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ABSTRACT

Recent surveillance has identified an expansion of swine H1 1C influenza viruses in Eurasian swine. Since 2010, at least 21
spillover events of 1C virus into humans have been detected and three of these occurred from July to December of 2023.
Pandemic risk assessment of H1 1C influenza virus revealed that individuals born after 1950 had limited cross-reactive
antibodies, confirming that they are antigenically novel viruses. The 1C virus exhibited phenotypic signatures similar to
the 2009 pandemic H1N1 virus, including human receptor preference, productive replication in human airway cells, and
robust environmental stability. Efficient inter- and intraspecies airborne transmission using the swine and ferret models
was observed, including efficient airborne transmission to ferrets with pre-existing human seasonal HIN1 immunity.

Together our data suggest H1 1C influenza virus poses a relatively high pandemic risk.
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Introduction

Influenza virus in swine, much like humans, causes an
acute infection of the respiratory tract with typical
recovery in 7-10 days. Interspecies transmission
from swine to humans can occur, however, onward
transmission from person-to-person is very rare,
with the notable exception of the HIN1 influenza pan-
demic in 2009. Three predominant influenza A virus
(IAV) subtypes are endemic in swine, HIN1, HIN2,
H3N2. Genetically and antigenically distinct IAV
swine H1 viruses are classified into three major
lineages named 1A, 1B or 1C [1]. The Eurasian
avian 1C lineage is geographically restricted with
detections only in Europe and Asia in contemporary
surveillance [2,3]. An avian HINI virus crossed the
species barrier from wild ducks to swine in Europe
in 1979 and donated the HA gene to the 1C lineage
[4]. Eurasian 1C swine viruses were detected in the
human population 29 times since 2011, >48% of
those across 9 countries since 2021 (https://github.

com/flu-crew/datasets/blob/main/h1n2-pandemic_
risk/h1v-lineList-2010toPresent.xlsx). The broad geo-
graphical distribution of H1 1C viruses in swine popu-
lations and zoonotic spillover frequency suggests that
these viruses have pandemic risk.

The 1C lineage is the dominant lineage in China
[5-7] and serological surveys of swine production
workers from 15 Chinese farms indicates an increased
infection rate as compared to serum samples from
ordinary Chinese households [5], suggesting repeated
spillover events in individuals in close contact with
swine. Additionally, 1C viruses appear antigenically
novel as little to no cross-protection is observed in
human serum samples from Asia [5,7-9], in combi-
nation with an increased number of swine detections
in Europe [10,11], making spillover events into
humans of increased concern. In Fall of 2021, multiple
human cases of an HIN2 variant from clade 1C.2.4
were observed, including one in France. This was the
first human detection of 1C.2.4 in France and
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represents an evolutionary expansion of 1C in the
swine population. In this study, we utilize a decision
tree [12] (Figure S1) to determine the pandemic
potential of A/Bretagne/24241/2021, a 1C.2.4 variant
virus (referred to herein as 1C HIN2v) through exam-
ination of viral phenotypic traits as well as interspecies
and intraspecies transmission.

Materials and methods
Cells

Madin-Darby canine kidney (MDCK) or MDCK-
London and 293 T cells were obtained from American
Type Culture Collection (ATCC) and maintained in
Minimum Essential medium and Dulbecco’s modified
Eagle’s medium (DMEM), respectively. Medium was
supplemented with 10% fetal bovine serum, 2 mM L-
glutamine and 2 mM penicillin/streptomycin. Primary
human bronchiole epithelial cell cultures were differen-
tiated from human lung tissue and cultured at an air-
liquid interface using a protocol approved by the insti-
tutional review board at the University of Pittsburgh
[13]. All cells were incubated at 37°C with 5% CO.,.

Rescue of virus from plasmids using co-cultured
cells

The reverse genetic plasmids of A/California/07/2009
(HIN1pdm09) were a generous gift from Dr. Jesse
Bloom (Fred Hutch Cancer Research Center, Seattle).
Reverse genetics plasmids expressing A/Bretagne/
24241/2021 (1C HIN2v) were synthesized based on
sequences deposited in the GISAID (Accession num-
bers  EPI1913510, EPI1913511, EPI1913512,
EPI1913513, EPI1913514, EPI1913515, EPI1913516,
EPI1913517 doi:10.6084/m9.figshare.27194397), with
noncoding regions determined from consensus align-
ment of swine H1 1C viruses. The A/Bretagne/24241/
2021 virus was selected as it represents a candidate
vaccine virus (CVV) selected by the World Health
Organization for pandemic preparedness [2]. The
HA gene is classified within the Eurasian swine lineage
1C.2.4 clade [1] and this diverse group of viruses has
become one of the most frequently detected in Europe
[14]. The A/Bretagne24241/2021 retains 87% identity
across the HA1 to the most representative 1C.2.4
HA gene selected using PARNAS v.0.1.6 [15]. To
fully characterize the 1C.2.4 HA genes collected
between 2021 and 2023, it would be necessary to select
a currently unfeasible number of strains, i.e. to cover
all HA genes within a 5% divergence threshold it
would be necessary to characterize 18 strains [15,16].

