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Abstract

Influenza A virus (FLUAV) infects a wide range of hosts and human-to-swine spillover
events are frequently reported. However, only a few of these human viruses have become
established in pigs and the host barriers and molecular mechanisms driving adaptation to
the swine host remain poorly understood. We previously found that infection of pigs with a
2:6 reassortant virus (hVIC/11) containing the hemagglutinin (HA) and neuraminidase (NA)
gene segments from the human strain A/Victoria/361/2011 (H3N2) and internal gene seg-
ments of an endemic swine strain (sOH/04) resulted in a fixed amino acid substitution in the
HA (A138S, mature H3 HA numbering). In silico analysis revealed that S138 became pre-
dominant among swine H3N2 virus sequences deposited in public databases, while 138A
predominates in human isolates. To understand the role of the HA A138S substitution in the
adaptation of a human-origin FLUAV HA to swine, we infected pigs with the hVIC/11A1388
mutant and analyzed pathogenesis and transmission compared to hVIC/11 and sOH/04.
Our results showed that the hVIC/114"38S virus had an intermediary pathogenesis between
hVIC/11 and sOH/04. The hVIC/11138S infected the upper respiratory tract, right caudal,
and both cranial lobes while hVIC/11 was only detected in nose and trachea samples.
Viruses induced a distinct expression pattern of various pro-inflammatory cytokines such as
IL-8, TNF-a, and IFN-B. Flow cytometric analysis of lung samples revealed a significant
reduction of porcine alveolar macrophages (PAMs) in hVIC/11A138S.infected pigs compared
to hVIC/11 while a MHCII'®"CD163"9 population was increased. The hVIC/114138S showed
a higher affinity for PAMs than hVIC/11, noted as an increase of infected PAMs in bronch-
oalveolar lavage fluid (BALF), and showed no differences in the percentage of HA-positive
PAMs compared to sOH/04. This increased infection of PAMs led to an increase of granulo-
cyte-monocyte colony-stimulating factor (GM-CSF) stimulation but a reduced expression of
peroxisome proliferator-activated receptor gamma (PPARYy) in the sOH/04-infected group.
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Analysis using the PAM cell line 3D4/21 revealed that the A138S substitution improved repli-
cation and apoptosis induction in this cell type compared to hVIC/11 but at lower levels than
sOH/04. Overall, our study indicates that adaptation of human viruses to the swine host
involves an increased affinity for the lower respiratory tract and alveolar macrophages.

Author summary

Human-to-swine FLUAYV spillover events are relatively common and have led to the
establishment of multiple evolutionarily distinct virus lineages in the swine population
worldwide, leading to important economic losses in the pork industry. This also increases
the risk of reassortment and emergence of novel FLUAV that may retain the ability to
infect and transmit in humans, an event exemplified by the HIN1 pandemic in 2009.
However, the molecular mechanisms driving FLUAV adaptation to pigs following the
introduction of a human virus are still not fully understood. In this study we found that a
point mutation in a human-origin HA improved infection and transmissibility in pigs
characterized by an enhanced lung replication and the disruption of lung-resident
immune cell populations. This relationship between improved replication and infectivity
of lung-resident cells provides insights into host barriers limiting human FLUAV adapta-
tion to pigs and the complexities associated with the host immune response that influenza
A viruses must overcome to become established in the swine population.

Introduction

Influenza A viruses infect various animals, including birds, pigs, and humans [1]. While some
strains have a restricted host range, it is well-documented that some viruses can jump between
species [2]. A clear example is the emergence of the 2009 swine-origin HIN1 pandemic virus
that rapidly spread worldwide in humans [3]. However, human-to-swine transmissions of
FLUAYV are more frequent than zoonotic events [4,5]. Although human-origin HIN1 and
H3N2 FLUAYV infections in pigs are frequent, H3N2 infections are generally self-limiting, and a
reduced number of viruses evolve enough to become prevalent in the swine population [6]. One
of the most recent examples is the spillover of a human-origin H3N2 during the 2010/2011 sea-
son that became established as a new H3N2 swine FLUAV lineage in North America (known as
the 2010.1 lineage) [7]. Despite many of these human-origin viruses becoming established in
swine and contributing to the diversity of viruses circulating in pigs globally, little is known
about the biological processes driving human-to-swine adaptation. Previous reports showed
that acquiring swine-origin FLUAYV internal genes is critical [7,8]. Since the temperature of the
lower respiratory tract of pigs is slightly higher than that of humans [5], the polymerase complex
must be adapted to higher temperatures to overcome this host barrier, potentially through reas-
sortment or gain of adaptative mutations [9,10]. It has also been shown that the HA gene can
adapt to the new host via introduction of changes increasing receptor-binding affinity of the
HA protein [11,12]. As a consequence, alterations of the NA gene are essential to maintain the
balance between HA avidity and NA activity [13]. In addition, the ability of the virus to suppress
or evade host-specific immune responses can also drive FLUAV evolution aiding in the estab-
lishment of viral infections during cross-species transmission.

Alveolar macrophages (AMs) are the most abundant immune cells in the lungs and account
for up to 98% of cells in bronchoalveolar lavage fluid in pigs [14]. AMs contribute to the first
line of defense against respiratory pathogens and are essential in developing innate and adapta-
tive immune responses during FLUAV infection. Previous reports showed that they play a
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critical role in controlling FLUAYV infection via the production of type I interferons and other
pro- and anti-inflammatory cytokines such as TNF-a, IL-6, and IL-10 together with their intrin-
sic phagocytic activity [15,16]. Moreover, AMs play a significant role in building antibody-
mediated protection against FLUAV, inducing and regulating the primary anti-FLUAV cyto-
toxic T-cell response [17,18]. AM-depleted animals infected with FLUAV have higher lung rep-
lication, overexpression of pro-inflammatory cytokines, increased tissue damage and higher
mortality, underscoring that AMs are imperative for combatting FLUAV infection [19-21].
While AMs are essential for the anti-influenza immune response, they have been previously
reported to be susceptible to FLUAV infection [22,23]. However, numerous FLUAV HA sub-
types show limited virus replication within these cells except for a subset of both highly patho-
genic and low pathogenic H5 viruses that efficiently replicate in swine, mice, and human AMs
[23-26]. Nonetheless, both H3 and H1 viruses have also been described to infect mice AMs
[27]. Previous literature suggests that FLUAV infection of AMs not only induces death by apo-
ptosis [21], but also impairs the immune activity of AMs via peroxisome proliferator-activated
receptor gamma (PPARY) repression [28,29]. This transcription factor regulates AMs activity
and is activated after granulocyte-monocyte colony-stimulating factor (GM-CSF) stimulation
[30,31]. GM-CSF and PPARy have also been described as main factors promoting monocyte
differentiation into AMs and their proliferation [32,33]. However, the effect, if any, of FLUAV
infection of AMs on virus tropism and host range is still unknown [34].

To assess the adaptation of human-derived HA to pigs and its implications on the swine
immune response, we generated an H3N2 reassortant virus (hVIC/11) containing the HA and
NA segments of a human seasonal A/Victoria/361/2011 (H3N2) virus and the remaining
genes forming an internal gene constellation highly adapted to pigs. This internal gene constel-
lation is formed by a combination of the triple reassortant internal gene (TRIG) cassette and
the 2009 pandemic matrix (M) gene which was the most prevalent constellation circulating
from 2014-2019 in North American swine herds. When pigs were inoculated with the
hVIC/11 virus, a point mutation near the receptor-binding site of the HA protein (A138S)
became fixed in contact pigs [35]. This mutation improved binding and replication in swine
tracheal cells in vitro [35]. To further understand the impact of this mutation on pathogenesis
and transmission, pigs were inoculated with a hVIC/11 virus carrying the A138S amino acid
change (hVIC/11*'*%) and compared to the original hVIC/11 and a swine-origin H3N2 virus
A/turkey/Ohio/313053/2004 (sOH/04). We found that hVIC/11*"**® infected the upper and
lower respiratory tract, while hVIC/11 was only detected in the upper respiratory tract by 5
days post infection (dpi). PAMs in bronchoalveolar lavage (BALF) samples were significantly
decreased in sOH/04- and hVIC/11*"**.infected pigs but not in hVIC/11-infected animals.
This reduction of PAMs was accompanied by an increased number of FLUAV-infected PAMs;
however, only sOH/04 suppressed PPARy expression. Upon further analysis using the porcine
alveolar macrophage cell line 3D4/21, we found that the A138S mutation increases the virus’
ability to replicate and induce apoptosis in PAMs compared to hVIC/11 but at lower levels
than sOH/04, suggesting that the decreased number of PAMs observed in vivo could be due to
FLUAV-induced apoptosis.

