is not the case with endemic swine strains
that readily reassort with the HIN1pdmO09, ac-
quiring multiple gene segments, most notably
the HINIpdm09 M gene, with concomitant
evolution of the swine HA and NA proteins
(Liang et al. 2014; Watson et al. 2015; Rajao
et al. 2017; Takemae et al. 2017).

The extraordinary genetic and antigenic di-
versity of H1 and H3 swine IAV is arguably the
greatest challenge to controlling infection and
to the development of broadly effective vac-
cines. Likewise, antigenically variable swine
viruses pose a threat to humans if human pop-
ulation immunity no longer recognizes the
resultant swine lineages. This diversity and the
human-swine interface are incredibly impor-
tant in the context of variant IAV infections in
humans. Dramatic increases in the detection of
variant IAV infections began with H3N2 viruses
in the United States in 2012 (Epperson et al.
2013), and these viruses are regularly detected
in the United States (Jhung et al. 2013; Choi et al.
2015; Greenbaum et al. 2015; Duwell et al. 2018;
Pulit-Penaloza et al. 2018a) and to a lesser de-
gree in other countries (Resende et al. 2017; Xie
et al. 2018; Lu et al. 2019). The risk of variant
infection is likely dependent on animal produc-
tion systems, animal-human interfaces (e.g., live
animal markets, exhibition practices), the ecol-
ogy of the virus, and other less tangible factors
(Karesh et al. 2012).

CLINICAL ASPECTS OF INFLUENZA IN PIGS

Swine influenza was historically characterized
as a seasonal respiratory disease, primarily in
weaned pigs with waning maternal immunity.
Today, clinical disease in the United States still
peaks during times of the year associated with
fluctuations in temperature and decreased ven-
tilation, similar to the human influenza season
(Janke 2013). In U.S. pigs, a primary peak is
typically observed November-December with
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a secondary spike March-April (Anderson et al.
2013; Walia et al. 2019), with a similar trend in
Canada (Poljak et al. 2014). However, contem-
porary influenza illness and diagnosis can be
found at any time of the year (https:/influenza
.cvm.jastate.edu; Zeller et al. 2018a), in nearly all
age groups of pigs, even suckling pigs from sows
with high titers of influenza-specific serum an-
tibodies (Allerson et al. 2013; Corzo et al. 2013).
The detection of virus in sow farms and suckling
pigs is likely due to introduction of antigenically
distinct strains to a herd, as well as variability in
populations with mixed levels and specificity
of immunity that promotes maintenance of en-
demic strains.

Influenza vaccines are primarily used in adult
sows to protect the gestating sow and her suckling
piglets or during the grow/finish phase of pro-
duction to decrease IAV disease, lung lesions,
and transmission (Beaudoin et al. 2012; Van
Reeth and Ma 2013; Vincent et al. 2017). Vacci-
nating piglets may be desired in some clinical
situations, but the presence of maternal anti-
bodies interferes with vaccine efficacy of inacti-
vated vaccines. Whole inactivated virus (WIV)
with adjuvant, live-attenuated influenza virus
(LAIV), and an alphavirus vectored RNA repli-
con particle (RP) vaccine (Vander Veen et al.
2012, 2013) are licensed in the United States
and available commercially for use in swine.
WIV and RP can also be formulated with au-
togenous or custom farm-based strains. The pro-
duction of “off-the-shelf” commercially available
efficacious WIV vaccines is difficult because of
the number of strains in the vaccine required to
immunize against all antigenically distinct circu-
lating IAV strains in swine (Rajao et al. 2018a;
Bolton et al. 2019). Formulating effective vac-
cines is further challenged by the difficulty in
updating vaccine seed viruses given the emer-
gence of novel lineages, antigenic drift, the time
needed to approve and license veterinary vaccine
products, maternal antibody interference, and
the lack of adequate mucosal and cell-mediated
immune responses (Kitikoon et al. 2006; Wesley
and Lager 2006; Platt et al. 2011). Further con-
tributing to the observed evolution and subse-
quent antigenic diversity, positive selection at an-
tibody epitopes has been shown in swine HA

Swine Influenza A Viruses

genes and may be associated with partially effec-
tive vaccines (Kitikoon et al. 2013).

HISTORICAL EVOLUTION OF SUSTAINED
LINEAGES OF IAV IN SWINE GLOBALLY

1A

A phylogenetically informed swine HI nomen-
clature system was developed to define the three
major cocirculating lineages, 1A, 1B, and 1C
(Fig. 1A; Anderson et al. 2016). The 1A swine
lineage was derived from the human Spanish
influenza pandemic in 1918 (Koen 1919; Shope
1931). These viruses formed the classical swine
HIN1 (cHIN1) lineage that spread globally, and
the HA genes formerly named o-, B-, or y-clades
commonly found in North America (Vincent
et al. 2009). 1A viruses were enzootic in swine
populations throughout Asia, including Thai-
land and Japan (Takemae et al. 2008; Choi
et al. 2013; Zhu et al. 2013). The 1A lineage in-
cludes the H1 HA of the HIN1pdm09, a virus
with NA and M genes from the Eurasian avian
HINI1 swine lineage in addition to TRIG and
classical swine lineage genes. Although an im-
mediate precursor with all eight gene segments
ofthe human HIN1pdm09 was not found in pigs
before 2009, characterization of IAV isolated
from pigs in Mexico between 2010 and 2014 re-
vealed the presence of multiple genotypes con-
taining segments that shared acommon ancestor
with the HIN1pdm09 virus (Mena et al. 2016).
Following the rapid spread of HIN1pdm09 in
humans, this virus was repeatedly re-introduced
into swine populations globally, with adominant
contribution being the reassortment of its inter-
nal genes with existing endemic H1 and H3
swine viruses. The 1A HA clades are found
paired with an N1 NA gene from the classical
swine lineage or HIN1pdmo09 lineage (Fig. 2A;
Anderson etal.2015; Waliaetal.2019) or N2 NA
genes derived from the 1998 or 2002 human sea-
sonal lineages (Fig. 2B; Nelson et al. 2011).

