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Abstract

Introduction Monoclonal antibodies (mAbs) are critical tools for elucidating viral evolution, informing vaccine design, and
developing antiviral therapeutics. Large-animal models, such as the pig, that closely mirror human immune responses are
essential for understanding influenza immunity.

Methods Pigs were either infected or sequentially immunized with influenza viruses and monoclonal antibodies directed
against H3, H5, and H7 influenza virus haemagglutinins were isolated. Antibody specificity, breadth, epitope targeting
(head versus stem), neutralizing capacity, and Fc-mediated activity were assessed across influenza subtypes.

Results Pigs generated both strain-specific and broadly reactive mAbs targeting haemagglutinin head and stem epitopes.
An H3-specific mAb (H3-57) selectively recognized the egg-adapted L194P mutation associated with reduced human vaccine
effectiveness. H5 and H7 immunization induced neutralizing antibodies, including cross-group stem mAbs reactive with H1,
H3, and H5 haemagglutinins. Fc-mediated activity correlated with antibody binding strength rather than epitope location.

Conclusions These findings demonstrate that pigs mount antibody responses closely resembling those observed in humans,
including recognition of conserved stem epitopes and adaptive head mutations. Porcine mAbs represent powerful new tools
for dissecting influenza immunity, guiding vaccine design, and enhancing pandemic preparedness using a physiologically
relevant large-animal model.
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Introduction

Pigs are natural hosts for influenza A viruses, with HIN1 and
H3N2 subtypes co-circulating in both pigs and humans [1-3].
Frequent bidirectional transmission between the two species
contributes to viral evolution and can give rise to novel pandemic
strains [4-7]. Unlike small laboratory animals, pigs more closely
resemble humans anatomically, genetically, physiologically, and
immunologically [8-10]. They develop similar clinical signs
and lung pathology following influenza infection, and the lobar
and bronchial anatomy, as well as the histological structure of
their lungs, closely mirrors that of humans [1, 11]. Pigs also ex-
hibit a comparable distribution of sialic acid receptors to humans
in the respiratory tract, which determines viral tropism [12, 13].
Their longer lifespans, unrestricted access to the respiratory tract
and large body size make them an excellent model that better re-
flects human disease for studying influenza virus infection dy-
namics, immunity, and vaccine responses. Furthermore, an
expanding toolkit—including inbred pig strains, tetramers, anti-
bodies against immune markers and cytokines, and single-cell

RNA sequencing—enables detailed characterization of porcine
immune responses [14, 15]. Taken together these features
make pigs a valuable translational model for influenza research.

Monoclonal antibodies (mAbs) have been extensively used to
define the antigenic structure of the influenza haemagglutinin
(HA) glycoprotein and elucidate mechanisms of viral immune es-
cape. Studies in mice and humans have defined three broad cat-
egories of anti-HA antibodies. The first, consists of highly potent
neutralizing mAbs directed to the immunodominant HA head do-
main; these antibodies are typically strain-, subtype-, or
clade-specific [16, 17]. The second group also targets the HA
head but exhibits broader reactivity, with cross-neutralization
within a given subtype. The third group is characterized by
broadly neutralizing mAbs that cross-react across multiple HA
subtypes and are largely directed against the HA stem region
[18, 19]. These mAbs have provided important insights into influ-
enza antigenicity and led to development of antibody-based
therapeutics and novel immunization strategies.

We have previously shown that pigs infected with the HIN1
pandemic 2009 virus generated mAbs that recognize the same
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antigenic sites as human antibodies [20]. Interestingly, one of
these epitopes was not detected by ferret antisera, which are
routinely used in global influenza surveillance and vaccine strain
selection. In the present study, we extended this work by gener-
ating mAbs against seasonal H3N2 virus and characterized their
functional properties and binding epitopes. We also sequentially
immunized pigs with the human quadrivalent inactivated vac-
cine (QIV), followed by single cycle replication influenza pseudo-
typed viruses H5- and H7-S-FLUs [21], to induce responses to H5
and H7 HAs and determine whether anti-stem mAbs could be eli-
cited. The resulting porcine mAbs were analysed for their binding
specificity and functional activity. Here their relevance for better
understanding virus evolution and their potential for developing
novel therapeutic strategies is discussed.