Results

The A138S mutation modulates HA thermal stability, receptor-binding
properties of hVIC/11*'%%%, and NA activity

Previous in vitro experiments using differentiated primary swine tracheal cells showed a fitness
advantage associated with the A138S change of the HA [35,36]. We analyzed the amino acids
present at HA’s position 138 in 5,706 unique swine H3N2 sequences available on GISAID (Fig
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1A). Before the spillover of the 2010.1 human-origin lineage into pigs, 80.3% of swine H3N2
isolates showed alanine (Ala; A138) in position 138 while serine (Ser; S138) was present in less
than 15% of swine HA sequences (Fig 1A, left panel). However, after 2010, S138 showed a dra-
matic increase in detection frequency being present in 54.1% of swine isolates and, as of 2022,
96% of deposited sequences showed S138. When the frequency data were split between 1990.4
(another highly prevalent H3N2 FLUAYV lineage of swine) and 2010.1 lineages (S1 Fig), we
found that S138 was present in the 1990.4 lineage with a low frequency (10-20%) until 2019,
when S138 became predominant, reaching 90% of sequences around 2020. Similarly, early
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Fig 1. In vitro characterization of the hVIC/114"*® virus. (A) Prevalence of the S$138 residue in swine and human H3N2 FLUAYV isolates reported from 1992
to 2022. Sequences were obtained from GISAID and aligned using ClustalW. (B) Representative electron microscopy pictures of sOH/04, hVIC/11, and hVIC/
114138 Scale bar = 100 nm (C) Plaque morphology produced by sOH/04, hVIC/11, and hVIC/114'*% in MDCK cells at 37 and 39°C. (D) Plaque sizes
produced by the viruses at 37 and 39°C. Two independent experiments were performed in triplicates. Values represent the mean * standard error of the mean
(SEM). Statistical analysis was performed by two-way ANOVA. **p<0.005.

https://doi.org/10.1371/journal.ppat.1012026.9001
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2010.1 sequences showed mainly A138 and S138 gradually increased reaching 100% frequency
in 2022 and 2023. Conversely, human H3N2 viruses showed a strong preference for A138 (Fig
1A, right panel), and as of 2022, 98% of deposited sequences on GISAID showed A138, thus
suggesting a potential advantage of the A138S mutation in the HA of swine H3N2 viruses for
replication in pigs.

To assess the impact of this amino acid change on virus structure, virus morphology was
evaluated (Fig 1B) in the context of a human-derived HA (hVIC/11 and hVIC/1 14138%) For
comparison purposes, a swine-adapted strain (sOH/04) was included in our analysis. Viruses
were generated using reverse genetics carrying an isogenic backbone containing genes from
the TRIG (PB2, PB1, PA, NP, NS) and HIN1pdm09 (M) lineages and the HA and NA genes
from the human strain A/Victoria/361/2011 (hVIC/11), an hVIC/11 HA segment carrying the
A138S mutation (hVIC/11*'%%) and from the swine-adapted virus A/turkey/Ohio/313053/
2004 (sOH/04). All viruses showed a spherical-like shape with an average diameter of 120 nm
(Fig 1B), demonstrating that the A138S did not visibly alter the particle morphology. Further,
viral plaque analysis showed no differences at either 37 or 39°C for sOH/04 and hVIC/1141%%
(Fig 1C and 1D), contrasting hVIC/11, which showed increased plaque sizes at 39°C. No sig-
nificant differences were observed in virus replication in Madin Darby Canine Kidney
(MDCK) cells among the 3 viruses evaluated at either 37 or 39°C (52 Fig).

To better understand the impact of the A138S mutation on the HA protein, we analyzed
the thermal stability of the viruses (Fig 2A). The hVIC/11 showed reduced HA titers at lower
temperatures when compared to sOH/04 and hVIC/114"*%, with a half-inactivation tempera-
ture (Tso) of 57.4+0.2°C. The swine-adapted sOH/04 and hVIC/11%"*®* virus had a Ts, of 58.6
+0.1°C and 58.7+0.3°C, respectively. We also analyzed the binding properties of the viruses
using a high molecular weight sialylglycopolymer-based assay validated using mammalian-
and avian-adapted viruses (S3 Fig) [37,38]. There were no differences between hVIC/11 and
hVIC/11*"*® for 02,3 receptor binding (3°SLN, Fig 2B), while the swine-adapted sOH/04
virus had a higher affinity for 3’SLN. Noteworthy, hVIC/11*"** exhibited an increased bind-
ing affinity to 02,6 receptors (6’SLN, Fig 2C) compared to hVIC/11, reaching similar levels as
sOH/04.

Evaluation of NA sialidase activity using a MUNANA-based assay, and by normalizing
each virus to 10* plaque-forming units (PFU, Fig 2D) under MUNANA-saturated conditions
(100 uM), showed that hVIC/114"** had the highest NA activity with a conversion rate of
0.189 uM/min, which was significantly higher than hVIC/11 (0.110 uM/min) and sOH/04
(0.032 uM/min). Results suggested that the A138S mutation in the HA protein influences NA
enzymatic activity. We validated the assay’s specificity by oseltamivir inhibition (S4 Fig). These
results were further confirmed by determining the NA kinetic parameters normalizing based
only on NA activity. When the viruses were incubated with variable concentrations of
MUNANA (Fig 2E), sOH/04 had the lowest V,,,, and Kj; (0.408 pM/min and 39.25 pM
respectively) whereas hVIC/1 141385 had the highest activity (V4 = 0.665 M/min, Ky, =
88.78 uM). The hVIC/11 showed an intermediate phenotype (V,,,,, = 0.491 uM/min, Ky =
58.4 uM). Taken together, these results demonstrate that the A138S modulates the thermosta-
bility of the HA protein, increases affinity for a:2,6-type receptors and affects NA activity.

HA A138S improves transmission in pigs and infection of the lower
respiratory tract

To evaluate the effect of the A138S mutation on transmission in vivo, 3-week-old pigs were
inoculated with 3x10° TCIDso/pig of hVIC/11, hVIC/11*'%* or the swine-adapted sOH/04
(seeders, 3 pigs/virus, S5 Fig). Two days post-infection (dpi), 3 naive pigs were introduced as
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Fig 2. A138S increases HA thermal stability, binding for 12,6 receptors, and NA activity. (A) Thermal stability of sOH/04
(blue), hVIC/11 (yellow), and hVIC/1 12138 (red) was determined by incubating them at different temperatures for 1 hour.
Data were fitted to a dose-response-inhibition non-linear fit. Receptor-binding affinity of sOH/04, hVIC/11, and hVIC/
114135 for 3°SLN (B) or 6'SLN (C) was assessed by incubating the viruses with different concentrations of 3’SLN or 6’SLN.
(D) NA activity was determined by normalizing the viruses at 10* PFU/well in the presence of 100 uM MUNANA.
Fluorescence was measured every 60 seconds for 1 hour and data was fitted to a linear regression model. (E) NA activity of
the viruses was determined by normalizing based on NA activity. Viruses were incubated at different MUNANA
concentrations for 1 hour and kinetic parameters (Ky; and V ,,,,) were determined by fitting the data to the Michaelis-
Menten equation. For all assays, two experiments were performed in triplicates. Values represent the mean + SEM. Statistical
analysis was performed by two-way ANOVA. ***p<0.0005.

https://doi.org/10.1371/journal.ppat.1012026.9002
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contacts in each cage (contact 1), and the infection progressed for 3 more days. At 5 dpi seed-
ers were humanely euthanized, and 3 new naive pigs were introduced (contact 2). This cycle
was repeated for a total of 4 contacts with contacts introduced at 3dpc each time. Tissues and
BALF were collected from seeder pigs at 5dpi. In addition, nasal swabs were collected at 0 and
2dpi/3dpc from seeders and contact pigs.

FLUAY infection was evaluated by RT-qPCR from nasal swabs at 2dpi/3dpc (Table 1).
sOH/04 was detected in all inoculated and contact animals throughout the study. Similarly,
the hVIC/11*'%®3 virus was also detected among all contacts, contrasting with the hVIC/11
virus that was only detected in the seeders and contact 1 pigs, confirming the role of the A138S
mutation in improving the transmissibility of hVIC/11.

Assessment of viral loads throughout the respiratory tract was performed by collecting dif-
ferent anatomical sections of the upper, middle, and lower trachea, right cranial lobe, left cra-
nial lobe, right caudal lobe, left caudal lobe, and the accessory lobe from seeder pigs at 5 dpi
(Fig 3A). vVRNA was detected in all the collected tissues of all pigs in the sSOH/04-infected
group. Meanwhile, VRNA was detected in most tissues from the hVIC/11*'**-infected pigs
with mean titers of 10* TCIDsyeq/pug total RNA, except in the right caudal and the accessory
lobe in which titers dropped to 10" TCIDsgeq/ug total RNA. Titers in the left caudal lobe
showed that 1 out of 3 pigs had virus in this lobe. Additionally, 2 out of 3 pigs showed lower
titers in the right cranial lobe compared to sOH/04. Distinctively, vVRNA loads in hVIC/
11-infected pigs were only observed in the upper and middle trachea in 2 out of 3 seeder pigs
with a mean titer of 10" TCIDspeq/pg total RNA. Viral infection was also confirmed by immu-
nofluorescence (Fig 3B). Similar to viral RNA titrations, immunofluorescent imaging showed
that the A138S mutation resulted in virus infection of the lower respiratory tract of pigs at 5
dpi. Conclusively, the results suggest the hVIC/11 containing the A138S mutation displayed
an intermediate phenotype between the swine-adapted sOH/04 virus and the human hVIC/11
virus.