1B

In the United Kingdom, an HIN2 virus was
described in the 1990s that contained the HA

Cite this article as Cold Spring Harb Perspect Med 2021;11:a038737 5


https://influenza.cvm.iastate.edu
https://influenza.cvm.iastate.edu
https://influenza.cvm.iastate.edu
https://influenza.cvm.iastate.edu
https://influenza.cvm.iastate.edu
https://influenza.cvm.iastate.edu

fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

Anderson et al.

gene of a human seasonal HIN1 virus, now clas-
sified as 1B.1, with the remainder of the genes
from the predominant circulating H3N2 swine
IAV. Human seasonal H1 IAV also spilled into
U.S. swine in the early 2000s and acquired TRIG
genes similar to those found in contemporary
triple-reassortant viruses (Vincent et al. 2009).
These H1 HAs were genetically and antigenical-
ly distinct from those of classical swine lineage
H1 viruses and were classified as 1B.2.2 and
1B.2.1 (8-1 and 8-2, respectively) (Lorusso
etal. 2011). Argentina also reported distinct hu-
man seasonal 1B.2 viruses (Pereda et al. 2011).
In Brazil, HIN2 viruses with H1 HA and N2 NA
genes of human seasonal origin and internal
genes from HIN1pdm09 were similarly detect-
ed (Biondo et al. 2014), followed by detection of
an additional lineage of HIN2 reassortants with
the HIN1pdm09 internal genes and human sea-
sonal surface genes (Nelson et al. 2015b). Chile
reported two human seasonal lineage H1 viruses
paired with N1 or N2 NAs that are each distinct
from those found in other South American
countries (Nelson et al. 2015a). A more recent
introduction of a human seasonal HIN1 from
the 2000s was detected in Vietnam (Baudon
et al. 2018). In Australia, H1 viruses likely de-
rived from human seasonal H1 viruses from the
1970s and 1990s and distinct from other global
swine IAV went undetected for many years in
swine (Wong et al. 2018). The 1B.2 HA clades in
the United States are found paired with N2 NA
genes derived from the 1998 or 2002 human
seasonal origin (Nelson et al. 2011; Anderson
et al. 2015; Walia et al. 2019), whereas the Eu-
ropean 1B.1 H1 HAs are primarily paired with a
different human seasonal N2 NA introduced in
the 2000s (Fig. 2B; Watson et al. 2015).

1C

In the 1970s, a lineage derived from an avian
HINI1 virus was detected in Europe, spread to
Asia, and became known as the Eurasian avian
(EA) 1C lineage. The 1C HINI lineage (in
Europe, colloquially referred to as H1,,N1) re-
mained a dominant lineage in Eurasia, and com-
ponents of its internal gene constellation played
an important role in the modern ecology of IAV.

IAV with the HA and NA of the 1C HINI lin-
eage were also reported in Mexico (Mena et al.
2016). The NA paired with 1C.1 and 1C.2 HA is
most often the N1 of avian origin maintained
from the initial introduction (Fig. 2A) or N2
acquired from 1980s and 2000s human seasonal
introductions (Fig. 2B; Watson et al. 2015).

H3

Swine H3N2 are best defined by the time period
of circulation of the putative ancestral human
seasonal virus and can thus be classified by de-
cade of introduction and contemporary strains
given a numerical clade definition (Fig. 1B).
The most recent common ancestor of contem-
porary H3N2 viruses in European swine popu-
lations was a 1970s human lineage H3N2 virus
(Van Reeth et al. 2012). These H3N2 viruses
reassorted with the 1C H1,,N1 swine IAV in
the 1980s, acquiring its internal gene cassette
(Castrucci et al. 1993). In the 1990s, a triple-
reassortant H3N2 virus was identified contain-
ing HA, NA, and PB1 gene segments derived
from human seasonal H3N2, the PB2 and PA
gene segments derived from avian IAV, and the
NP, M, and NS gene segments from the cHIN1
swine IAV (Zhou et al. 1999). These H3N2 vi-
ruses persisted and evolved over time into de-
fined phylogenetic clades, with “Cluster-IV” H3
(C-1V, 1990.4) sustaining and expanding in di-
versity to the present day (Walia et al. 2019), and
with the TRIG constellation persisting in both
H3N2 and reassorted H1 viruses (Vincent et al.
2008). H3N2 viruses of two lineages were also
reported in Mexico, one a likely importation of
C-IV H3 from North America, and the second a
unique human seasonal introduction in the
1990s, 1990.2 (Nelson et al. 2015a). A further
1990s introduction was reported in Brazil,
1990.5 (Nelson et al. 2015b).