The A/Bretagne/24241/2021 (HIN2v) co-culturing
of 293 T cells and MDCK or MDCK-London cells
was performed in a 12-well plate at a ratio of 4 x 10’
4 x 10* cells/well using Opti-MEM°I complete media

(Life Technologies, Waltham, MA). The 12-well plate
was incubated at 37 C with 5% CO, and used for trans-
fection within 24 h. The confluence of the co-cultured
monolayer cells used for transfection was about 60%.
Each plasmid containing the 8 segments of A/Bre-
tagne/24241/2021 was diluted to a concentration of
100 ng/mL and a total of 500 ng of each gene segment
was combined with Opti-MEM°I up to 100 and 8 puL
of TransIT-LT1 transfection reagent was added into
the mixture (Mirus Bio LCC, Madison, WI). The trans-
fection mixture was incubated at room temperature for
45 min and transferred to the co-cultured cells mono-
layer. After 24 h of incubation at 37°C with 5% CO,,
the transfection mixture was discarded and replaced
with 1 mL of virus growth media Opti-MEM"I (Life
Technologies, Waltham, MA) containing antibiotics/
antimycotics and 1 ug of tosyl sulfonyl phenylalanyl
chloromethyl ketone (TPCK) trypsin (Worthington
Biochemical Corp., Lakewood, NJ) and incubated at
37°C with 5% CO, Following 48 h post-transfection,
hemagglutination activity was checked by hemaggluti-
nation (HA) assays [17]. A blind-passage of the rescued
virus was performed in MDCK-London cells in a T25
cm’® flask. The flask was monitored for cytopathic
effect (CPE) for 48 h post-inoculation. The supernatant
was collected, HA activity was checked, and sequencing
was submitted to the Iowa State University Veterinary
Diagnostic Laboratory for sequencing to confirm the
homology of the 8 gene segments of the 1C.2.4 HIN2
rg-A/Bretagne/24241/2021 strain.

Virus titration

Nasal wash samples from A/Bretagne/24241/2021-
infected ferrets were titred in MDCK cell cultures.
Ten-fold serial dilutions were made with 20 pL of
sample being diluted into 180 puL of Minimum Essential
medium supplemented with 2 mM L-glutamine and 1x
Anti-Anti in 96-well plates of confluent MDCK cells
and performed in quadruplicate. MDCK cells were
observed 4 dpi for cytopathic effect (CPE). Virus titres
were calculated using Reed and Muench method [18]
and expressed as log;o TCIDso/mL. The limit of detec-
tion for this assay is 10" TCIDso/mL.

Human subjects research ethics statement

The University of Pittsburgh Institutional Review
Board approved protocol STUDY20030228 for the
collection of human serum samples from healthy
adult donors who provided written informed consent
for their samples to be used in infectious disease
research. All participants self-reported their age, sex,
race, ethnicity, residential zip code, history of travel
and immunization. Human bronchiole epithelial cell
cultures were obtained from deidentified patients
under the University of Pittsburgh Institutional



Review Board-approved protocol STUDY19100326.
Plasma samples were collected from individuals vacci-
nated with FluLaval Quadrivalent in Philadelphia, PA
under the University of Pennsylvania Institutional
Review Board approved study 849398.

Microneutralization assay

The titre of neutralizing antibodies against A/California/
07/2009 and A/Bretagne/24241/2021 was determined
from human sera that had been heat inactivated at
56'C for 30 min. Briefly, two-fold serial dilutions of
heat-inactivated human serum in a volume of 125 pL
were incubated with 125 x of 10’2 TCIDs, of influenza
virus for 1 h at room temperature with continuous rock-
ing. 150 pL of Minimum Essential medium sup-
plemented with 2 mM L-glutamine and 1x Anti-Anti
with TPCK was added to 96-well plates with confluent
MDCKs before 50 pL of virus:serum mixture was
added in quadruplicate. After 4 days, CPE was deter-
mined, and the neutralizing antibody titre was expressed
as the reciprocal of the highest dilution of serum
required to completely neutralize the infectivity of
each virus on MDCK cells. The concentration of anti-
body required to neutralize 100 TCIDs, of virus was cal-
culated based on the neutralizing titre dilution divided
by the initial dilution factor, multiplied by the antibody
concentration. The limit of detection for this assay is 14.

Glycan array

Viruses, A/Bretagne/24241/2021 HIN2v and A/Califor-
nia/07/2009 HIN1pdm09 were propagated in T225 flask
of MDCK cells and inactivated using beta-propiolactone
(BPL). Inactivation was confirmed by serial passage in
MDCK cells. Inactivated virus was purified and labelled
as described in [19]. Purification was performed on 25%
sucrose cushion in NTE (100 mM NaCl, 10 mM Tris,
1 mM EDTA) buffer spun for 2 h at 28,000 rpm. Resus-
pend in PBS and test HA titre (used to normalize virus
on the glycan array after labeling). Labeling of virus
with Alexafluor 488 using NHS ester labeling kit
(A20000, Invitrogen/Thermo Fisher Scientific) utilized
200ulL of purified virus and 20 pL 1M NaHCO3 (pH
9.0) and 25 pL of 1ug/uL Alexafluor 488, mix at room
temperature for 1 h in the dark. The labelled virus was
dialysed in 1 L of 1x PBS overnight at 4°. Emory Center
for Glycan Genomics was given the labelled virus and
HA titres. Varying dilutions of the virus were run on
the legacy nCFG version 6 array. Data analysis was
based on category of terminal sialic acid and relative
fluorescence units detected on the array.