Histopathological analysis revealed that the sOH/04 group exhibited moderate-severe nec-
rotizing bronchiolitis with concurrent suppurative bronchitis, bronchiolitis, culminating into
bronchiolitis obliterans (Fig 4). Moderate to severe microscopic lesions were present in the
caudal lung lobe sections although, in these, they were principally centered on the airways.
Only mild-moderate lymphohistiocytic tracheitis with mild multifocal epithelial degeneration
and necrosis was observed in this SOH/04 group. The hVIC/11 group tracheas also presented
mild-moderate lesions with only one section having moderate epithelial necrosis and suppura-
tive inflammation of the submucosal glands. Lungs in this group had mild or mild-moderate
suppurative bronchitis and bronchiolitis, contrasting the severe bronchiolitis observed in the
sOH/04 group. The hVIC/11'*S group had similar pulmonary and tracheal lesions to the
hVIC/11 group. Concurrent catarrhal to suppurative bronchitis and bronchiolitis were

Table 1. Virus detection in contact pigs infected with sOH/04, hVIC/11, and hVIC/114"%%S, Number of FLUAV-
positive contact pigs determined by RT-qPCR from nasal swab samples at 2dpi/3dpc (C1 = contact 1, C2 = contact 2,
C3 = contact 3, C4 = contact 4).

Virus
sOH/04 hVIC/11 hVIC/11413%8
Seeders 3/3 3/3 3/3
C1 3/3 2/3 3/3
C2 3/3 0/3 3/3
C3 3/3 0/3 3/3
C4 3/3 0/3 3/3

https://doi.org/10.1371/journal.ppat.1012026.t001
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nuclei (blue) were stained with DAPI. The scale bar represents 50 pm.

https://doi.org/10.1371/journal.ppat.1012026.9003

accompanied by mild local epithelial degeneration, deciliation and sloughing into the lumen.
Evidence suggests that the A138S mutation does not increase the tissue damage compared to
the hVIC/11 virus.

To further understand the differences in FLUAV tropism, sialic acid receptor distribution
in the respiratory tract of pigs was evaluated by staining 02,3 and 02,6 receptors using lectins
(S6 Fig). Among multiple pigs, 02,6 receptors were predominant in the trachea, while 02,3
abundance increased in lower respiratory tract. 02,3 and 0.2,6 receptors were similarly distrib-
uted in all the pulmonary lobes which is in agreement with previous reports [39]. Taken
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https://doi.org/10.1371/journal.ppat.1012026.9004

together, evidence suggest that differences observed here may not be because of differences in
receptor distribution.

Viruses induced a distinct pattern of innate immune responses in vivo

To assess the expression of specific pro-inflammatory cytokines, interferon-induced genes,
and pattern recognition receptors, RNA from each anatomical section of the lungs was
extracted, gene expression was assessed by RT-qPCR, and fold induction was calculated by
normalizing expression to the negative control group. In the right cranial lobe (Figs 5A and
S7), sOH/04 induced the expression of numerous analyzed genes, being statistically significant
TLR-7, Mx2, and IL-18. In contrast, hVIC/11*'**% showed a similar expression pattern as
hVIC/11, which was characterized by a strong TNF-0. and TLR-7 expression. In the left cranial
lobe (Figs 5B and S8), there was a significant amount of IFN-y repression within the sOH/04
and hVIC/11*"**.infected pigs, contrasting with hVIC/11-infected pigs where IFN-y was not
repressed. However, hVIC/11*"**.infected pigs displayed increased expression of IL-6 and
IFN-. For the right caudal lobe (Figs 5C and S9), sOH/04 significantly increased the expres-
sion of both IL-6 and IL-8, while hVIC/11 and hVIC/11*"**® induced a high level of TLR7
transcription. Individually, hVIC/114"*% led to high expression of IFN-y and Mx2, while
hVIC/11 induced a strong IFN-B expression when compared to hVIC/11%'%%, although the
virus was not detected in this lobe at 5dpi (Fig 3). Expression patterns observed in the left cau-
dal lobe differed (Figs 5D and S10), with all viruses strongly repressing IFN-B but most other
genes did not exhibit major changes. Exceptions were seen for IFN-vy, which was slightly
overexpressed by hVIC/1 141388 compared to hVIC/11; and IL-8 and TNF-o, which were
slightly overexpressed by hVIC/11, however, these differences were not statistically signifi-
cant. Lastly, sOH/04 induced the expression of almost all the PRRs analyzed in the accessory
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lobe (Figs 5E and S11). Meanwhile, hVIC/11 and hVIC/1 1A1388 overexpressed IL-6. In sum-
mary, our results showed that each virus induced a unique expression pattern in each lung
lobe.

Viruses induce a differential recruitment of immune cells to the lungs upon
infection

To further characterize the host-immune response post-FLUAV infection of seeder pigs, cell
populations that infiltrated in the different lung sections at 5 dpi were examined using flow
cytometry and staining simultaneously for SLA class II DR (MHC II), CD163, and CD172a
(Fig 6). This previously reported strategy enabled the detection of 5 different immune cell pop-
ulations based on their CD163 content and CD172a presence gated on MHCII"8"CD163P°*
cells (antigen-presenting cells, APC) (Fig 6A) [14]. These populations are CD172a"*¢CD163"¢
(type 1 conventional dendritic cells, cDC1), CD172aP**CD163"° (type 2 conventional den-
dritic cells, cDC2), CD172aP*°CD163'°" (monocyte-derived dendritic cells, moDC), CD172a-
PosCP 631t (monocyte-derived macrophages, moM¢), and CD172a"°*CD1 63"8" (PAMSs in
BALF or interstitial PAMs in lung tissues, PIAMs). No changes were detected in the abundance
of APC (MHCIIM8'CD163P%) in the right cranial lobe (Figs 6B and S12A). However, the
amount of PiAM (CD172aP**CD163"#") was lower in sOH/04-infected pigs (36.9%) than the
mock controls (46.9%). No significant differences between the infected groups and the mock
control were observed in the remaining cell populations. Further, no differences were observed
between groups in the left cranial lobe (Figs 6C and S12B) and the right caudal lobe (Figs 6D
and S12C). A significant decrease of the PIAMs population was observed in the left caudal lobe
in sOH/04-infected pigs (31.1%) compared to the mock group (53.6%) (Figs 6E and S12D).
Similarly, we detected an increase in the cDC2 (CD172aP*°CD163"°¢) population in the sOH/
04-infected pigs (11.8%) compared to the mock (1.87%) in this lobe. No differences were
observed between the mock and the other infected groups (hVIC/11 and hVIC/114"*%) in this
lobe. In the accessory lobe (Figs 6F and S12E), sOH/04-infected pigs displayed a significant
decrease in the number of APC cells (10.3%) compared to the mock (23.3%). No differences
were observed between the mock- (50.16%), hVIC/11- (58.93%), and hVIC/114'**5_infected
pigs (45.36%) for the PiAMs population in this lobe, while PiAMs were significantly reduced
in sOH/04 -infected pigs (26.9%) compared to the mock control. Taken together, these results
suggest that FLUAV infection with a well-adapted virus such as sOH/04 distinctively disrupts
the PiAMs population in different sections of the lungs.

The A138S mutation increases affinity for alveolar macrophages and
enhances apoptosis induction

Since sOH/04-infected pigs showed a decreased number of PiAMs, we next evaluated the
effects of FLUAYV infection on PAMs in BALF. First, differences in the total number of cells in
BALF samples (Fig 7A) were assessed. Pigs infected with sOH/04 (4.4x10 cells) displayed ele-
vated cell counts in comparison to the mock (8.7x10° cells), hVIC/11 (9.43x10° cells), and
hVIC/114"38 (1.17x107 cells). No differences were observed in the total cell count between the
mock, hVIC/11, and hVIC/114"*® groups. Following the strategy described above (Fig 6A),
we further characterized the cell populations present in BALF by multi-color flow cytometry.
Results showed that PAMs accounted for more than 75% of cells in BALF samples in both
mock- and hVIC/11-infected pigs (Figs 7B, 7C, and S12F). Yet, the PAM population accounted
for less than 50% in the hVIC/11*"**-infected pigs (44.6%). Similarly, we observed an increase
of the MHCII'®™ CD163"°8CD172a"8 population that increased proportionally with the
reduction in PAMs percentage in BALF samples (Figs 7B and S12F). A more severe reduction
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in the (A) right cranial lobe, (B) left cranial lobe, (C) right caudal lobe, (D) left caudal lobe, and (E) accessory lobe was quantified among total live cells
(APC) or MHC8"CD163P°* cells (cDC1, cDC2, moDC, moMg¢, and PiAMs). Values represent the mean + SEM for seeder pigs (n = 3) in each group.
Statistical analysis was performed by two-way ANOVA. *p<0.05, **p<0.005, ***p<0.0005.

https://doi.org/10.1371/journal.ppat.1012026.9006

was observed for the sOH/04-infected pigs, where the PAMs population was reduced to 9.51%
(Figs 7B, 7C, and S12F).