A reassorted H3N2 with an H3 HA from the
early 2000s human seasonal H3N2 viruses with
internal genes from the HIN1pdm09 virus was
reported in Argentina (Dibarbora et al. 2013).
An introduction of a human seasonal H3N2
virus in the late 2000s occurred in Vietnam
(Ngo et al. 2012), with the lineage subsequently
detected in China (He et al. 2018). Also, in the
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2000s, a human seasonal H3 HA emerged in
Danish pigs, reassorted with a swine N2 NA
and internal genes from the HIN1pdmO09 virus,
2000.3 (Krog et al. 2017). Then, during the
2010-2011 human influenza season, a distinct
human seasonal H3N2 virus transmitted to U.S.
swine and sustained onward transmission (Ra-
jdo et al. 2015). This more contemporary H3N2
lineage, 2010.1, was genetically and antigenical-
ly distinct from the 1998 H3N2 lineage C-IV
viruses in the United States and quickly became
dominant, but did not replace the C-IV H3 lin-
eage in U.S. swine (Zeller et al. 2018a). During
the same decade, a second distinct human sea-
sonal H3N2 virus transmitted to U.S. swine,
2010.2, and continues to be detected at low levels
(Zeller et al. 2018b).

Diversity of swine IAV in Chinese, South
Korean, Vietnamese, and other Asian swine
herds was shaped by the intercontinental move-
ment of swine (Vijaykrishna et al. 2011; Nelson
et al. 2015d). European H3N2 viruses, along
with North American TRIG viruses, were intro-
duced in the late 1990s to early 2000s and con-
tinue to be detected. In Thailand, swine H3N2
viruses contained human seasonal HA and NA
genes similar to those of European H3N2 virus-
es, as well as a unique human seasonal H3N2
virus introduced in the 1990s, 1990.3. In Aus-
tralia, an H3 lineage derived from spillover of
human seasonal viruses from the 1990s, but dis-
tinct from other global swine IAV, was detected
(Wong et al. 2018). Swine H3 HAs are almost
exclusively paired with N2 NA lineages of hu-
man seasonal virus origin, frequently from
the same initial human seasonal spillover event
(Fig. 2B).

CURRENT STATUS OF IAV IN SWINE

To quantify the currently circulating diversity of
swine IAV, we collated HIN1, HIN2, and H3N2
influenza A virus HA sequences. Analyses were
restricted to IAV genes detected from March
2019 to September 2019 in the United States
because systematic surveillance adequately cap-
tured genetic diversity within this time frame. In
contrast, surveillance for IAV in swine outside
of the United States is limited; consequently,

Swine Influenza A Viruses

detections from 2016 to 2019 were considered
contemporary as these data better captured
the diversity of swine IAV circulating in these
populations. The swine IAV data and World
Health Organization (WHO)-recommended
human seasonal H1 and H3 HA vaccine se-
quences and reported variant sequences were
downloaded from GISAID (Global Initiative
on Sharing All Influenza Data) (Shu and
McCauley 2017) and the Influenza Research Da-
tabase (Zhang et al. 2017). Unpublished strains
from undersurveilled regions were made avail-
able through the joint World Organization for
Animal Health-Food and Agriculture Organi-
zation (OIE-FAO) influenza (OFFLU) swine
network and were included in analyses when
that data represented unique genetic clades.
The sequences for each subtype were aligned,
and the best-known maximum-likelihood phy-
logeny for each alignment was inferred using
IQ-TREE v1.6.10 (Nguyen et al. 2015). To better
visualize the evolutionary relatedness of the
swine genetic data to human vaccine strains
and candidate vaccine viruses, we proportional-
ly subsampled the genetic clades from Figure 1
by subtype and lineage, ensuring that all unique
genetic clades were maintained, and present
these data in Figure 3.

The 1A lineage contained 637 viruses from
six genetic clades detected in 11 countries (Fig.
3A). 1A.1.1 viruses, similar to o-H1 (n=153,
United States, Canada, and Japan); 1A.2 viruses,
similar to B-HI, (n=13, United States and
Canada); 1A.3 viruses, similar to y-HI, (n=
230, 10 countries); and 1A34 (n=8§,
United States). The only clade within the 1A
lineage with wide global distribution was the
HIN1pdm09 clade (1A.3.3.2) with 134 viruses
in 12 countries (Argentina, Canada, Chile, Chi-
na, France, Japan, Mexico, Russia, Spain, South
Korea, Thailand, and the United States). The
remaining clades were more limited in geo-
graphic spread, potentially reflecting the dis-
semination of viruses with specific agricultural
trade routes (Nelson et al. 2015d). For example,
the 1A.1.1 clade was detected in Canada and the
United States (1 =82); the 1A.3.2 clade was de-
tected in Mexico and the United States (y-2 HI);
and the 1A.3.3.3 viruses were isolated in South
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Figure 3. H1 and H3 influenza A virus hemagglutinin phylogenetic lineages of contemporary influenza A virus in
global swine. The trees were inferred using maximum likelihood methods for randomly subsampled HA gene
sequences, maintaining proportional representation of swine clades detected in the United States from March
2019 to September 2019 and from remaining global countries from 2016 to September 2019. (A) The 1A classical
swine lineage; (B) 1B human seasonal lineage; (C) 1C Eurasian avian lineage; and (D) H3 swine lineages. Branch
color represents swine genetic clade; reported human variant strain names are colored in orange; candidate
vaccine virus strains are indicated by a red star; H1 and H3 human seasonal vaccine strains by a red square; and
strains tested by hemagglutination inhibition assays as antigen or antisera by a black triangle. The trees are
midpoint-rooted for clarity; branch lengths are drawn to scale; and the scale bars indicate the number of
nucleotide substitutions per site.
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Fig. 3.

Korea and the United States (y-H1). Two clades
were restricted to single countries, 1A.3.1 in
Mexico (n=3), and 1A.2-3-like (n=38) in the
United States.