Glycan binding by ELISA

Streptavidin-coated high binding capacity 384-well
plates were washed five times with PBS before
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incubating 50 uL of a 1.8 uM solution of a biotinylated
glycan in PBS overnight at 4°C. The plates were
washed five times with PBS and blocked with 100 puL
of 1% bovine serum albumin (BSA) in PBS containing
0.6 uM desthiobiotin at room temperature for 2 h.
Purified His-tagged-HAs (100 ugmL™") premixed
with anti-His mouse IgG2a antibody (Biolegend, cat
no. 362616) and HRP-conjugated goat anti-mouse
IgG (H+L) secondary antibody (Invitrogen, cat no.
G21040) in a 4:2:1 ratio (w/w/w) with 1% BSA in
PBS and incubated on ice for 30 min. These complexes
were then subject to 3-fold serial dilution. Plates were
washed five times with PBS containing 0.05%
Tween20 (PBS-T) before incubating with 50 pL of
diluted complex and incubated at room temperature
for 2 h. The wells were rinsed with PBS-T 5 times
and replenished with 50 pL of the 3,3’,5,5 tetramethyl-
benzidine (TMB, Sigma-Aldrich, cat no. T0440) per-
oxidase substrate. The plates were incubated at room
temperature for 5min and then quenched with 50
uL of 2 M sulphuric acid. The absorbance at 450 nm
was detected using a BioTek Synergy H1 microplate
reader (Agilent). The assay was performed in
triplicate.

Replication kinetics in human bronchiole
epithelial cell cultures

Three different HBE patient cell cultures were used
(HBE0405, HBE0408, HBE0409) with three transwells
of each per time point. The apical surface of the HBE
cells was washed in 150 pL phosphate-buffered saline
(PBS) to remove any airway surface liquid for
10 min and collected for subsequent use. An inoculum
of 10> TCIDs, of A/California/07/2009 or A/Bretagne/
24241/2021 was added per 100 uL of HBE growth
medium. The titre of each inoculum was determined
to ensure that both strains were within 10° TCIDs,/
mL of each other. After 1 h incubation, the inoculum
was removed and the apical surface was washed three
times with 150 pL of PBS. At the indicated time points,
150 pL of HBE medium was added to the apical sur-
face for 10 min to capture released virus particles.
Infectious virus was quantified by TCIDs, using the
endpoint method [18]. The limit of detection for this
assay is 10'2 TCIDso/mL.

Stability of stationary droplets

Airway surface liquid (ASL) was collected from each
HBE transwell using 150 pL of PBS for 10 min at
37°C. ASL from at least 12 patient transwells was
pooled and stability experiments were performed
with four different patient ASL. Virus stock was
mixed with ASL at a ratio of 1:10 and used to generate
ten 1 uL droplets in triplicate on a 6-well plate with tis-
sue culture-treated plastic (ThermoFisher, Waltham,
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MA). Virus:ASL droplets were incubated in a sealed
desiccator chamber containing saturated salt solutions
of potassium acetate, potassium carbonate, mag-
nesium nitrate and sodium chloride to maintain
desired 23%, 43%, 55% and 75% relative humidity
(RH), respectively. Chambers were maintained in a
biosafety cabinet for the duration of the experiment
and a HOBO UX100011 data logger (Onset, Cape
Cod, MA) was used to collect RH and temperature
data. After 2 h, the droplets were collected in 500 pL
of L-15 Leibovitz’s medium (Gibco, Grand Island,
NY), which was titred on MDCK cells using the
TCIDs, endpoint method [18]. The limit of detection
for this assay is 10"? TCIDso/mL. Decay was deter-
mined by subtracting the titre of the virus aged for
2 h from the titre of the virus that had been deposited
and then immediately recovered.

Enzyme-linked lectin assay (ELLA)

A 96-well ultra-high binding polystyrene plate (Ther-
moFisher, Waltham, MA) was coated with 25 mg/mL
of fetuin (Sigma-Aldrich, St. Louis, MO) diluted in
coating buffer (SeraCare, Milford, MA) overnight at
4°C. Plates were washed 3 times with 150 uL of wash
buffer (0.01M PBS pH 7.4 and 0.05% Tween 20) to
remove excess fetuin. Once washed, 50 pL of a two-
fold serial dilution series of 10" TCIDso/mL A/Cali-
fornia/07/2009 or A/Bretagne/24241/2021 virus stocks
was added to the fetuin plate and incubated overnight
at 37 C. To standardize the viruses between different
plates, a two-fold serial dilution series of 62.5 uU/
mL Clostridium perfringes neuraminidase (Sigma
Aldrich, St. Louis, MO) was also performed and
added to the fetuin plate. Plates were thoroughly
washed 6 times with 150 pL of wash buffer and incu-
bated with 100 pL/well of peroxidase-labelled peanut
agglutinin (Sigma Aldrich, Burlington, MA) solution
in the dark for 2 h. Plates were washed 3 times with
150 puL of wash buffer to remove the Peroxidase-
labelled Peanut Agglutinin. 100 pL of O-phenylene-
diamine dihydrochloride substrate (Sigma-Aldrich,
St. Louis, MO) was added. Plates were incubated for
10 min in the dark at room temperature, then the reac-
tion was stopped by the addition of 100 puL/well of IN
sulphuric acid (Sigma Aldrich, St. Louis, MO). Absor-
bance was read at 490 nm. NA activity was assayed in
duplicate and performed in three independent
replicates.

pH inactivation assay

The pH of PBS titrated from 7.5 to 3.0 at roughly
0.5 pH increments using concentrated HCl. Virus
stocks (10 uL) were incubated in 990 pL of pH-
adjusted PBS for 1 h at 37°C. The pH was neutralized
by immediately titering the infectious virus on MDCK

cells using the TCIDs, endpoint titration method [18].
The limit of detection for this assay is 10" TCIDs/
mL. The pH that reduced the titre by 50% (ECs,)
was calculated by regression analysis of the dose-
response curves. Each experiment was performed in
triplicate in at least three independent biological
replicates.

Animal ethics statement

Ferret experiments were conducted in a BSL2 facility
at the University of Pittsburgh in compliance with
the guidelines of the Institutional Animal Care and
Use Committee (approved protocol 22061230). Ani-
mals were sedated with isoflurane following approved
methods for all nasal washes and survival blood draws.
Ketamine and xylazine were used for sedation for all
terminal procedures, followed by cardiac adminis-
tration of euthanasia solution. Approved University
of Pittsburgh Division of Laboratory Animal
Resources (DLAR) staff administered euthanasia at
time of sacrifice. Pigs and ferrets in the swine and
swine to ferret transmission studies were housed in
BSL2 containment in compliance with approved
USDA-ARS NADC animal care and use protocols.