Analysis of the amount of FLUAV- infected PAMs by flow cytometry by looking at the HA
content on the cell surface among the MHCII™®" CD163P° population (Fig 8A) revealed that
hVIC/11-infected pigs had the smallest % of HA-positive PAMs (23.56%) (Fig 8B and 8E). An
increase of HA-positive cells was observed in hVIC/11*'*%- and sOH/04-infected pigs (Fig 8C
and 8D, respectively). sOH/04-infected pigs exhibited 60% of PAMs positive for HA, which
was statistically higher compared to both hVIC/11 and the mock control (Fig 8E). Meanwhile,
hVIC/11*1%% _infected pigs contained 40.63% of PAMs positive for HA which was statistically
higher compared the mock control. Taken together, the A138S mutation showed an interme-
diate phenotype between the swine-adapted sOH/04 virus and the human hVIC/11 virus.

Next, the ability of the viruses to suppress the expression of key genes driving PAMs prolif-
eration and immune activity was evaluated. Therefore, we looked at GM-CSF and PPARy
expression. GM-CSF is the main factor driving monocyte differentiation into PAMs in vitro
and has been associated with PAM immune activity [30,40]. PPARYy is a transcription factor
stimulated by GM-CSF; therefore, their expression will help to detect if FLUAV interferes with
PAMs activity upstream or downstream the GM-CSF signaling. Analysis of GM-CSF expres-
sion in BALF samples showed increased expression upon FLUAYV infection with all three
viruses (Fig 8F); however, expression in hVIC/11-infected BALF showed no statistical differ-
ences compared to the mock. The expression of this gene was highly stimulated by sOH/04
infection, while hVIC/114'*% displayed an intermediate phenotype. GM-CSF results contrast
with PPARy expression (Fig 8F), in which no major differences were detected between the
mock, hVIC/11-, and hVIC/114"**5-infected pigs; however, PPARY expression was strongly
suppressed, with an expression 5 times lower than the mock control, in BALF samples from
sOH/04-infected pigs. Overall, these results suggest that the A138S mutation increases FLUAV
affinity for PAMs, but it is not enough to repress PPARY expression as observed in sOH/04.

Finally, to confirm the ability of FLUAV to infect and induce death in PAMs, we used a
commercial porcine alveolar macrophages cell line (3D4/21). When we looked at the ability of
the viruses to induce apoptosis at 12 hpi (Fig 8G), we found that hVIC/11 (~7.5%) induced lit-
tle apoptosis (Live/Dead™*®Annexin VP, Q3) in the cells compared to the mock control
(~6%). However, an increased number of Annexin VP cells were found in the hVIC/11413%
(~18%) and sOH/04 (~22%) infections. When we evaluated the growth kinetics of each virus
in 3D4/21 cells (Fig 8H), sOH/04 showed the fastest replication, reaching a maximum titer of
107 TCIDsgeq/mL at 24 hpi, which was significantly higher than hVIC/114"*% that had a maxi-
mum titer of 10° TCIDspeq/mL at 72 hpi. In contrast, hVIC/11 showed an increase in titer at
24 hpi, but then it stopped replicating. Together, these results suggest that the increased apo-
ptosis may be influenced by the increased replication ability of the swine sOH/04 compared to
the human hVIC/11.

Discussion

Understanding the mechanisms driving FLUAV evolution and adaptation to different species
is critical for human and animal health. Human-origin FLUAV gene segments have been
introduced in swine FLUAYV strains, further expanding the genetic diversity of swine FLUAV
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[41,42]. Since the introduction of the TRIG constellation in the late 1990s, multiple human-to-
swine spillover events have occurred, with increased frequency after the emergence of the pan-
demic HIN1 in 2009 [43]. Although this has contributed to the reassortment and maintenance
of the human-origin internal genes [43,44], wholly human-origin viruses do not commonly
persist in the swine population [44,45]. Interestingly, multiple HA and NA genes derived from
human-seasonal H3N2 viruses have been introduced to the swine population leading to the
emergence of distinct phylogenetic clades [46-49]. In this work, we have found that the adap-
tation of human-origin FLUAV HA to pigs increases affinity for the lower respiratory tract
and leads to PAM depletion, possibly by triggering apoptosis, which might be a critical step for
adaptation of human viruses to the swine host.
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and PPARYy assessed by qPCR and normalized to RLP-19 expression in BALF samples. Values are shown as log, fold induction of the mean between the
seeder pigs (n = 3) of each group. (G) Flow cytometry analysis of apoptotic cells (Live/Dead”*®Annexin VF*%) at 12 hpi. (H) Growth kinetics of sOH/04
(blue), hVIC/11 (yellow), and hVIC/1 14138 (red) in 3D4/21 cells at 37°C. Two independent experiments were performed in triplicates each time. Values
represent the mean + SEM. Statistical analysis was performed by two-way ANOVA. *p<0.05, **p<0.005, ***p<0.0005.

https://doi.org/10.1371/journal.ppat.1012026.9008

The H3 HA A138S mutation is prevalent in swine HA genes, and this increased signifi-
cantly after the emergence of the H3 2010.1 lineage. This mutation has been associated with
the adaptation of avian-origin H3, H6, and H7 to mammalian receptors [50] and increased
infectivity of H3N2 viruses in swine respiratory epithelial cells [36]. However, no previous
studies have evaluated the in-depth impact of this amino acid change on the virus adaptation
to the swine respiratory tract and subsequent transmission between animals. Previously, we
and others showed that the A138S mutation exhibits increased replication and binding to
swine tracheal cells [35,36]. Using a reassortant hVIC/1 121388 yirus, we detected a small
increase in the HA thermostability but observed that this mutation does not affect viral mor-
phology (Fig 1) or replication in MDCK cells. Increased HA thermostability suggests the virus
retains biological activity at higher temperatures than the original hVIC/11 virus (Fig 2).

NA activity of the viruses revealed that the swine-adapted sOH/04 virus exhibited decreased
activity, characterized by a reduced V,,,,, and K,; compared to both hVIC/11 and hVIC/
1141385, A previous report showed that viruses with low NA activity are not inhibited by swine
mucus, suggesting they are potentially transmissible among pigs but not humans [51]. This
result contrasts with the activity of the hVIC/114"*® virus that showed increased NA activity
compared to sOH/04 and hVIC/11. Nonetheless, Ky, for hVIC/11%'*% was almost doubled
when compared to sOH/04, which means the virus needs two times more substrate to reach
V,.ax than sOH/04. Hence, hVIC/11%13%5 NA seems to have a decreased substrate affinity but
enhanced catalytic activity compared to sOH/04 NA. This is especially interesting since the
NA gene from both hVIC/11 and hVIC/114* is the same, but differed significantly in NA
activity, suggesting that mutations in the HA protein might modulate NA activity. Indeed,
when we analyzed the HA affinity for 02,6 sialic acid receptors, hVIC/11*'*® displayed higher
affinity than hVIC/11, with no differences compared to sOH/04 at high concentrations of
6’SLN (Fig 2). This could explain an increased NA activity without disrupting the functional
balance between HA avidity and NA activity, considering that hVIC/11%"*%5 NA has less affin-
ity for the receptor than sOH/04. However, more experiments beyond the scope of this study
are required to confirm this hypothesis.

hVIC/11 showed reduced transmission in vivo and was not detected after contact 1 pigs,
contrasting with hVIC/11*"**® and sOH/04 that efficiently transmitted through 4 subsequent
transmission events. Therefore, the data supports our previous results that the A138S mutation
increases viral replication and transmissibility in pigs. The A138S mutation exhibited efficient
virus replication in most of the seeders’ upper and lower respiratory tracts, displaying a pattern
similar to sOH/04 and differing from hVIC/11, which failed to infect the lower respiratory
tract by 5 dpi. Numerous studies have demonstrated that efficient transmission of FLUAV is
associated with enhanced replication in the lungs of ferrets and mice [52-55]. However, a
recent study observed that upper respiratory tract infection is critical for onward transmission
in the ferret model [56]. Nonetheless, the lack of transmission of hVIC/11, despite active repli-
cation in the nose and trachea, consistently with what has been shown previously [7], suggests
a potential role of the lower respiratory tract infection of FLUAV in pigs. Since all the viruses
possessed the same internal genes (TRIG backbone), the ability of the hVIC/114"**® virus to
infect the lower respiratory tract is most likely from a direct effect of this HA amino acid sub-
stitution, potentially linked to enhanced entry into swine cells induced by an increased affinity
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for 02,6 receptors. However, it cannot be discarded that hVIC/11 infected the lower respira-
tory tract and was cleared faster than sOH/04 and hVIC/11%"*%, therefore impeding detection
by the time of tissue collection.