Results

Generation and characterization of
porcine H3-specific mAbs

H3-specific mAbs were isolated from pigs infected intranasally
first with H3N2 (A/Hong Kong/4801/2014; HK4801), followed by
HIN1 (A/Michigan/45/2015; Mich45) 3 weeks later (Fig. 1a).
Antigen-specific B cells were isolated from tracheobronchial
lymph nodes (TBLN) using recombinant H3 protein (rec H3)
from A/Hong Kong/5738/2014 (HK5738) (Fig. 1b, Supplementary
Figure S1). Seven mAb pairs were generated, consisting of two
kappa and five lambda light chains (Table 1).

The seven H3-specific mAbs (H3-57 to H3-63) were recombi-
nantly expressed and characterized for their binding, neutraliza-
tion, haemagglutination inhibition (HAI), and Fc-effector
functions (Table 1). The binding affinity was categorized based
on the absorbance value recorded at different concentrations
(Table 1). Three mAbs (H3-59, H3-60, and H3-62) bound strongly
to the rec H3 (HK5738) protein used for sorting, while H3-61 and
H3-63, showed weaker binding (Fig. 1c). Interestingly, mAb
H3-57, did not bind to rec H3 (HK5738) (Fig. 1c). It bound to the
challenge virus HK4801 but not to MDCK cells expressing H3
(HK5738) (Figs. 1d and e). To determine whether this binding dif-
ference was related to the egg-adaptive substitutions in the egg-
derived challenge virus HK4801, we tested the binding of mAb
H3-57 to MDCK cells expressing AHK5738 HA (T160K, L194P
and double mutant T160K+L194P, key egg-adaptive changes
in H3N2 vaccines within the antigenic site B). T160K led to loss
of a glycosylation site at HA position 158 and L194P also altered
the antigenic site B. These mutations were responsible for re-
duced vaccine effectiveness in 2016-2018 [22, 23]. MAb H3-57
bound only to the HA with proline at position 194 (Fig. le).
Furthermore, H3-57 neutralized the egg-grown HK4801 virus
with 1C50 values of 2.9 ng/ml (Fig. 2a), suggesting that pigs can
make antibodies targeting site B that distinguish between egg-
derived and circulating viruses.

The binding hierarchy to MDCK-H3 (HK5738) cells was very
similar to the binding to rec H3 (HK5738) with mAbs H3-59,
H3-60, and H3-62 exhibiting the greatest binding (Fig. 1le). The
binding profiles of the H3-specific mAbs corresponded with their
neutralization activities. Only the strong binders, H3-59, H3-60,
and H3-62, effectively neutralized H3 S-FLU (HK5738) with IC50

values of 202 ng/ml, 200 ng/ml, and 84 ng/ml, respectively
(Fig. 2a). None of the H3-specific mAbs neutralized the HIN1
(Mich45) challenge virus (Supplementary FigureS2)

To identify the site recognized by neutralizing H3-specific
mAbs, neutralization of mAbs H3-59, H3-60 and H3-62 was tested
to eleven HK5738 S-FLU viruses carrying single residue substitu-
tion within the known antigenic sites, namely Site A (T135K,
S144N/K, R142G), Site B (K189E, T160K, F193S, L194P), Site C
(E50K), and Site D (N121K, N171K) (Supplementary Figure S3).
These substitutions abrogate neutralization by site-matched hu-
man mAbs and are established drivers of H3 antigenic evolution
[24]. All three mAbs neutralized all eleven variant viruses at a sin-
gle concentration of 50 ug/ml. (Supplementary Table S1), sug-
gesting that these three neutralizing mAbs detect sites other
than known canonical H3 head antigenic sites. Because contem-
porary H3N2 viruses exhibit reduced haemagglutination of chick-
en red blood cells, we were unable to evaluate these mAbs using
the standard HAI [25].

To assess the potential of the H3-specifc mAbs to target stem
epitopes, the inhibition of binding of the human anti-stem mAb
MEDI8852 [26] to MDCK-H3 (H5738) was analysed. However, al-
though mAbs H3-59, H3-60, and H3-62 inhibited MEDI8852 bind-
ing, the inhibition did not exceed 50%, suggesting that the effect
was more likely due to steric hindrance than to genuine stem-
directed activity (Fig. 2b). Interestingly, the non-neutralizing
mAb H3-63 cross-reacted with H1, H5, and H7 expressed on
MDCK (MDCK-H1 (Eng195), MDCK-H3 (HK5738) and MDCK-H7
(Anh1)) cells (Fig. 2c), showing both group | and group Il cross-
reactivity typical of a stem-directed mAb. However, it did not
compete for binding with the MEDI8852 (Fig. 2b), likely due to
its weak binding affinity (Figs. 1c, 1e). The mAb competition re-
sults are difficult to interpret for low affinity antibodies, especial-
ly in the case of one-way blocking of a strong binding mAb.