Ferret screening

Sera from four- to six-month-old male ferrets were
screened for antibodies against circulating influenza
A and B viruses using hemagglutination inhibition
(HAI) before purchase (Triple F Farms, Sayre, PA).
Briefly, sera were treated with receptor destroying
enzyme (RDE) II (Hardy Diagnostics, Santa Maria,
CA) overnight at 37°C to remove non-specific inhibi-
tors and heat inactivated at 56°C for 30 min. Two-fold
serial dilutions of sera were performed and incubated
with eight hemagglutinating units of the following
antigens obtained through the International Reagent
Resource, Influenza Division, WHO Collaborating
Center for Surveillance, Epidemiology and Control
of Influenza, Centers for Disease Control and Preven-
tion, Atlanta, GA, USA: 2018-2019 WHO Antigen,
Influenza A (H3) Control Antigen (A/Singapore/
INFIMH-16-0019/2016), BPL-Inactivated, FR-1606;
2014-2015 WHO Antigen, Influenza A
(HIN1)pdm09 Control Antigen (A/California/07/
2009 NYMC X-179A), BPL-Inactivated, FR-1184;
2018-2019 WHO Antigen, Influenza B Control Anti-
gen, Victoria Lineage (B/Colorado/06/2017), BPL-
Inactivated, FR-1607; 2015-2016 WHO Antigen,
Influenza B Control Antigen, Yamagata Lineage (B/
Phuket/3073/2013), BPL-Inactivated, FR-1403. After
incubation for 15 min, an equal volume of 0.5% turkey
red blood cells (Lampire Biological Laboratories,
Pipersville, PA) were added and incubated for
30 min. The reciprocal of the highest dilution of



serum that inhibited hemagglutination was deter-
mined to be the HATI titre.

Ferret-to-ferret transmission

Eighty-four days prior to the 1C HIN2v transmission
experiment, four 5-month-old male ferrets were intra-
nasally inoculated with 10° TCIDs, of A/California/
07/2009 in 500 pL and allowed to recover from their
illness, to later act as the HIN1pdmO09-immune recipi-
ents. To act as donors for each transmission exper-
iment, four 6-month-old male ferrets were
inoculated intranasally with 10° TCIDs, of A/Bre-
tagne/24241/2021 in 500 pL. Body weight and clinical
signs (as previously described in [20]) were recorded
upon collection of nasal wash samples on the indicated
days. These 1C HIN2v-infected ferrets were placed on
the donor side of the transmission cage and 24 h later
a 6-month-old male naive male ferret or a now 8-
month-old HINIpdm09-immune ferret was placed
into the opposite side of the cage. The recipients
were exposed to a donor for 48 h before being indivi-
dually housed for the remainder of the experiment.
Nasal washes, weight and disease signs were collected
for each ferret on the indicated days post-infection or
post-exposure.

Swine pathogenesis and swine-to-ferret
transmission study design

Ten three-week-old pigs obtained from a herd free of
IAV and porcine reproductive and respiratory syn-
drome virus. Upon arrival, pigs were treated prophy-
lactically with Excede and Draxxin (Zoetis, Florham
Park, NJ), according to the label directions, to reduce
potential respiratory bacterial pathogens. Eight 4-6-
month-old ferrets (males and females) were obtained
from an influenza-free, high-health source for use as
aerosol transmission contacts. All animals were
screened for antibodies against influenza A nucleopro-
tein (NP) by a commercial enzyme-linked immuno-
sorbent assay (ELISA) (MultiS ELISA; IDEXX,
Westbrook, ME) to confirm the absence of pre-exist-
ing immunity from prior exposure or passively
acquired maternal antibody. Pigs and ferrets received
a subcutaneous radio frequency microchip (Deston
Fearing, Dallas, TX) for identification and body temp-
erature monitoring purposes. Five pigs were randomly
assigned as the TAV-infected group and were exper-
imentally inoculated intranasally with 2 mL of 10°
TCIDso/mL of rg-A/Bretagne/24241/2021 strain
diluted in PBS. The other five pigs were maintained
as negative controls and placed in a separate contain-
ment room. At 2 dpi, four ferrets were placed indivi-
dually in open-front cages as contacts at
approximately 4 ft from the pig deck as previously
described [21]. Ferrets were manipulated before pigs
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and decontamination of the outer gloves, gown, sur-
faces, and equipment using 70% ethanol was per-
formed  between  individual ferrets. = Body
temperatures of pigs were monitored from —3 to
5 dpi and contact ferrets were monitored from —3 to
9 dpe. Febrile responses were considered when an ani-
mal had a temperature greater than two standard devi-
ations above the mean of body temperatures before
inoculation or exposure. Ferrets were weighed daily
to evaluate weight loss throughout the experiment.

Swine and swine-to-ferret study sample
collection

Nasal swab samples (FLOQSwabs; Copan Diagnostics,
Murrieta, CA) were collected from pigs at 0, 1, 3, and
5 dpi. Pigs were humanely euthanized and necropsied
at 5 dpi. Lung and trachea tissues were collected from
pigs for histopathology analysis and bronco-alveolar
fluid (BALF) to assess virus replication. Nasal wash
samples were collected at 0, 1, 3, 5, 7, and 9 dpe to
assess nasal shedding of recipient ferrets, as previously
described [21]. On 21 dpe, contact ferrets were huma-
nely euthanized and blood samples were collected to
assess pig-to-ferret transmission by seroconversion
using hemagglutination inhibition (HI) assays.