Induction of the cellular immune response by FLUAV infection varied among different
anatomical sections of the lungs but was not necessarily associated with virus detection in
each lung section (Figs 3 and 5). Most of the analyzed cytokines were upregulated in the
lungs of sOH/04-infected pigs, although TNF-o. was down-regulated in almost all lobes
except the left cranial lobe. Interestingly, TNF-o, was not inhibited by hVIC/114'%*% in the
right cranial, right caudal, and accessory lobe. TNF-o has been demonstrated to exert a
potent antiviral activity in the lungs [57]; therefore, lower virus replication in these lung
lobes could be due to overexpression of this cytokine. In addition, we detected higher
expression of IFN-y in the left caudal and right caudal lobe of hVIC/11*"**5-infected pigs
compared to sOH/04 coupled with elevated levels of IFN-f in the accessory lobe. These ele-
vated levels of IFN coincided with limited virus replication in similar tissues. Considering
that type I and IT IFN are potent FLUAV antivirals [58], the results are consistent with the
idea that FLUAV viruses need to inhibit expression of host-specific IFN to efficiently repli-
cate in the lungs of a particular host. However, it must be noted that our study design only
captures the expression profile at 5 dpi, and changes in the expression of certain genes and
the distribution of the viruses in the respiratory tract before the time of collection may affect
the outcome at 5 dpi. Further, since the number of animals used in this study was small and
pigs were inoculated intratracheally and intranasally, we must exercise caution interpreting
gene expression profiles of each individual lobe as the inoculation method could cause dif-
ferences in virus deposition in the lungs that could affect gene expression and might differ
from what is observed in a natural infection.

FLUAYV infection of the lungs considerably impacted the cell populations in different lobes.
We observed that sOH/04 infection decreased the presence of PiAM:s in the right cranial, left
caudal, and accessory lobe, but hVIC/11 and hVIC/11%'*® did not affect this population.
Interestingly, hVIC/11*"*% showed reduced infection in some of these lobes, specifically
exhibiting a trend for reduced titer in the left caudal lobe when compared to sOH/04 and no
virus replication in the accessory lobe as demonstrated by RT-qPCR and immunofluorescence
analysis at 5dpi (Fig 3). These results suggest that PIAMs may limit FLUAV replication in addi-
tion to IFN and TNF-o; therefore, the adaptation of human viruses may involve the ability to
deplete PiAMs. Hence, the role of both PiAMs, which are phenotypically distinct from PAMs
[14] in terms of gene expression profiles and morphology, during FLUAYV infection deserves
further investigation in future studies.

The cell content in BALF samples revealed that sOH/04 infection recruits a large number of
cells to the lungs, noted from the ten-fold increase in the total number of cells compared to the
mock group (Fig 7). The increased infiltration of cells is due to the recruitment of MHCII-
1o"CD163"8 cells, most likely neutrophils, and T cells, as has been previously reported [59-
61]. The substantial increase in the percentage of neutrophils in the lungs could be due to the
ability of the viruses to induce expression of IL-8, a cytokine known to function as a neutrophil
chemoattractant [62,63]. We also detected that sSOH/04 efficiently represses IFN-B expression
in most of the lobes, which has been reported to act as a repressor of neutrophil infiltration
[64, 65]. Notably, results for hVIC/11*'*® contrasted with sOH/04 as it failed to repress IFN-B
and did not result in an elevated recruitment of cells. When taken together with IL-8 upregula-
tion, the results suggest that hVIC/114!%85
the site of infection but at lower levels than sOH/04, as shown by our flow cytometric analysis
and represented as an increase of MHCII'®" CD163"8 cells (Fig 7B).

infection leads to the recruitment of neutrophils to
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The content of PAMs in BALF samples represented about 70% of the total cells in the
mock- and hVIC/11-infected groups and was significantly reduced in sOH/04- and hVIC/
11418 infected pigs (Fig 7), consistent with previous reports showing the depletion of AMs
after FLUAV infection in mice [66]. The role of AMs during FLUAYV infection is still
debated; while some reports have shown active replication of FLUAYV in these cells, others
have demonstrated unproductive viral replication [34]. Nonetheless, previous reports
showed little to no cell death after infection with human-adapted H3N2 viruses in human
and porcine AMs [22,34,67], while infection of PAMs with swine-adapted viruses resulted
in effective infection and cell death [26, 68]. Here, we showed that the number of influenza-
positive PAMs increased with the level of adaptation to the swine host, with sOH/04 show-
ing the highest number of infected cells. Our results suggest, in accordance with others [69],
that adaptation to the swine host leads to the increased ability to infect, replicate, and induce
apoptosis in PAMs (Fig 8). We have previously shown that this mutation increases binding
and replication in differentiated swine tracheal cells [35], most likely due to enhanced affin-
ity for 02,6 receptors. This could also explain the higher affinity of swine-adapted strains to
PAMs. Here, we showed that infection with a virus that is highly adapted to pigs (sOH/04)
resulted in downregulation of PPARY. This receptor acts as a crucial transcription factor
that promotes monocytes differentiation into AMs in vivo and in vitro [30]. Additionally, it
has been reported to be an important inflammation modulator by limiting the expression of
various pro-inflammatory cytokines [70]. In the context of FLUAYV infection, PPARy
expression has been shown to reduce tissue damage and death of infected mice [71,72]. Fur-
ther, previous reports have demonstrated that FLUAV inhibits PPARY expression, which
was associated with worsened lung injury in vivo [71], in accordance with our histopatho-
logical results for pigs infected with sOH/04 (Fig 4). Interestingly, GM-CSF expression was
not repressed, and, considering that PPARy expression is GM-CSF dependent, it is most
likely that FLUAYV interferes downstream of the GM-CSF signaling. The JAK/STAT path-
way mediates GM-CSF signaling [40], which ultimately leads to STATS5 phosphorylation
and translocation into the nucleus, where it mediates transcription of a variety of genes,
including PPARYy [73]. It is possible that FLUAV disrupts the PAPRY expression by inhibit-
ing the JAK/STAT pathway due to the STAT-dependency in PAPRy expression [74-77].
Here, the increased suppression of PAPRy found in sOH/04-infected pigs is most likely due
to the increased number of infected PAMs in these animals. This is supported by our data
showing better infection and replication of PAMs by sOH/04 (Fig 8). Additionally, Annexin
V staining revealed that both hVIC/11*"*% and sOH/04 induce apoptosis in infected
PAM:s. These findings, together with PAPRy repression, could explain why sOH/04 is more
efficient at depleting PAMs than hVIC/11*"*%%, While a relationship between viral fitness
and PAMs infection was observed, future studies beyond the scope of the present report are
needed to further understand the impact of PAMs depletion on the pigs’ innate and adapta-
tive immune responses against FLUAV. Similarly, the effects of PPARy suppression should
be further studied to better understand its role in PAMs proliferation and anti-FLUAV
activity, which could not be assessed with our experimental design.

Opverall, our study indicates that the A138S mutation broadly impacts the virus phenotype,
HA thermostability, NA activity, HA receptor affinity, host range, and tissue tropism. Notably,
viruses carrying this mutation replicate more efficiently in the lower respiratory tract of pigs,
possibly due to an increased 02,6 affinity and increased affinity for PAMs. Infection of pigs
with swine-adapted viruses depleted PAMs at 5 dpi most likely by triggering apoptosis in
infected cells but it might also disrupt their immune activity and proliferation by repressing
the expression of PPARY.
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Materials and methods
Ethics statement

Animal studies were reviewed and approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at the University of Georgia (protocol A2019 03-031-Y3-A9). Studies were
conducted under biosafety level 2 containment and following the Guide for the Care and Use
of Agricultural Animals in Research and Teaching.