The Fc-mediated effector functions of the porcine H3 mAbs,
complement-dependent cytotoxicity (CDCC) and antibody-
dependent cellular cytotoxicity (ADCC) were assessed. Strong
and moderate binders were tested for CDCC using MDCK-H3
(HK5738) cells and rabbit sera as source of complement. To
test CDCC activity of H3-57, which only binds to the L194P mutant
H3, MDCK-H3 cells expressing L194P mutant H3 were used. The
strong binders and neutralizers H3-59, H3-60, and H3-62 exhib-
ited strong complement activation, whereas the weaker binders,
H3-61 and H3-63, demonstrated limited complement activity at
the highest mAb concentrations only (Fig. 2d). Consistent with
these findings, the strong binders also induced robust NK cell de-
granulation as measured by CD107a expression, while the weak
binders failed to elicit any NK cell response (Fig. 2e). There was
no association between IGHV, IGKV, or IGLV gene usage or
CDRH3 length with neutralization, binding, or Fc-mediated func-
tions (Table 1).

In summary, three types of H3-specific mAbs were identified
(Fig. 2f). The first group comprised strong H3 (HK5738) binders
(H3-59, H3-60, and H3-62), which exhibited neutralizing activity
and targeted epitopes different from the canonical H3 head anti-
genic sites. The second group (H3-58, H3-61, and H3-63) con-
sisted of weak binders with no detectable neutralizing, and low
CDCC activity. Their epitopes remain uncharacterized, although
H3-63 potentially targets a stem epitope. The third group, repre-
sented by mAb H3-57, recognized antigenic site B with P194 bind-
ing dependency of HK4801, indicating that, similar to humans,
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Figure 1 Generation and characterization of H3-specific porcine mAbs. (a) Experimental design of animal H3N2/pH1N1 challenge study. Six 5-weeks
old pigs were infected with H3N2 A/Hong Kong/4801/2014. Three weeks later all the pigs were challenged with HIN1pdm09 A/Michigan/45/2015.
Four-days post challenge with HIN1, all the pigs were culled, and tissues were collected. (b) Gating strategy for sorting single H3-specific IgG positive B
cells. H3-specific B cells were sorted in a 96-well plate using recH3 protein from A/Hong Kong/5738/2014 (HK5738). (c) mAbs binding to rec H3 (HK5738)
or (d) HIN1pdmO09 A/Michigan/45/2015 or H3N2 A/Hong Kong/4801/2014 (e) Binding with MDCK-H3 (HK5738) and its HA mutants. All assays were
performed in at least two independent experiments, each conducted in duplicate. Error bars represent the standard deviation.
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Table 1. H3-specific porcine mAbs characterization.
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pigs can generate antibodies targeting site B that distinguish be-
tween egg-derived and circulating H3N2 virus isolates.

Generation and characterization of
porcine H5-specific mAbs

Porcine H5-specific mAbs were generated from pigs sequentially
immunized intramuscularly twice 29 days apart with the 2018/19
quadrivalent inactivated vaccine (QIV), followed by H5 S-FLU (H5
from A/Vietnam/1203/2004) (VN1203) and H7 S-FLU (H7 from A/
Anhui/1/2013) (Anhl) intramuscular immunization 30 days later
(Fig. 3a). S-FLU is a pseudotyped influenza virus lacking the HA
signal sequence and therefore limited to a single cycle of replica-
tion [21]. It induces a strong HA antibody response when admin-
istered intramuscularly [21, 27]. Homologous rec H5 (VN1203)
was used as a probe to isolate antigen-specific B cells from the
retropharyngeal lymph nodes (RPLN) (Fig. 3b). The variable re-
gions of the heavy and light chains were amplified using nested
PCR, sequenced, and clustered. A total of 76 single cells were
sorted, of which 57 were positive for both IgG heavy and light
chains, resulting in a 75% recovery. From these clusters, 20
unique mAb sequences were selected and expressed recombi-
nantly as IgG1l. Among the selected mAbs, 10 had lambda light
chains and 10 had kappa light chains, with heavy chains
CDRH3 ranging from 8-27 amino acids length (Table 2).