Virus detection and hemagglutination
inhibition antibodies

We performed qPCR for IAV detection in all nasal
swabs, nasal washes, and BALF samples using a com-
mercial VetMAX™-Gold SIV Detection Kit (Thermo
Fisher Scientific, MA). Virus isolation and virus titra-
tion were performed in MDCK-London cells on nasal
swabs, nasal wash and BALF samples. Cytopathic
effect on MDCK-L cells monolayers was monitored
between 48-72h post-inoculation and confirmed
with an immunocytochemistry (ICC) protocol using
an anti-influenza A NP monoclonal antibody [22]. A
TCIDs, titre per mL was calculated for each positive
sample.

Ferret antisera collected at 21 dpe were heat inacti-
vated at 56 °C for 30 min then treated with a 20% Kao-
lin suspension (Sigma-Aldrich, St. Louis, MO),
followed by adsorption with 0.75% guinea pig red
blood cells to remove non-specific hemagglutination
inhibitors. HI assays were performed in the presence
of 20 nM of oseltamivir carboxylate and using 0.75%
guinea pig red blood cells, as previously described [2].

Pathologic examination in pigs

On 5dpi, the inoculated pigs were euthanized to
evaluate respiratory lesions and collect BALF. The per-
centage of the lung affected by purple-red consolida-
tion typical of IAV was visually scored [23]. Tissue
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samples from the trachea and right middle or affected
lung lobe were fixed in 10% buffered formalin for his-
topathologic examination. Tissues were processed by
routine histopathologic procedures, and slides were
stained with hematoxylin and eosin (H&E) or immu-
nohistochemistry (IHC) [24]. Microscopic lesions in
the lungs and trachea were scored as previously
described [25,26].

Microbiological assays

Commercial gPCR assays for Mycoplasma hyopneumo-
niae and PRRSV were performed on BALF samples to
exclude other causes of pneumonia in pigs, according
to the manufacturer’s recommendations (VetMax, Life
Technologies, Carlsbad, CA, USA). In addition, a
gPCR for porcine circovirus 2 and 3 PCR was conducted
on BALF samples using an assay from the Iowa State
University Veterinary Diagnostic Lab (ISU-VDL). Fol-
lowing the necropsy and collection of BALF samples,
we cultured BALF for aerobic bacteria on blood agar
and Casmin (NAD enriched) plates to indicate the pres-
ence of concurrent bacterial pneumonia.

Results and discussion
Mild disease of 1C HIN2v in the swine model

In swine, influenza virus causes an acute respiratory
tract infection. Experimentally infected pigs with 1C
HI1N2v presented with mild febrile responses, spiking
1-day post-inoculation (dpi) with a group mean temp-
erature of 41°C. Pigs necropsied at 5 dpi revealed that
inoculation with 1C HIN2v induced microscopic and
macroscopic lung lesions consistent with influenza
infection (Figure 1(A,B)). In the trachea, infected
pigs had a loss of cilia and a decrease in goblet cells,
as well as mild to moderate tracheitis (Figure 1(C)).
Furthermore, infectious virus was detected in the
bronchoalveolar lavage fluid (BALF) (Figure 1(D)).

A Macroscopic Lung lesions B

>~ o
- b b wb b

% Macoscopic lurg lesiors

o w

Maoscopic kng ksions (0-22)
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Mcroscaopic lung lesions C Mcroscopic trachea lesions

Infected swine lungs had evident purulent bronchioli-
tis and an accumulation of a pluricellular inflamma-
tory infiltrate (Figure 2(B-D)), as compared to
uninfected lungs (Figure 2(A)). Tissue staining for
viral antigen demonstrated virally infected cells in
the lungs (Figure 2(E-G)) and trachea (Figure 2(H)).
These observations are consistent with mild disease
similar to other endemic H1 1C IAV in swine [27].