Cells and viruses

Madin-Darby canine kidney (MDCK) cells were maintained in Dulbecco’s Modified Eagles
Medium (DMEM, Sigma-Aldrich, St Louis, MO) supplemented with 10% fetal bovine serum
(FBS, Sigma-Aldrich, St Louis, MO), 2mM L-glutamine (Sigma-Aldrich, St Louis, MO), and
1% antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO). 3D4/21 cells were maintained in
Roswell Park Memorial Institute media (RPMI-1640, Sigma-Aldrich, St Louis, MO) supple-
mented with 10% FBS, 2mM L-glutamine, 1% antibiotic/antimycotic, 1 mM non-essential
amino acids (Sigma-Aldrich, St Louis, MO), and 1 mM sodium pyruvate (ThermoFisher Sci-
entific, Waltham, MA). All cell lines were cultured at 37°C under 5% CO,. Viruses used in this
study were: a reassortant carrying seven genes from A/turkey/Ohio/313053/2004 and the pan-
demic HIN1pdmO09 (A/California/04/09) matrix gene (sOH/04); a reassortant carrying the
HA and NA genes from A/Victoria/361/2011 and internal genes from sOH/04 (hVIC/11); and
hVIC/11*"*% which only differs from hVIC/11 by an A to S amino acid substitution at posi-
tion 138 in the HA gene (H3 nomenclature). Notably, the PB2, PB1, PA, NP, M, and NS genes
were the same for all viruses. These viruses have been previously reported by our group [35].
Viral titers were determined by TCIDs, using the Reed and Muench method [78].

Electron microscopy

Viruses were adsorbed for 5 minutes in formvar-carbon-coated copper grids (ThermoFisher
Scientific, Waltham, MA). After adsorption, samples were fixed with 0.7% glutaraldehyde
(Sigma-Aldrich, St Louis, MO) for 5 minutes at room temperature. After, samples were nega-
tively stained with 3% phosphotungstic acid pH 7.0 (Sigma-Aldrich, St Louis, MO) for 60 sec-
onds. Finally, the excess stain was drained, and the grids were dried on filter papers. Viruses
were imaged using a JEOL JEM1011 transmission electron microscope (JEOL USA, Peabody,
MA) at 80 kV.

In vitro growth kinetics

MDCK cells were seeded in Opti-MEM (Life Technologies, Carlsbad, CA, USA) and incubated
overnight or until a 70-80% confluency was reached. Cells were infected at a multiplicity of
infection (MOI) of 0.01 for 1 hour at 37°C or 39°C. Immediately after, plates were washed
three times with phosphate-buffered saline (PBS) and fresh Opti-MEM containing 1 ug/ml of
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Worthington Bio-
chemicals, Lakewood, NJ) was added. Timepoints were collected at 0, 12, 24, 48, and 72 hours
post-infection (hpi). Viral RNA was extracted using the MagMax-96 AI/ND viral RNA isola-
tion kit (ThermoFisher Scientific, Waltham, MA) according to the manufacturer’s instruc-
tions. A one-step real-time quantitative PCR (RT-qPCR) using the Quantabio qScript XLT
One-Step RT-qPCR ToughMix kit (Quantabio, Beverly MA) targeting the M segment was
used to determinate viral titers. The reaction master mix was prepared by mixing 1X Quanta-
bio master mix, 0.5 uM of each primer, 0.3 uM TagMan probe and 5 pL of RNA. Finally, viral
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titers were calculated according to a standard curve of an exact match of virus stock of known
titer based on a TCIDs, equivalent (TCIDspeq/mL) standard curve.

Growth kinetics in 3D4/21 cells were performed by infecting cells at MOI of 0.01 for 1 hour
at 37°C. After infection, cells were washed three times with PBS and supplemented with fresh
infection media (RMPI-1640, 0.3% BSA, 2 mM L-glutamine, 1% antibiotic/antimycotic, 1 mM
non-essential amino, 1 mM sodium pyruvate, and 250 ng/mL TPCK-treated trypsin).

Plaque assay

MDCK cells were seeded in 6-well plates at 10° cells/well and were incubated overnight at
37°C or until a 100% confluency before use. The next day cells were infected with 10-fold serial
dilution of the viral stock for 1 hour at 37°C. After infection, cells were washed three times
with PBS and overlayed with Opti-MEM containing 0.8% Avicel. Plates were incubated for 72
hours at 37°C or 39°C. Finally, cells were fixed for 1 hour with 37% formaldehyde (Sigma-
Aldrich, St Louis, MO), rinsed twice with PBS, and stained for 15 minutes with 0.5% crystal
violet in 20% methanol.

Thermal stability

The thermal stability of the viruses was assessed by normalizing them to 32 HAU in PBS.
Then, samples were incubated for 1 hour at the indicated temperatures. Afterward, samples
were immediately placed in ice, and HA titers were measured using 0.5% turkey red blood
cells.

NA enzymatic activity

NA sialidase activity was measured as previously described by [79]. Briefly, viruses were
diluted, and the dilution of choice was the one that met the following parameters: within the
linear range and a saturated 2'-(4-Methylumbelliferyl)-o-D-N-acetylneuraminic acid sodium
salt hydrate (MUNANA, Sigma-Aldrich, St Louis, MO) concentration. The chosen dilution
was then used to calculate NA kinetic constants by performing kinetics for 60 minutes at 37°C
at 1000, 500, 250, 125, 62.5, 31.25, 16.63, 7.81, 3.91, and 1.95 uM MUNANA. Fluorescence was
measured every 60 seconds at excitation and emission wavelengths of 360 nm and 460 nm,
respectively, using a Synergy HTX Multi-Mode Microplate Reader (Agilent BioTek, Santa
Clara, CA).

The inner filter effect was corrected by measuring MUNANA absorbance at 4-Methylum-
belliferone (4-MU) emission wavelength at different concentrations. Using the corrected fluo-
rescence, 4-MU production over time was calculated using a standard curve and data was
fitted to the Michaelis-Menten equation:

Vina*[S]

V, =
K, + 1S

Hemagglutinin solid-phase binding assay

A direct solid-phase binding assay using sialylglycopolymers was used as described by [80].
Briefly, viruses were pelleted by ultracentrifugation (28,000 rpm for 3 hours) through a 20%
sucrose cushion and resuspended in TNE buffer (0.01M Tris, 0.001M EDTA, 0.1 M NaCl, pH
7.2). Purified viruses were normalized to 128 HAU in PBS and incubated overnight at 4°C in
fetuin-coated 96-well plates (ThermoFisher Scientific, Waltham, MA). Plates were then
washed three times with 0.02% Tween-80 (Sigma-Aldrich, St Louis, MO) in PBS (washing
buffer) and blocked with 0.1% desialylated BSA (BSA-NA) in PBS (blocking solution) for 2
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hours at room temperature. After blocking, plates were washed three times with washing
buffer and 2-fold serial dilution of Neu5Aco2-3GalP1-4GlcNAcB-PAA-biotin (02,3, 3°SNL,
Glycotech, Gaithersburg, MD) or Neu5Aco2-6GalB1-4GIcNAcB-PAA-biotin (02,6, 6’SLN,
Lectinicity Holding, Moscow, Russia) in reaction buffer (0.02% Tween-80, 0.1% BSA-NA, and
2 uM oseltamivir in PBS) were added. Plates were incubated for 1 hour at 4°C. After, plates
were washed five times with washing buffer and incubated with a 1:1,000 dilution of HRP-con-
jugated streptavidin (ThermoFisher Scientific, Waltham, MA) in reaction buffer for 1 hour at
4°C. Finally, plates were washed five times and then incubated with TMB (ThermoFisher Sci-
entific, Waltham, MA) for 10 minutes at room temperature and the reaction was stopped
using a stop solution (ThermoFisher Scientific, Waltham, MA). Absorbance was measured at
450 nm using a Synergy HTX Multi-Mode Microplate Reader.

In vivo studies

3-weeks-old healthy cross-bred pigs were obtained from Midwest Research Swine Inc (Gib-
bon, MN) and housed in animal biosafety level 2 (BSL2) facilities at the University of Georgia.
After a 7-day acclimatation period, pigs were bled to confirm the absence of anti-FLUAV anti-
bodies by ELISA (IDEXX, Westbrook, ME), and randomly distributed into four groups of
three pigs each and challenged intranasally and intratracheally with 3x10° TCIDs,/pig of either
sOH/04, hVIC/11 or hVIC/11*"*% under anesthesia using a cocktail of ketamine (6 mg/kg),
xylazine (3 mg/kg), and telazol (6 mg/kg). Pigs were observed daily for clinical signs, and nasal
swabs were collected at 0, 2, and 5 days post-infection (dpi). At 2 dpi, a new set of 3 pigs was
introduced in the same housing as the inoculated pigs and nasal swabs were collected at 0, 3,
and 6 dpc. At 5 dpi/6 dpc, pigs were anesthetized and humanely euthanized by an intravenous
pentobarbital overdose (Euthasol, 200 mg/kg), and a new set of contacts was introduced.
Upper, middle, and lower trachea, lung lobes (right cranial, left cranial, right caudal, left cau-
dal, and accessory), and bronchoalveolar lavage fluid (BALF) samples were collected post-mor-
tem and stored at -80°C for virus titration and gene expression analysis. All pigs were
determined to be negative for Porcine circovirus type 2 (PCV2), Porcine reproductive and
respiratory syndrome virus (PRRSV), and Mycoplasma hyopneumoniae by qPCR (Table 2) of
BALF samples.