H5-specific mAbs were initially characterized based on their
binding activity to either rec H5 protein or MDCK expressing H5
(VN1203). Of the 20 H5-specific mAbs, 9 (H5-2, H5-9, H5-11,
H5-12, H5-15, H5-16, H5-20, H5-23, and H5-48) demonstrated
strong binding to rec H5 (VN1203). Five mAbs (H5-1, H5-10,
H5-13, H5-18, and H5-21) showed intermediate binding, and six
(H5-4, H5-5, H5-6, H5-8, H5-14, and H5-22) exhibited weak or
no binding (Fig. 3c). Strength of binding was categorized based
on the absorbance at different concentrations (Table 2).
Binding analysis on MDCK-H5 (VN1203) cells demonstrated thir-
teen strong binders (H5-1, H5-4, H5-5, H5-10, H5-11, H5-12,
H5-13, H5-16, H5-18, H5-20, H5-21, H5-23, and H5-48) and seven
weak/non-binders (H5-2, H5-6, H5-8, H5-9, H5-14, H5-15, and
H5-22) (Fig. 3d). Interestingly, mAbs such as H5-2 and H5-9 bound
strongly to rec H5 but failed to bind to MDCK-H5 cells, likely due
to conformational differences between native proteins expressed
on the cell surface and recombinant HA proteins coated on the
ELISA plate. Cell-surface HA may be partially cleaved into HA1/
HA2, while recombinant proteins retain uncleaved HAO, affecting
the stem/head interface epitopes.

Next, we assessed the neutralizing activity of the H5 mAbs
against VN1203 at an initial concentration of 50000 ng/ml.
Eight mAbs (H5-1, H5-4, H5-6, H5-10, H5-15, H5-16, H5-18, and
H5-20) displayed neutralizing activity (Table 2). Further analysis
of the concentration required for 50% inhibition of infection
(1C50) showed values from 200 to 7000 ng/ml (Fig. 4a). There
was no cross-neutralizing activity against the current circulating
clade 2.3.4.4b dairy farm H5N1 strain (Table 2). All neutralizing
mAbs also exhibited HAI, except for H5-6, suggesting that it is
not a receptor binding site blocking antibody.

The inhibition of binding of the human anti-stem mAb
MEDI8852 to MDCK-H5 (VN1203) by the H5-specifc mAbs was an-
alysed. 21D85A, a human anti-H5 was used as a negative control/
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(c) mAbs binding to MDCK-H1 (Eng195), MDCK-H5 (VN1203), and MDCK-H7 (Anh1). (d) Complement-dependent cell cytotoxicity (CDCC) on MDCK-H3
(HK5738) and MDCK-H3 (HK5738) L194P cells incubated with the H3-mAbs in presence of rabbit complement. (e) ADCC was quantified by percentage of
NK cells expressing CD107a. (f) Summary table of H3 mAbs. nd: not determined. Error bars represent the standard deviation.
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Figure 3 Generation and characterization of H5-specific porcine mAbs. (a) Experimental design of immunization study. Two 6-weeks old pigs were
immunized intramuscularly with 2018/2019 QIV. Twenty-nine days later, the animals were boosted with QIV using the same dose and the route. Thirty
days after the boost, animals were immunized with H5N1 S-FLU (H5: A/Vietnam/1203/2004, N1: A/PR/8/34) and H7N1 S-FLU (H7: A/Anhui/1/2013, N1:
A/PR/8/34) in equal proportions. Five days post immunization with S-FLUs, pigs were culled, and tissues were harvested for sorting antigen-specific B
cells. (b) Gating strategy to sort single H5-specific 1gG positive B cells. H5-specific B cells were sorted in 96-well plate using recH5 protein from A/
VN1203/04 (VN1203). (c) Binding to recH5 (VN1203) (d) and MDCK-H5 (VN1203) cells. All assays were performed in at least two independent
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Figure 4 Functional activities of H5-specific porcine mAbs. (a) Concentration of individual mAbs giving 50% neutralization (IC50) against H5 S-FLU A/
VN/1203/2004 and haemagglutination inhibition titres. (b) Competition with MEDI8852 for binding to MDCK-H5 (VN1203) cells. Human mAbs 21D-85A
and MEDI8852 were used as controls. (c) Complement-dependent cell cytotoxicity (CDCC) on MDCK-H5 (VN1203) cells incubated with H5-mAbs in
presence of rabbit complement. CDCC activity was measured by LDH release. (d) ADCC was quantified by percentage of NK cells expressing CD107a. (e)
Summary table of H5 mAbs. nd: not determined. All assays were performed in at least two independent experiments, each conducted in duplicate.
Error bars represent the standard deviation.
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non-competitor. None of the H5-specific mAbs, including H5-6,
competed with MEDI8852 (Fig. 4b). Furthermore, cross-reactive
binding to other HAs (MDCK-H1, MCDK-H3, or MDCK-H7) was
not detected (Supplementary Figure S4). Together with the HAI
data, the lack of cross-reactivity and absence of stem competi-
tion suggest that these antibodies likely target head epitopes.