1C H1N2v is antigenically novel in a
representative human population

Prior immunity against influenza viruses, specifically
HIN1 and H3N2 viruses, can provide protection
from emerging strains from the same subtype. To
examine cross-protective immunity to 1C H1 in adults
from the US, serum samples collected in Fall 2020
were tested for neutralizing antibodies against 1C
HIN2v. Overall, 32% of individuals had levels of
cross-neutralizing antibodies against 1C HIN2v that
were above the limit of detection (Figure 3(A)) and
these individuals were clustered by those born
between 1940-1949. Of individuals born after 1950,
only 27% had detectable cross-neutralizing antibodies.
This protection is likely due to similarities in the avian
origin HA from the 1C lineage to the 1918 HIN1 HA
[4,28]. As expected, all individuals had higher levels of
antibodies against the HIN1 pandemic virus strain, A/
California/07/2009, from 2009 (HINIpdm09)
(Figure 3(A)), suggesting that the detectable 1C
HIN2v cross-reactive antibodies are not equivalent
to the dominant H1 response. However, if the minor
broadly reactive H1 antibodies were generated from
prior vaccination or H1 infection, it is feasible that
the response could be boosted after vaccination. In a
separate study, plasma collected from individuals
prior to and 28 days post-vaccination with a commer-
cial vaccine in 2021 were assessed for a rise in cross-
reactive 1C HIN2v antibodies. As expected,
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Figure 1. Pathological examination and virus shedding in pigs infected with 1C H1N2v. Five pigs were intranasally infected with
2 mL of 10° TCIDso/mL of 1C HIN2v and necropsied 5 days post-inoculation (dpi). A. Percentage of macroscopic lung lesions was
significantly higher in 1C H1N2v-infected pigs at 6.8%. B. Composite of microscopic lung lesion scores on a scale of 0-22. 1C
H1N2v-infected pigs had an average score of 13.8 and were characterized by purulent bronchiolitis with the accumulation of
pyknotic and karyorrhectic debris admixed with neutrophils in the lumen of two bronchioles. C. Composite of microscopic trachea
lesion scores on a scale of 0-8 with a group average composite score of 4.4 for 1C HIN2v-infecteds pigs. D. Virus titres in bronch-
oalveolar lavage fluid (BALF) at 5 dpi. Viral titres were measured by TCIDsq in MDCK cells and recorded as log,q TCIDso/mL.
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Figure 2. Representative microscopic lesions in the lung and trachea of pigs infected with 1C HIN2v at 5 dpi. A. Negative control
swine lung (200x hematoxylin and eosin staining (H&E)). B. Infected swine lung with evident purulent bronchiolitis characterized
by the accumulation of pyknotic and karyorrhectic debris admixed with neutrophils in the lumen of two bronchioles (white aster-
isks; 200x H&E). The bronchioles were surrounded and the propria submucosa was expanded by a pluricellular inflammatory infil-
trate. In addition, bronchiolitis obliterans was observed in the lungs and characterized by partial obstruction of a bronchiole by
intraluminal accumulation of inflammatory cells lined by attenuated epithelium. Accumulation of a pluricellular inflammatory infil-
trate was observed in alveolar lumens consisting of lymphocytes, foamy alveolar macrophages and neutrophils. Bronchioles are
surrounded and the propria submucosa is expanded by a pluricellular inflammatory infiltrate consisting of lymphocytes (white
arrow), macrophages (white notched arrow), neutrophils (white arrowhead), and plasma cells (white chevron). C. Infected
swine lung with bronchiolitis obliterans characterized by partial obstruction of a bronchiole by intraluminal accumulation of
inflammatory cells (white asterisk) lined by attenuated epithelium (black arrowheads; 400x H&E). D. Infected swine lung with
accumulation of a pluricellular inflammatory infiltrate in alveolar lumens consisting of lymphocytes (black arrow), foamy alveolar
macrophages (black notched arrow), and neutrophils (black arrowhead). Alveolar lumens also contain alveolar macrophages pha-
gocytizing proteinaceous fluid (black notched arrow). Alveolar septa are expanded by lymphocytes (black arrow) and neutrophils
(black arrowhead; 400x H&E). E. Negative control swine lung (200%, immunohistochemistry (IHC)) F. Infected swine lung with IHC
staining of IAV NP in the respiratory epithelium (black arrowhead) and alveolar macrophages (black notched arrow; 200x IHC).
G. Infected swine lung with staining of IAV nucleoprotein (NP) by IHC, in the respiratory epithelium nuclei, indicating replication
(black arrowhead) and in interstitial macrophages (black notched arrow). IAV NP staining lined the cilia of respiratory epithelium
(black chevron) and pneumocytes (black arrow; 200x IHC). H. Trachea from infected pig with IHC staining of IAV NP in the tracheal
respiratory epithelium with loss of cilia (arrowhead; 400x [HC).
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Figure 3. Low levels of cross-neutralizing antibodies against 1C HIN2v in the population. A. Sera from the indicated number of
individuals collected in Fall 2020 from Pittsburgh, Pennsylvania for each decade of birth were tested for antibodies against
HIN1pdmO09 (black circles) and 1C HIN2v (blue circles). B. Plasma collected from ten individuals pre-vaccination and 28 days
post-vaccination with GSK Fluvalal quadrivalent formulation in 2021/2022 were assessed for cross-neutralizing antibodies.
Each dot represents an individual, and the open circles indicate individuals that had a greater than 4-fold rise in antibody titres.

The dashed line indicates the limit of detection for each assay.

neutralizing antibody titres against HINI1pdmO09
increased after vaccination, with seven of ten individ-
uals having a greater than 4-fold rise in antibody titres,
whereas little to no difference was observed in the neu-
tralizing antibody titres against 1C HIN2v
(Figure 3(B)). This indicates that a current influenza
virus vaccine will not expand cross-protective anti-
bodies against 1C HIN2v. Taken together, these data
suggest that most North American individuals lack
neutralizing antibodies against 1C HIN2v and is con-
sistent with analysis of serum samples from Asia [5,7-
9,29]. Emergence of an influenza virus that has a novel
HA that is associated with lack of cross-protective
immunity in the population should be considered to
have pandemic potential and requires further in
vitro characterization based on the decision tree
(Figure S1).

1C H1N2v virus has a similar molecular
phenotypic signature to HIN1pdmO09 virus

Prior research on viral features necessary for the epi-
demiologic success of IAV in the human population
has identified several viral phenotypic signatures that
include receptor preference, pH of inactivation, neur-
aminidase (NA) activity, and environmental persist-
ence [30-43]. To determine the sialic acid (SA)
receptor preference of 1C HIN2v, a glycan array was
performed using whole labelled influenza virus to
measure HA binding to a panel of a2-3 and a2-6
linked SA (Table S1). Similar to HIN1pdm09, 1C
HIN2v bound poorly to most a2-3 linked SA and
had a a2-6 SA preference (Figure 4(A)). Further recep-
tor preference analysis was performed using a biotiny-
lated glycans containing terminal sequences with the
avian  (NeuAca2-3Galp1-4GIcNAc) or human
(NeuAca2-6GalP1-4GlcNAc) type receptor, including