The 1B lineage contained 201 viruses from 13
genetic clades collected in 11 countries (Fig. 3B).
The 1B.1 viruses derived from the HIN2 viruses
first detected in Great Britain in the 1990s were
sparsely represented (n=5). The three clades,
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detected in England, Spain, and Belgium, showed
long branch lengths, suggesting additional diver-
sity not captured by current surveillance efforts.
The 1B.2 viruses (8-1a, 6-1b, and 8-2; n =126,
United States) were the majority of detected 1B
strains. In addition to the named 1B clades, the
1B.2 clade since 2016 contains viruses from ad-
ditional human-to-swine transmission episodes
(n=7) in Argentina, Brazil, Chile, Mexico, Aus-
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Fig. 3. Continued.

tralia, and Russia. Although infrequently detect-
ed, they are likely circulating in these regional
swine populations because of periodic evidence
of now-extinct human seasonal HA genes being
maintained in swine (classified as “Other-hu-
man” or “Other-human-1B.2”).

The 1C lineage consisted of 49 viruses from
three genetic clades collected in seven countries
in Europe and Asia. Notably, these viruses were
not detected in the United States or Canada (Fig.
3C). During this time period, we only identified
clade 1C.2 viruses in continental Europe and

Asia. Within the 1C.2 clade, 3 third-order divi-
sions were detected: 1C.2.1 (n =26) in Belgium,
Czech Republic, Italy, Spain, and Vietnam;
1C.2.2 (n=6) in Belgium, Germany, and Spain;
and 1C.2.3 (n=16) in China.

The H3 lineage contained 309 viruses from
eight genetic clades collected in 11 countries
(Fig. 3D). The major contemporary H3 lineages
circulating in swine truly reflect the tangled na-
ture of IAV in swine and humans; with the ex-
ception of the 1980s, there were swine lineages
from each decade from 1970 to present contin-
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Fig. 3. Continued.
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ually circulating in global swine populations. In
contrast to the H1 1A lineage, the majority of
these H3 lineages are geographically restricted—
that is, the 2010.1 (n=92) and 2010.2 (n=6)
clades only circulate in the United States, the
1970.1 (n=4, related to A/Port Chalmers/1/
1973) and 2000.3 (n=1) clades were only de-
tected in Europe (France, Spain, and Denmark),
the 1990.5 clade was only detected in Brazil (n =
16) and Russia (1 =1), and the 1990.3 clade was
only detected in Thailand (n=45). The excep-
tion to this is the 1990s “Cluster IV” H3N2
(1990.4, n = 129) that was detected in the United
States, Canada, Mexico, and Korea. A unique
clade H3.1990.1 (n=8) was only found in the
United States, and there were separate detec-
tions of Other-human-2000s in Canada (n=
2), China (n =2), and Russia (n =3).

The level of surveillance in swine increased
globally in the years following the emergence of
the HIN1pdm09 and revealed the presence of
swine IAV in regions not previously known to
have endemic IAV or the presence of novel gene
lineages not previously recognized in swine
(Anderson et al. 2013; Simon et al. 2014; Vin-
cent et al. 2014). However, funding for surveil-
lance in pigs has fallen victim to short-term
memory, budget cuts, and changes in disease
priorities for swine health. Although surveil-
lance activity in swine remains high in the Unit-
ed States, data from 2019 was extremely sparse
from the rest of the world. Despite these limita-
tions, 30 genetic clades of H1 and H3 viruses
were detected in the past 3 years.

RISK OF CONTEMPORARY SWINE IAV FOR
HUMANS

Zoonotic transmission of swine IAV has been
documented for several decades and generally
results in an influenza-like illness similar to
that of human seasonal IAV with limited onward
human-to-human transmission. The most dra-
matic exception to this was the 2009 HIN1 pan-
demic. Novel IAVs that are capable of infecting
humans are concerning, but those that are capa-
ble of human-to-human transmission and those
for which human population immunity is
lacking are of particular concern. Since 2010,

465 people in the United States were infected
with variant IAVs of swine origin, with 430 of
these detections being H3N2v, 25 HIN2v, and
10 HIN1v (https://www.cdc.gov/flu/weekly/
fluviewinteractive.htm). The H3N2v cases were
from two lineages of H3 that circulate in the
United States. Before 2016, H3N2v infections
were caused by viruses containing HA genes
from the 1990.4 C-IV H3 lineage (Jhung et al.
2013; Greenbaum et al. 2015). Although origi-
nally derived from human seasonal H3 viruses
circulating in the 1990s, these viruses are anti-
genically distinct from contemporary seasonal
H3N2 in humans, prompting the development
of candidate vaccine viruses (CVVs) targeting
the 1990.4 C-IV viruses (https://www.who.int/
influenza/resources/documents/2011_09_h5_
h9_vaccinevirusupdate.pdf?ua=1). A substan-
tial proportion of adolescents and young adults
were shown to have cross-reactive antibodies
against 2011-2012 1990.4 (C-IV) H3N2v virus-
es. However, children and older adults lacked
such protective antibodies (https:/www.ncbi
.nlm.nih.gov/pubmed/22495226;  Skowronski
et al. 2012; Liu et al. 2017), and H3N2 seasonal
vaccines did not appear to protect against the
1990.4 (C-IV) H3N2v virus (Skowronski et al.
2012; Houser et al. 2013). Consequently, people
that never received a 1990s H3 vaccine and/or
natural infection may lack cross-reactive anti-
bodies and adult immunity to this swine lineage
may have waned. Since 2016, the majority of
H3N2v cases resulted from infection with
H3.2010.1 HA lineage viruses (Bowman et al.
2017; Duwell et al. 2018). These viruses were
poorly recognized by ferret antisera raised to
circulating seasonal H3N2 vaccine viruses and
the 1990.4 C-1V lineage CVVs, leading to devel-
opment of H3.2010.1 lineage-specific CVVs
(https://www.who.int/influenza/vaccines/virus/
201609_zoonotic_vaccinevirusupdate.pdf?ua=1).
Because the vast majority of cases of H3N2v of
both lineages were in children with close contact
to pigs and long exposure time at agricultural
fairs, all of these factors point to a unique set
of circumstances that collectively might have in-
creased the odds for H3N2v infection in these
spillover events. In addition to H3N2v virus in-
fections reported in the United States, several