Tissue preparation for FLUAYV titration and nasal swab virus titration

Lung sections were homogenized using the Tissue Lizer II (Qiagen, Gaithersburg, MD) by
adding 1 mL of PBS to each tube containing the sample and a Tungsten carbide 3 mm bead
(Qiagen, Gaithersburg, MD) and then homogenizing for 10 minutes at 30 Hz. RNA from tis-
sue and nasal swab samples was then extracted using the MagMax-96 AI/ND viral RNA isola-
tion kit. Tissue samples were then normalized to 1 ug total RNA in 20 uL of nuclease-free
water while RNA extracted from nasal swabs was used directly in the RT-qPCR reaction. The
one-step RT-qPCR was performed using the Quantabio qScript XLT one-Step RT-qPCR
ToughMix kit as described above and FLUAV TCIDs, equivalent per pg of total RNA titers
(TCIDspeq/pg total RNA) in tissue sections was calculated according to a standard curve of an
exact match of virus stock of known titer.

Tissue immunofluorescence and histopathology

Lung sections were collected in 10% neutral-buffered formalin and paraffin-embedded. For
immunofluorescence detection of FLUAV and sialic acid receptors, paraffin-embedded sec-
tions were deparaffinized as previously described [81] with minor modifications. Briefly, tissue
slides were deparaffinized and rehydrated for subsequent heat-induced antigen retrieval in
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Table 2. Primer sequences used for gene expression analysis and pathogens detection from lung tissue and BALF samples.

Primer

Sequence (5’-3)

Reference

RPL-19 F: AACTCCCGTCAGCAGATCC (82]
R: AGTACCCTTCCGCTTACCG
IL-1B F: AGAAGAGCCCATCGTCCTTG
R: GAGAGCCTTCAGCTCATGTG
IL-6 F: ATCAGGAGACCTGCTTGATG
R: TGGTGGCTTTGTCTGGATTC
IL-8 F: TCCTGCTTTCTGCAGCTCTC
R: GGGTGGAAAGGTGTGGAATG
IFN-a F: GGCTCTGGTGCATGAGATGC
R: CAGCCAGGATGGAGTCCTCC
IEN-B F: ATGTCAGAAGCTCCTGGGACAGTT
R: AGGTCATCCATCTGCCCATCAAGT
TNF-o. F: CCAATGGCAGAGTGGGTATG
R: TGAAGAGGACCTGGGAGTAG
IFN-y F: GCTCTGGGAAACTGAATGAC
R: TCTCTGGCCTTGGAACATAG
iNOS F: GAGAGGCAGAGGCTTGAGAC
R: TGGAGGAGCTGATGGAGTAG
Mxl F: AGTGTCGGCTGTTTACCAAG
R: TTCACAAACCCTGGCAACTC
Mx2 F: CCGACTTCAGTTCAGGATGG
R: ACAGGAGACGGTCCGTTTAC
PKR F: GACATCCAAAGCAGCTCTCC
R: CGCTCTACCTTCTCGCAATC
RIG-1 F: CGACATTGCTCAGTGCAATC
R: TCAGCGTTAGCAGTCAGAAG
TLR-3 F: CCTGCATTCCAGAAGTTGAG
R: TGAGGTGGAGTATTGCAGAG
TLR-7 F: TCAGCTACAACCAGCTGAAG
R: CAGATGTCGCAACTGGAAAG
TLR-8 F: AGCGCGGGAGGAGTATTGTG
R: GCCAGGGCAGCCAACATAAC
IL-18 F: TCCTTTTCATTAACCAGGGACATC (83]
R: GGTCTGAGGTGCATTATCTGAACA
GM-CSF F: GCAGCATGTGGATGCCATCA This work
R: GCTCCTGGGGGTCAAACATTTC
PPARY F: TCCAGCATTTCCACTCCACACT (84]
R: GAATAAGGCGGGGACACAG
PCV2 F: ATAACCCAGCCCTTCTCCTACC (85]
R: GGCCTACGTGGTCTACATTTCC
PRRSV F: AAACCAGTCCAGAGGCAAGG (86]
R: GCAAACTAA ACTCCACAGTGTAA
Mycoplasma F: GTCAAAGTCAAAGTCAGCAAAC (87]

R: AGCTGTTCAAATGCTTGTCC

https://doi.org/10.1371/journal.ppat.1012026.t002

citrate buffer (10 mM sodium citrate, pH 6.0) for 40 minutes. Rehydrated samples were then
permeabilized for 10 minutes with 0.3% TritonX-100 and blocked for 1 hour with 5% bovine
serum albumin in PBS. FLUAV was detected using a primary anti-Multi-Hemagglutinin
(H3N2) polyclonal antibody (eEnzyme, Gaithersburg, MD) followed by a secondary Alexa
647-conjugated anti-rabbit antibody in a 1:1,000 dilution in PBS containing 0.5 pg/mL
4’,6-diamine-2- phenylindole (DAPI, Sigma-Aldrich, St Louis, MO) for 1 hour each. Finally,
tissues were washed 5 times with PBS and mounted on glass slides with mounting medium
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(Vector Laboratories, Newark, CA). Sialic acid receptors were detected by incubation of previ-
ously blocked samples with fluorescein-conjugated Sambucus nigra agglutinin (SNA) and bio-
tin-conjugated Maackia amurensis agglutinin (MAL II) lectins (Vector Laboratories, Newark,
CA) in a 1:250 dilution in PBS for 30 minutes followed by a 30-minute incubation with Alexa
594-conjugated streptavidin for MAL IT detection (ThermoFisher Scientific, Waltham, MA).
Samples were then permeabilized and incubated with 0.5 pg/mL DAPI for 15 minutes. Slides
were imaged using a Nikon A1R confocal microscope (Nikon, Melville, NY).

A duplicate 3.5 um section was processed for routine histopathology with hematoxylin and
eosin staining (HE). Microscopic lesions were evaluated by a veterinary pathologist blind to
treatment groups.

Gene expression analysis

To assess the expression level of different cytokines, interferon-induced genes, and pattern rec-
ognition receptors, RNA from tissue and BALF samples was extracted using the MagMax-96
RNA isolation kit (ThermoFisher Scientific, Waltham, MA) and samples were normalized to

1 pg RNA/reaction. Contaminant genomic DNA was eliminated by treatment with the RQ1
RNase-free DNase (Promega, Madison, WI). DNA-free RNA was reverse transcribed using
the M-MLV reverse transcriptase (Promega, Madison, WI) and oligo(dT) primers according
to the manufacturer’s instructions (ThermoFisher Scientific, Waltham, MA). The resulting
cDNA was used for gene expression analysis by gPCR using the PowerUp SYBR Green Master
Mix (ThermoFisher Scientific, Waltham, MA) in 10 pL reactions with the primers listed in
Table 1. Gene expression was calculated using the 2"**“* formula and normalizing to the
expression of the reference gene ribosomal protein L19 (RPL-19).

Lung sections and BALF single-cell suspension

To collect Alveolar macrophages (AMs), lungs were rinsed twice with 50 mL of PBS-EDTA
(ThermoFisher Scientific, Waltham, MA). Lung sections were collected using 0.8 cm biopsy
punches (Integra Miltex, Princeton, NJ) and immediately placed in RPMI-1640 supplemented
with 10% newborn calf serum (ThermoFisher Scientific, Waltham, MA), 2mM L-glutamine
(Sigma-Aldrich, St Louis, MO), and 1% antibiotic/antimycotic (Sigma-Aldrich, St Louis, MO).
Lung sections were then placed in nonculture-treated petri dishes, washed twice with
PBS-EDTA, minced, and incubated for 2 hours in RPMI containing 1% antibiotic/antimyco-
tic, 2mM L-glutamine, 2mg/mL collagenase D (Sigma-Aldrich, St Louis, MO), and 0.1 mg/mL
DNase I (Sigma-Aldrich, St Louis, MO). The digestion reaction was stopped by adding 1 vol-
ume of RPMI supplemented with 10% newborn calf serum. Cells from lung sections and
BALF were then passed through 70 pum cell strainers and pelleted at 300x g for 5 minutes at
4°C. Cells were resuspended in PBS-EDTA, and red blood cells were lysed with ACK lysis
buffer (ThermoFisher Scientific, Waltham, MA). Following red blood cell lysis, single-cell sus-
pensions were centrifuged at 300x g for 5 minutes at 4°C, resuspended in PBS-EDTA, and
passed through 40 um cell strainers. Cells were then counted and 1x10° cells were used for
flow cytometry analysis. The remaining cells were pelleted, resuspended in newborn calf
serum containing 10% dimethyl sulfoxide (Sigma-Aldrich, St Louis, MO), and kept in liquid
nitrogen for further analysis.