three linear glycans with one, two or three N-acetyl-
lactosamine (LN, Galp1-4GlcNAc) repeats (3SLN1/2/
3-L or 6SLN1/2/3-L) (Supplementary Figure 2A),
and three biantennary N-linked glycans displaying
the same sequences on both branches (3SLN1/2/3-N
or 6SLN1/2/3-N) (Supplementary Figure 2B). On
these refined glycan arrays, inactivated 1C HIN2v
virus exhibited human-type specificity, binding two
of three linear and all N-linked glycans containing
a2-6 linked SA with no detectable binding to glycans
containing a2-3 linked SA  (Supplementary
Figure 2C and 2D). Given the preference towards
a2-6 sialic acids, replication efficiency of 1C HIN2v
was determined in human bronchiole epithelial
(HBE) cells. Three different patient cell cultures were
infected with either HIN1pdm09 or 1C HIN2v and
similar virus titres were observed for both viruses at
24- and 48-hours post-infection (Figure 4(B)). HA
stability is an important determinant of influenza
virus host range, infectivity, transmissibility, and
therefore, pandemic potential [44]. HIN1pdmO09 had
a pH of inactivation of 4.9, whereas 1C HIN2v had
a pH of 4.5, (Figure 4(C)) indicating that 1C HIN2v
has a stable HA and is more human-adapted [37,45-
48]. Higher NA activity of the HIN1pdmO09 virus
from the Eurasian NA segment has been associated
with its efficient airborne transmission [34, 49]. 1C
HIN2v  displayed similar NA  activity to
HIN1pdmo09 (Figure 4(D)). Finally, efficient airborne
transmission requires viruses to remain viable under
different environmental conditions, so the decay of
1C HIN2v was compared to that of HIN1pdm09
over a range of relative humidities in airway surface
liquid (ASL) droplets. The viral decay of both 1C
HIN2v and HINIpdmO09 was less than 1 log;q of
decay, indicating that they are equally stable in ASL
at all the relative humidity conditions tested
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Figure 4. In vitro characterization of 1C HIN2v A. Binding of 1C H1N2v virus to a sialoside microarray. Printed glycans include
those with a2-3 sialic acid linkages and a2-6 sialic acid linkages. Bars represent the mean fluorescent intensity for
HIN1pdmO09 (black bars) or 1C HIN2v (blue bars). Glycan numbers are shown on the x-axis and corresponding structures can
be found in Supplemental Table 1. B. Replication of 1C HIN2v in primary HBE cells. Transwells of HBE cultures from three different
patient donors were infected in triplicate with 10° TCIDso/mL of HIN1pdm09 or 1C HIN2v, and virus was collected at 24- and 48-
hours post-infection for titration using MDCK cells. Data represent the mean values +/— standard deviation of three independent
patient donors. C. HIN1pdm09 and 1C HIN2v were incubated in pH-adjusted PBS. Remaining virus titre was determined by TCIDs,
assay. The data were fit with an asymmetric sigmoidal curve to determine the ECs,. pH of inactivation for HIN1Tpdm09 and 1C
HIN2v as determined by regression analysis of the dose-response curve. The mean +/— standard deviation corresponds to
three independent biological replicates, each performed in triplicate. D. Neuraminidase activity for HIN1pdm09 and 1C HIN2v
was determined using an ELLA assay with fetuin as a substrate. The data are displayed as the mean +/— standard deviation
of three independent assays performed in duplicate. HIN1pdmO09 (E) and 1C H1N2v (F) virus stocks were diluted 1:10 in ASL col-
lected from HBE cell cultures. Ten 1 pL droplets were generated and incubated for 2 h at the indicated relative humidity in a
controlled chamber. Infectious titres were determined in unaged (time 0) and aged (time 2 h) G. Virus decay was calculated
by comparing the virus titre at time 0 to that remaining after 2 h. Data represent the mean values +/— standard deviation
from four independent replicates performed with ASL from four different HBE patient cell cultures.

(Figure 4(E-G)). Together, based on decision tree cri-
teria (Figure S1), these results indicate that 1C HIN2v
has in vitro characteristics that are consistent with
viruses capable of human airborne transmission.

Efficient interspecies airborne transmission of
1C H1N2v from swine-to-ferret

Interspecies transmission events of IAV occur spora-
dically, making them difficult to study, but likely con-
tribute to the pandemic potential of a given virus. To
experimentally analyse whether 1C HIN2v can trans-
mit from swine to human, we evaluated virus trans-
mission from infected pigs to ferrets, as the ferret is
a model for studying human influenza virus

transmissibility. Ferrets were placed into open-air
caging within the same room, approximately four
feet away from the same five pigs infected above
with 1C HIN2v (Figure 5(A)). Ferrets were exposed
to the pigs at 2 dpi (Figure 5(A)) and, albeit variable,
nasal swab collection indicated that the pigs were
shedding virus within the three-day exposure win-
dow (Figure 5(B)). No virus was detectable in
nasal washes of exposed ferrets, and none displayed
any febrile responses or significant weight loss.
However, all four ferrets seroconverted at 21 days
post-exposure (dpe) (Figure 5(C)), suggesting
efficient transmission of 1C HIN2v from swine-to-
ferret. The lack of nasal wash detection in the ferrets
may be due to the exposure time occurring after
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Figure 5. Airborne transmission of 1C HIN2v from pig-to-ferret. A. Schematic of experimental timeline whereby five pigs were
intranasally infected with 2 mL of 10° TCIDso/mL of 1C HIN2v and nasal swabs collected on days 0, 1, 3 and 5 post-infection.
Pigs were necropsied at 5 dpi. At 2 dpi, four feet away from the infected pig pen, four ferrets were placed into open cages
with directional air flow from the pigs to ferrets. Nasal washes were collected from the ferrets on days 1, 3, 5, 7 and 9 post-
exposure and sera were collected on day 21 post-exposure. B. Viral titres of nasal swabs from each infected pig, as indicated
by blue lines and nasal washes from exposed naive ferrets, grey bars. The number of recipient ferrets with detectable virus in
nasal washes out of four is shown. The limit of detection is indicated by the dashed line. Grey box indicates the time during
which the ferrets were exposed to the infected pigs. Viral titres were measured by TCIDs, in MDCK cells and recorded as logq
TCIDso/mL. C. HI titres of ferret sera collected at 21 days post-exposure. All schematics were created in BioRender.