12 Cite this article as Cold Spring Harb Perspect Med 2021;11:a038737
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other countries have reported sporadic human
infection with H3N2v viruses, including Austra-
lia, Canada, China, and Vietnam (Gregory et al.
2001; Olsen et al. 2006; Robinson et al. 2007;
Bastien et al. 2010; Freidl et al. 2014; Lu et al.
2019; https://www.who.int/influenza/vaccines/
virus/201902_zoonotic_vacci nevirusupdate.pdf
2ua=1). Whereas C-IV viruses from Canada
were similar to strains detected in the United
States, viruses from Asia and Australia, al-
though genetically related to viruses detected
in swine in these regions, were genetically and
antigenically distinct from contemporary hu-
man strains.

Human infections with H1v were also doc-
umented in Asia, Europe, and the Americas.
Perhaps the most notable was the 1976 swine-
origin HIN1 (1A.1) outbreak on a U.S. Army
base in New Jersey that led to a country-wide
immunization campaign (Gaydos et al. 2006).
Subsequently, sporadic H1v infections were re-
ported in the United States and elsewhere that
were predominantly caused by 1A.2 and 1A.3
H1 clade viruses (Freidl et al. 2014), as well
as 1B.2 viruses. Still other H1v infections in Eu-
rope and Asia were caused by endemic swine
1C.2 viruses. Since reporting of novel IAV be-
came nationally notifiable to public health au-
thorities in the United States in 2007 (https
://wwwn.cdc.gov/nndss/downloads.html), 48
human infections with H1v viruses have been
reported in the United States. Whereas most
were caused by 1A.3 viruses, 13 cases in 2018
resulted from 1B.2.1 viruses genetically related
to IAVs detected in swine at agricultural fairs
(Rambo-Martin et al. 2019). Reverse zoonoses
of HIN1pdmo09 viruses (1A.3.3.2) into swine
also resulted in zoonotic transmission of
swine-origin HIN1pdm09 back into humans
(https://www.who.int/influenza/vaccines/virus/
201909_zoonotic_vaccinevirusupdate.pdf?ua=1),
further confounding the transmission direction-
ality of these viruses as well as the diagnostic
capacity to distinguish their source. Antigenical-
ly, the H1v represent a diverse subset of viruses
given their ancestry to 1918 precursors (1A),
pre-2009 seasonal HIN1 (1B), Eurasian avian
lineage (1C), and most recently, HIN1pdmO09
(1A.3.3.2). Whereas each of these H1v lineages

Swine Influenza A Viruses

share antigenic similarity with circulating swine
viruses, all but the HIN1pdm09-like viruses
have drifted antigenically from either their hu-
man seasonal or avian ancestor. Serological test-
ing of adult and child populations vaccinated
with seasonal influenza vaccine showed that, al-
though many 1A.3 viruses remain neutralized
by human antisera, the 1B and 1C HA lineage
H1v viruses have very little to no cross-reactiv-
ity, indicating a lack of immunity even in the
vaccinated adult population (https:/www.who
.int/influenza/vaccines/virus/201809_zoonotic_
vaccinevirusupdate.pdf?ua=1).

The question remains as to why some swine
IAV clades cause variant infections. Although
there were increased detections of 1990.4
(C-1IV) H3N2 viruses in swine similar to
the H3N2v viruses in humans detected in
2011-2012, and increased 2010.1 H3N2 virus
detections in swine similar to the H3N2v virus
detections in humans in 2016-2017, this cannot
be the sole explanation for the increase in
H3N2v cases, because there were also increases
in other genetically dissimilar H3, as well as in
subsets of H1 viruses in the U.S. swine popula-
tion in the same time periods (Anderson et al.
2013, 2015; Walia et al. 2019). There may be
specific virus properties that conferred a better
“fit” for the H3N2v to infect humans; in fact,
H3N2v viruses from 2009-2011 and 2011-
2016 were capable of airborne transmission in
ferrets (Pearce et al. 2012; Sun et al. 2018), the
standard animal model used to assess mamma-
lian transmissibility of influenza viruses. How-
ever, human H1v viruses were also shown to
successfully infect and transmit between ferrets
(Pulit-Penaloza et al. 2018a,b, 2019a,b). More-
over, some swine IAV have been shown to infect
and transmit among ferrets without evidence of
human zoonosis (Yen et al. 2011; Zhu et al.
2011; Pascua et al. 2012, 2013). The ferret trans-
mission model appears to be a rather liberal
litmus test for indicating potential for human
infection by swine IAV or an indication that
many of the globally circulating swine virus
lineages are capable of such infection. Clearly,
other viral factors that permit swine to human
zoonotic infection remain largely undefined.
These complex factors do not diminish the
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epidemic or pandemic risk of swine-adapted
IAV if the viruses gained the ability to transmit
from human-to-human, allowing further op-
portunity to evolve and adapt to the human
host. However, except for the HIN1pdmO09 vi-
rus, sustained human-to-human transmission
has not been observed for swine influenza virus-
es, despite the apparent propensity to establish
an infection. A better understanding of how the
process of adaptation to a new host shapes the
subsequent establishment and transmission of
viruses among and between humans and pigs
is critical for breaking the cycle.