Flow cytometry analysis

Single-cell suspensions were processed for flow cytometry as previously described by Maison-
nasse, Boguyon [14] with minor modifications. Briefly, Fc cell surface receptors were blocked
by incubating cells with PBS-EDTA containing 5% porcine serum (ThermoFisher Scientific,
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Waltham, MA) and 5% horse serum (ThermoFisher Scientific, Waltham, MA) for 30 minutes
on ice. Afterward, cells were incubated for 30 minutes on ice with the following antibodies in a
1:200 dilution: Alexa 647-conjugated anti-pig SLA class II DR clone 2E9/13 (Bio-Rad, Hercu-
les, CA), RPE-conjugated anti-pig Monocyte/Granulocyte clone 74-22-15 (Bio-Rad, Hercules,
CA), and Alexa 488-conjugated anti-human CD163 clone EDHu-1 (Bio-Rad, Hercules, CA).
For FLUAV detection in BALF samples, cells were incubated with the aforementioned anti-
bodies in addition to an anti-Multi-Hemagglutinin (H3N2) polyclonal antibody in a 1:500
dilution followed by a 1-hour incubation with a PE-Alexa 610-conjugated anti-rabbit second-
ary antibody at a 1:500 dilution (ThermoFisher Scientific, Waltham, MA). For live/dead cell
discrimination, samples were treated with LIVE/DEAD Fixable Violet Dead Cell Stain Kit
(ThermoFisher Scientific, Waltham, MA) according to the manufacturer’s instructions.
Finally, cells were fixed for 15 minutes with 37% formaldehyde (Sigma-Aldrich, St Louis, MO)
and analyzed using a NovoCyte Quanteon flow cytometer system (Agilent, Santa Clara, CA).
Data analysis was performed using Flow]Jo version 10.8.2 (FlowJo, Ashland, OR).

Apoptosis determination by flow cytometry

3D4/21 cells were infected as previously described by [24]. Briefly, cells were seeded at a den-
sity of 8x10* cells/cm” and were incubated at 37°C under 5% CO, until an 80% confluency was
reached. Cells were infected with each virus at 1 MOI for 1 hour at 37°C using infection media
without TPCK-treated trypsin. After infection, cells were washed three times with PBS and
fresh infection media containing 250 ng/mL TPCK-treated trypsin was added. Cells were incu-
bated at 37°C and at 12 hpi were stained using the LIVE/DEAD Fixable Violet Dead Cell Stain
Kit and the Annexin V Ready Flow Conjugates for Apoptosis Detection kit (ThermoFisher Sci-
entific, Waltham, MA) according to manufacturer’s instructions. Samples were fixed using 4%
formaldehyde and analyzed as described above.

Supporting information

S1 Fig. S138 frequency among the swine 1990.4 and the 2010.1 H3 HA lineages. Amino
acid frequency at position 138 (H3 numbering) among the 1990.4 and the 2010.1 lineages
from isolates reported from 2009 to 2023.

(TIFF)

S$2 Fig. A138S does not confer a replication advantage in MDCK cells. Growth kinetics of
sOH/04 (blue), hVIC/11 (yellow), and hVIC/11_A138S (red) in MDCK cells at 37 and 39°C.
Experiments were performed two independent times in triplicates each time. Error bars repre-
sent the mean + SEM.

(TIFF)

S3 Fig. Affinity of HIN1 and LPAIV AH5NI1 viruses for 02,3 and a.2,6 sialylglycopolymers.
Solid-phase binding assay curves of control viruses rgA/California/04/2009 (HIN1, A) with
high affinity for 6’SLN (black curve) and poor biding to 3’SLN (red curve). LPAIV rgA/Viet-
nam/1203/04 (AH5N1, B) bound mostly to 3’SLN at low concentrations while poor binding to
6’SLN was detected. Experiments were performed two independent times in triplicates each

time. Error bars represent the mean + SEM.
(TIFF)

$4 Fig. Oseltamivir inhibition of NA. Neuraminidase activity of hVIC/11 (A), hVIC/11413%
(B), and sOH/04 (C) in presence of 0, 1, and 10 nM oseltamivir normalized to 10,000 PFU
showing a dose-dependent decrease in NA activity using MUNANA as substrate and
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supporting the validity of the assay.
(TIFF)

S5 Fig. In vivo swine study experimental design. Pigs were inoculated with 3 x 10° TCIDs,/
pig of sOH/04, or hVIC/11, or hVIC/114"5, At 2 days post-infection (dpi), naive pigs were
placed in contact with inoculated pigs. After 3 days (5dpi), new contacts were introduced after
removal of inoculated pigs, and this cycle was repeated for a total of 4 contacts. Pigs were
euthanized at 5 dpi/6 days post contact, and bronchoalveolar lavage fluid and lung tissues were
collected from seeders pigs. This illustration was created with BioRender.com.

(TIFF)

S6 Fig. 02,3 and 02,6 receptors distribution in the upper and lower respiratory tract of
pigs. Representative confocal images showing 02,3 (MALII, red) and 02,6 (SNA, green)
receptors distribution in the upper and lower respiratory tract. 02,6 receptors are predominant
in the trachea while in the right cranial, left cranial, right caudal, left caudal, and accessory
lobes both receptors are evenly distributed. Cells nuclei was stained with DAPI (blue). The
scale bar represents 50 um.

(TIFF)

S7 Fig. Relative mRNA levels of pro-inflammatory cytokines, interferon-stimulated genes,
and pattern-recognition receptors in the right cranial lobe. RNA was normalized to 1ug and
gene expression was assessed by qPCR and normalized to RLP-19 expression in. Values are
shown as log, fold induction of the mean between the seeder pigs (n = 3) of each group at
5dpi. Fold induction of each group was normalized to the non-infected negative control
group. Values represent the mean + SEM. Statistical analysis was performed by two-way
ANOVA. *p<0.05, **p<0.005, ***p<0.0005.

(TIFF)

S8 Fig. Relative mRNA levels of pro-inflammatory cytokines, interferon-stimulated genes,
and pattern-recognition receptors in the left cranial lobe. RNA was normalized to 1pug and
gene expression was assessed by qPCR and normalized to RLP-19 expression in. Values are
shown as log, fold induction of the mean between the seeder pigs (n = 3) of each group at
5dpi. Fold induction of each group was normalized to the non-infected negative control
group. Values represent the mean + SEM. Statistical analysis was performed by two-way
ANOVA. *p<0.05, **p<0.005, ***p<0.0005.

(TIFF)

S9 Fig. Relative mRNA levels of pro-inflammatory cytokines, interferon-stimulated genes,
and pattern-recognition receptors in the right caudal lobe. RNA was normalized to 1ug and
gene expression was assessed by qPCR and normalized to RLP-19 expression in. Values are
shown as log, fold induction of the mean between the seeder pigs (n = 3) of each group at
5dpi. Fold induction of each group was normalized to the non-infected negative control
group. Values represent the mean + SEM. Statistical analysis was performed by two-way
ANOVA. *p<0.05, **p<0.005, ***p<0.0005.

(TIFF)

$10 Fig. Relative mRNA levels of pro-inflammatory cytokines, interferon-stimulated
genes, and pattern-recognition receptors in the left caudal lobe. RNA was normalized to
1pg and gene expression was assessed by qPCR and normalized to RLP-19 expression in. Val-
ues are shown as log, fold induction of the mean between the seeder pigs (n = 3) of each group
at 5dpi. Fold induction of each group was normalized to the non-infected negative control
group. Values represent the mean + SEM. Statistical analysis was performed by two-way
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ANOVA. *p<0.05, **p<0.005, ***p<0.0005.
(TIFF)

S11 Fig. Relative mRNA levels of pro-inflammatory cytokines, interferon-stimulated
genes, and pattern-recognition receptors in the accessory lobe. RNA was normalized to 1pg
and gene expression was assessed by qPCR and normalized to RLP-19 expression in. Values
are shown as log, fold induction of the mean between the seeder pigs (n = 3) of each group at
5dpi. Fold induction of each group was normalized to the non-infected negative control
group. Values represent the mean + SEM. Statistical analysis was performed by two-way
ANOVA. *p<0.05, **p<0.005, ***p<0.0005.

(TIFF)

S12 Fig. Flow cytometry analysis of lung and BALF samples. Representative flow cytometry
results showing APC (top panels) and cDC1, cDC2, moDC, moM¢, and PiAMs (bottom pan-
els) in right cranial (A), left cranial (B), right caudal (C), left caudal (D), and accessory lobes
(E) from mock-, hVIC/11-, hVIC/11*'*%5-, and sOH/04-infected pigs. The gating strategy per-
formed in tissue samples was also used in BALF (F) samples and only one population gated
from MHCII™" CD163P° cells appeared.

(TIFF)
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