peak viral shedding in swine or low levels of replica-  displayed the ability to cross the species barrier
tion in the ferrets that were not captured by  and transmit from swine-to-ferret, highlighting the
sampling. Although clinically mild, 1C HIN2v  zoonotic risk of this virus.
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Figure 6. Swine 1C H1N2v transmits efficiently via the air after a short exposure. (A) Four donor ferrets were infected intranasally
with 500 pl of 10° TCIDse/mL of 1C HIN2v (1C HIN2v INF), as in Methods. Schematic indicates that recipient ferrets with no prior
immunity (naive recipients) were placed in the adjacent cages at 24 h post-infection for two continuous days. Nasal washes were
collected from all ferrets on the indicated days and titred for virus by TCIDsq. Each bar indicates an individual ferret. (B) Schematic
of procedure, whereby four ferrets were infected with HIN1pdm09 (H1N1pdm09-imm) between 84 and 110 days prior to acting as
recipients to 1C HIN2v-infected donors. Four donor ferrets were infected with 1C HIN2v and HIN1pdm09-imm recipients were
placed in the adjacent cage 24 h later. For all graphs, the number of recipient ferrets with detectable virus in nasal secretions out
of four total is shown; the number of recipient animals that seroconverted at 14- or 21-days post-exposure out of four total is
shown in parentheses. Grey shaded box indicates shedding of the donor during the exposure period. The limit of detection is
indicated by the dashed line. All schematics were made in BioRender.
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Figure 7. Pre-existing H1IN1pdm09 immunity reduces 1C HIN2v influenza virus clinical signs in recipients. A. The total number of
signs for each intranasally 1C H1N2-infected ferret from Figure 6 (N = 8) are indicated on the days post-infection. B. The total
number of signs for each airborne 1C HIN2v-infected recipient having either no prior immunity (N = 4) or HIN1pdm09 pre-exist-
ing immunity (N = 4) from Figure 6 displayed on each day post-exposure. C. The symptoms for each airborne 1C H1N2v-infected
recipient from panel B having either no prior immunity (N =4) or HIN1Tpdm09-imm (N = 4) were added together to assign each
animal a cumulative score. Each dot represents the cumulative sign score for a single ferret.

Pre-existing immunity to H1N1 viruses does not
protect against natural infection of 1C HIN2v

Influenza viruses mainly spread human-to-human
through infectious respiratory particles, and novel
viruses emerge in the context of pre-existing immunity
in the human population. Variable airborne and con-
tact transmission efficiencies have been reported for
1C swine influenza virus isolates in ferrets [7]. To deter-
mine the transmissibility of 1C HIN2v, airborne trans-
mission studies were conducted with ferrets that were
either immunologically naive to IAV or those
imprinted with prior HINIpdm09 infection.
HIN1pdm09 was chosen as the imprint virus since a
majority of the human population has been exposed
to this strain. Donor ferrets were infected with 1C
HIN2v and shed virus in nasal secretions for the first
5 days of infection (Figure 6(A,B), blue bars) and
these animals presented with mild clinical signs
(Figure 7(A)), consistent with those observed during
infection with HIN1pdm09 [20]. Efficient airborne
transmission to recipients without prior immunity
was observed for all four animals (Figure 6(A)), indicat-
ing a robust airborne transmission potential.
Figure 3(A) indicates that a vast number of individuals
have cross-neutralizing antibodies against HIN1pdm09
and it has been previously shown that prior influenza
virus immunity can serve as a barrier to influenza
virus transmission [50,51]. Serum from ferrets infected
with HIN1pdm09 did not have any cross-reactivity to
the 1C HIN2v virus (Table S2); however, prior
HIN1pdm09 infection has been shown to protect
against airborne transmission in a neutralizing anti-
body-independent manner [50]. To assess whether
prior HIN1pdm09 immunity could protect against air-
borne transmission of 1C HIN2v, recipients were
infected with HIN1pdm09 (HIN1pdm09-imm) three
months prior, then exposed to donor animals

experimentally infected with 1C HIN2v virus. After a
two-day exposure (Figure 6(B), grey box), all four
HIN1pdm09-imm recipients shed virus in nasal
secretions and seroconverted (Figure 6(B) and
Table S2). Although no decrease in transmission
efficiency was observed, HIN1pdm09-imm recipients
displayed less clinical disease than naive recipients
(Figure 7(B,C)). These results demonstrate that 1C
HIN2v is highly transmissible between ferrets, even
with pre-existing HIN1pdm09 immunity, and might
therefore be highly transmissible between humans, pos-
ing a greater pandemic risk.

Conclusions

The endemic nature of swine H1 1C strains in the pig
population in Europe and Asia and sporadic zoonotic
events suggest a leaky barrier at the animal-human
interface. Low levels of immunity against the virus in
US and Asian populations and efficient inter- and
intraspecies transmission suggest a pandemic threat of
1C HIN2 viruses. Although prior immunity with
HINIpdmO09 decreased disease severity it did not dis-
rupt the transmission of 1C HIN2v virus in ferrets,
suggesting that HI immunity in humans will not
block airborne transmission. Taken together, risk
assessment of 1C HIN2v virus would indicate that it
is in the higher pandemic risk category and should be
continued to be monitored for spillover into humans.
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