PANDEMIC PREPAREDNESS: CANDIDATE
VACCINE VIRUS DEVELOPMENT AND
ASSESSMENT

Without the ability to accurately predict which
of the 30 current clades of swine IAV may
cause human infections or even pandemics,
human vaccine preparedness efforts for swine
strains are difficult. These efforts occur biannu-
ally at the WHO Vaccine Composition Meet-
ing, where animal influenza activity data are
presented concurrently with human seasonal
influenza activity data. If an animal IAV clade
is detected at high levels relative to other clades,
variant cases are identified, and/or genetic and
antigenic diversity of that clade is significantly
drifted from previously recommended pre-
pandemic CVVs and current human seasonal
vaccine strains, a representative animal strain
may be considered for development of a new
CVV. The CVVs are shared among the WHO
Global Influenza Surveillance and Response
Network (GISRS) and with academic, govern-
mental, and industry partners for research or
commercial development (Robertson et al.
2011). Before the 2009 pandemic, the HA genes
of CVVs were exclusively of avian origin, but
more recently, several swine variant viruses
have been selected based on confirmed variant
infections and antigenic divergence from other
CVVs and seasonal vaccines. The cross-reactiv-
ities of newly detected viruses are tested against
monovalent ferret antisera raised against CVVs
and/or seasonal vaccine strains and, when

available, pooled sera obtained from vaccinated
humans.

To determine whether the current CVVs
and human seasonal vaccine components ade-
quately captured the currently circulating diver-
sity of swine IAV, we compared the HA1 amino
acid sequences against existing CVVs and/or
nearest human seasonal vaccines when a
clade-specific CVV was absent, and summa-
rized the results in Table 1. For each of the 30
contemporary swine clades, a majority consen-
sus HA1 sequence was generated. For clades
without a CVV, the comparison was made
against the 2019-2020 northern hemisphere in-
fluenza season vaccine components, H1 (A/
Brisbane/02/2018) or H3 (A/Kansas/14/2017),
or the comparison strain was the most
genetically similar historical human vaccine
component. A total number of amino acid sub-
stitutions and substitutions in putative epitopes
were calculated using custom Python scripts
(Gerloff et al. 2014).

Of the six swine 1A clades we detected in the
contemporary data, three included a CVV or the
human seasonal vaccine (Fig. 3A): 1A.1.1 CVV
(A/Ohio/24/2017); 1A.3.3.3 CVV (A/Ohio/09/
2015); and 1A.3.3.2 human seasonal vaccine (A/
Brisbane/02/2018). Amino acid comparisons
of swine HA1 clade consensus sequences and
nearest CVV or vaccine strain are summarized
in Table 1. The 1A.1.1 swine consensus sequence
was 97% identical to the CVV (A/Ohio/24/
2017), with two amino acid mutations occurring
in known antigenic sites (Sa and Sb). The
1A.3.3.3 HA1 consensus sequence shared 92%
identity with the CVV (A/Ohio/09/2015), with
seven mutations in antigenic epitopes (Sa, Sb,
Cal, and Ca2) or the RBS. The 1A.3.3.2
(HIN1pdmo09) swine consensus sequence
shared 98% identity with a human vaccine
strain (A/Brisbane/02/2018), but possessed one
mutation in an antigenic site (Sa) and another in
the RBS: notably, there was a 2019 1A.3.3.2 var-
iant case. The remaining three clades (1A.2,
1A.3.1, and 1A.3.4) were detected at low levels,
and the swine consensus sequences from each
clade had 86%-88% identity to the human vac-
cine strain A/Brisbane/02/2018, with seven to 10
mutations in Sa, Sb, Cal, Ca2, Cb, or in the RBS.
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Nine variant viruses of the 1B lineage were
sequenced and deposited in databases within the
last 3 years. Of the 13 contemporary 1B clades
detected in global swine, two contained a CVV:
1B.2.1 (A/Ohio/35/2017 and A/Michigan/383/
2018) and 1B.2.2.1 (A/Iowa/32/2016). The
swine 1B.2.1 HAI1 consensus sequence was
99% identical to the A/Michigan/383/2018
CVV, with no mutations in known antigenic
sites. Similarly, the swine 1B.2.2.1 HA1 consen-
sus sequence had high identity (99%) to the
CVYV, with two mutations located in Ca2. Simi-
larity of consensus HA1 sequences for the other
swine 1B clades was dramatically lower. The
swine 1B.2.2.2 HAI consensus sequence had
low identity to the A/lIowa/32/2016 CVV
(91%), with mutations in Ca2, Sb, and the
RBS. A unique human-to-swine spillover in Bra-
zil, 1B.2.2, was most similar to the A/Iowa/32/
2016 CVV (91%) with mutations in Ca2, Sb, and
the RBS. Viruses from a second unique human-
to-swine spillover circulating in Brazil (Other-
human-1B.2 in Fig. 3B, and Brazil 1B.2 in Table
1) were most similar (94%) to a WHO human
seasonal vaccine recommended in 2000 (A/New
Caledonia/20/1999), with mutations in Cb, Sa,
Sb,and the RBS. The 1B.1 viruses in Europe were
most similar (93%) to a vaccine strain that was
last recommended for use in 1984 (A/Brazil/11/
1978), with mutations in Cb, Sa, Sb, Ca2, and the
RBS. Genetic diversity for viruses in the 1B.1
clade was high; when individual swine HA1
genes were compared with A/Brazil/11/1978,
the lowest similarity dropped to 88%.

Three variant viruses of the swine IAV 1C
lineage were reported within the last 5 years
from clades 1C.2.1 (A/Netherlands/3315/2016
and A/Pavia/65/2016) and 1C.2.3 (A/Hunan/
42443/205). Two of these variant viruses were
recommended as CVV strains; a 1C.2.1 (A/
Netherlands/3315/2016) and a 1C.2.3 (A/Hu-
nan/42443/2015). Swine IAV related to the
1C.2.1 strains continue to circulate in swine
with these data representing 53% of the detected
1C viruses over the past 3 years (Fig. 3C). The
HA1l consensus sequence for clade 1C.2.1
shared 95% identity with A/Netherlands/3314/
2016, with differences at amino acid sites within
epitopes Sa, Ca2, Cb, and the RBS. The HA1

consensus sequence for 1C.2.2 was most similar
to the 1C.2.1 CVV (92%), with amino acid dif-
ferences in epitopes Sa, Sb, Ca2, Cb, and the
RBS. The 1C.2.3 (n=16) viruses circulating in
China were 99% similar to A/Hunan/42443/
2015 CVV, with only two amino acid differences
that were not located in known antigenic sites.

The swine 1990s H3 lineages contain two
H3.1990.4a genetic clade CVVs (A/Indiana/
10/2011 and A/Minnesota/11/2010). The
H3.1990.4a CVV (Fig. 3D) had relatively high
identity to the consensus sequence of contem-
porary swine H3.1990.4a strains (97.5%), al-
though it had a single mutation in antigenic
epitope D. The H3.1990.4b swine strains were
significantly different from the most similar
CVV (93% similarity to A/Indiana/10/2011)
with mutations in antigenic epitopes A, B,
C, and D. For the remaining data in the
H3.1990.4 clade, the swine consensus sequence
was different from the most similar human vac-
cine strain (93% identity to A/Wuhan/359/
1995) with amino acid differences in antigenic
epitopes A, B, and C. The H3.1990.1 consensus
sequence was most similar to the human vaccine
A/Wuhan/359/1995 (95%), with three differ-
ences in antigenic epitopes C and D. The
H3.2010.1 clade had two current CVVs (A/
Ohio/28/2016 and A/Ohio/13/2017), and the
HA1 clade consensus sequence shared high sim-
ilarity (99.1%) to these CV'Vs, but with changes
in antigenic epitope A compared with A/Ohio/
28/2016. Another sustained human-to-swine
lineage of the 2010s (H3.2010.2, n=6) was
most similar to the 2016 H3 human vaccine
component (97% identity to A/Hong Kong/
4801/2014), and differed at amino acid sites
within antigenic epitopes A and C.

To quantify whether this genetic variation
had an impact on the antigenic diversity and
potential coverage of swine-origin/variant
CV'Vs, swine strains similar to the clade consen-
sus were tested against reference ferret antisera
to identify swine strains with eightfold or greater
reduction in titer compared with the homolo-
gous titer. Hemagglutination inhibition (HI) as-
says were performed following Lin et al. (2010),
but guinea pig red blood cells were used for
measuring hemagglutination, and oseltamivir
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Table 2. Swine 1A test antigens in hemagglutination inhibition assays with monovalent ferret antisera

n n Ln
22 22
2 I= I= =
~ 2] 2] 2]
Sy Ry .5b .50
o ey = =
o 5 5z iz iz
strain < LT I I
Clade Global Antigen Clade 1A.3.3.3 Hu-Vac Hu-Vac Hu-Vac
gamma.lb 1A.3.3.3 A/Ohio/9/2015 HIN1v* 2560 20 20
gamma.3b 1A.3.3.3 A/swine/lowa/A01731653/2016 HIN2 40 40
pdm® 1A.3.32  A/swine/Spain/45690-9/2018 HIN1 80 1280
Hu-Vac 1A.3.3.2 A/Michigan/45/2015 HIN1 2560 320 640

Blank cells are untested antigens and repeated sera reflect different antisera or testing that occurred at different laboratories.
*CVV or equivalent.
bRepresents current swine strains.

was omitted from a subset of the assays for H1
viruses. Although availability of HI test antigens
was limited for representative viruses from sev-
eral clades of swine IAV, the data illustrated gaps
in coverage of swine IAV by current CVVs (Ta-

evolution in the context of human pandemic
preparedness.

The swine 1A.3.3.3 viruses showed limited
cross-reactivity in HI assays against a ferret an-
tiserum raised to the human seasonal vaccine

bles 2-5) and serve as a baseline for future
assessment of antigenic diversity in swine IAV

strain from the HIN1pdmO09 (1A.3.3.2) clade,
whereas the 1A.3.3.2 virus retained good cross-

Table 3. Swine 1B test antigens in hemagglutination inhibition assays with monovalent ferret antisera

©
g
A R
2 2
< =
©
S0 =
R 3
Sera S Z &
strain <z <
Clade Global Antigen Clade 1B.2.1 Hu-Vac
delta.2¢ 1B.2.1 A/swine/Michigan/A01104117/2018 HIN2*® 640
delta.2¢ 1B.2.1 A/swine/Illinois/A02139356/2018 H1N2 160
delta.1A° 1B.2.2.1 A/swine/South Dakota/A01481702/2014 HIN2 80
Hu-Vac Human A/Brazil/11/1978 HIN1 10,240
hu-like® 1B.1.1 A/swine/England/208046/2018 HIN2 5120
hu-like® 1B.1.1 A/swine/England/062058/2018 H1N2 2560
hu-like® 1B.1.2 A/swine/Spain/45600-2/2017 HIN2 1280
hu-like® 1B.1.2.1 A/swine/Spain/40340-2/2017 HIN2 5120

Blank cells are untested antigens and repeated sera reflect different antisera or testing that occurred at different laboratories.
*A/swine/Michigan/A01104117/2018 HA represents A/Michigan/383/2018 HIN2v (100% AA identity HA1).

"CVV or equivalent.

“Represents current swine strains.
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Table 4. Swine 1C test antigens in hemagglutination inhibition assays with monovalent ferret antisera

n n
S S
N N
= 2 2
§ S 5
9 X I
3 g 5
< s c
Sera & T T
strain < 2 <
Clade Global Antigen Clade 1C.2.1 1C.2.3 1C.2.3
EAP 1C2.1 A/Netherlands/3315/2016* HIN1v 160 80 80
EAP 1C.2.1 A/Pavia/65/2016 HIN1v 2560
EA® 1C.2.1 A/swine/Spain/40340-1/2017 HIN1 80 160 160
EA® 1C2.1 A/swine/Belgium/Gent/13/2017 HIN1 160 640 640
EA® 1C.2.1 A/swine/Belgium/Gent/9-P20/2018 HIN1 160 40 160
EA® 1C.2.1 A/swine/Spain/45690-4/2018 HIN2 160 320 320
EA® 1C2.1 A/swine/Spain/6370-1/2018 HIN2 80
EA® 1C.2.2 A/swine/Belgium/Gent/31/2018 HIN1 320
EA® 1C.2.2 A/swine/Spain/6370-2/2018 HIN2 160
EA® 1C2.3 A/Hunan/42443/2015* HIN1v 80

Blank cells are untested antigens and repeated sera reflect different antisera or testing that occurred at different laboratories.

*CVV or equivalent.

PRepresents current swine strains; (EA) Eurasian avian lineage.

reactivity (Table 2). The 1B.2.1 and 1B.2.2.2
swine strains showed reduced heterologous ti-
ters to the 1B.2.1 CV'V-like ferret antisera (Table
3). European 1B.1.1, 1B.1.2, and 1B.1.2.1 re-
tained some reactivity with an ancestral human
seasonal vaccine strain (Table 3), but with evi-
dence of antigenic heterogeneity within the 1B
strains, particularly in the 1B.1.2 clade. Repre-
sentative swine 1C viruses were tested against
ferret antisera raised against the CVV of 1C.2.3
(A/Hunan/42443/2015) and the variant 1C.2.1
(A/Pavia/65/2016) (Table 4). The A/Pavia/65/
2016 antiserum showed low cross-reactivity to
the contemporary 1C strains tested despite being
in the same genetic clade as the A/Netherlands/
3316/2016 CVV, showing within-clade antigen-
ic diversity that may impact CVV coverage of
this clade. The 1C.2.3 A/Hunan/42443/2015 se-
rum was cross-reactive to the 1C.2.1 viruses.
The H3.1970.1 and H3.2000.3 lineage virus-
es showed limited cross reactivity with the
H3.2010.1 CVYV strain (A/Ohio/28/2016) anti-
sera (Table 5). The H3.1970.1 lineage virus also
had limited cross reactivity with the closest re-
lated human vaccine strains A/Port Chalmers/1/

1973 and A/Perth/16/2009. In contrast, the
H3.2000.3 lineage strain retained cross reactivity
with A/Perth/16/2009 and A/Sydney/5/1997
human vaccine strains. The contemporary
H3.1990.4a and H3.1990.4b lineage viruses
showed low-to-moderate cross reactivity to the
CVV-like strain (A/Minnesota/11/2010).

CONCLUDING REMARKS

IAV in swine is highly diverse, with sustained
transmission in global pig populations of all
three main lineages of H1 (1A, 1B, and 1C)
and multiple lineages of H3 from human sea-
sonal IAV established across several decades fol-
lowing the 1968 Hong Kong pandemic. The NA
and other six gene segments also show a high
degree of diversity. Following the spread of the
H1N1pdm09 virus in humans, annual introduc-
tion of this human seasonal HIN1 virus into
pigs has potentiated a decade of reassortment
and diversification of HA and NA in endemic
swine lineages. A consequence of this is a mon-
tage of swine IAV that have human-adapted
HIN1pdm09 lineage genes and endemic swine
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surface glycoproteins. This diversity has impor-
tant implications for swine health and control of
IAV using vaccines. Additionally, the diversity of
swine AV significantly increases the challenge
of pandemic preparedness for the global public
health community. The global genetic diversity
of swine IAV circulating from 2016 to present
and of swine IAV in the United States over the
past 6 months showed that most swine IAV were
significantly different from the current H1 and
H3 components of human IAV vaccines. Addi-
tionally, only nine of the 30 distinct genetic
clades detected in swine globally currently con-
tained a CVV or human seasonal vaccine, and
the degree to which those CVVs provide pro-
tection is uncertain given observed genetic and
antigenic differences identified in recently cir-
culating swine viruses. Because human and
swine IAV evolution are inherently tangled, a
system to regularly and rapidly prioritize and
evaluate evolving swine IAV in the context of
human risk should be part of a comprehensive
pandemic preparedness plan. Surveillance in
swine must continue to be a priority for animal
and public health, with priority given to geo-
graphic areas with high levels of swine IAV
diversity, rapid evolution, production practices
that support viral transmission and migration,
as well as specific animal-human interfaces
that promote greater contact between pigs and
people.
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