The Fc-mediated effector functions of the H5-specific mAbs
were analysed. The strong binders (H5-1, H5-10, H5-13, H5-16,
H5-18, and H5-20) exhibited robust complement activation, lead-
ing to up to 60% lysis of target cells at 10 ug/ml. The weak bind-
ers (H5-4, H5-5, H5-6, H5-11, H5-12, H5-14, H5-15, H5-21, H5-23,
and H5-48) were able to activate complement at a higher concen-
tration of 25 ug/ml, indicating an association between binding
strength and complement activation (Fig. 4c). All H5 mAbs, in-
duced NK cell degranulation (Fig. 4d). The most pronounced re-
sponse was observed with H5-2, H5-9, H5-11, H5-20, and H5-48,
where approximately 40% of NK cells expressed CD107a.

In summary, two groups of H5-specific mAbs were generated
(Fig. 4e). The first group (H5-1, H5-4, H5-6, H5-10, H5-15, H5-16,
H5-18, and H5-20) exhibited strong binding to MDCK-H5
VN1203, neutralizing activity, HAIl activity (except H5-6), and
Fc-mediated functions, most likely targeting head epitopes. In
contrast, the majority of the second group of mAbs (H5-2, H5-5,
H5-8, H5-9, H5-11, H5-12, H5-13, H5-14, H5-21, H5-22, H5-23,
and H5-48) bound to rec H5 and MDCK-H5 cells but did not neu-
tralize or inhibit haemagglutination, although some demon-
strated CDCC activity.

Generation and characterization of
porcine H7-specific mAbs

H7-specific mAbs were generated from pigs sequentially immu-
nized intramuscularly with QIV, followed by H5 S-FLU (H5 from
VN1203) and H7 S-FLU (H7 from Anh1) as described above for
the generation of the H5 mAbs (Fig. 5a). H7-specific B cells
were isolated from retropharyngeal lymph nodes using rec H7
protein (Anhl) as a probe (Fig. 5b). A total of 86 single cells
were sorted, of which 71 were positive for both IgG heavy and
light chains, resulting in 82% recovery. Based on their clustering,
twelve antibodies were selected for expression. Among the se-
lected mAbs, five had lambda light chains and seven had kappa
light chains ranging from 11 to 21 amino acids length in CDRH3
region (Table 3).

H7-specific mAbs were assessed for binding to rec H7 (Anh1)
and MDCK cells expressing H7 (Anhl). Among the 12
H7-specific mAbs tested, 8 (H7-26, H7-29, H7-30, H7-32, H7-33,
H7-36, H7-39, and H7-46) exhibited strong binding to rec H7
and 4 (H7-28, H7-35, H7-37, and H7-43) showed weak binding
(Fig. 5¢, Table 3). Binding to MDCK-H7 cells was observed for
nine mAbs (H7-26, H7-30, H7-32, H7-33, H7-36, H7-37, H7-39,
H7-43, and H7-46) while three (H7-28, H7-29, and H7-35) showed
weaker (OD value <0.5) binding at the highest concentration of
10000 ng/ml (Fig. 5d). MAbs H7-37 and H7-43 demonstrated
stronger binding to MDCK-H7 (Anh1) than to rec H7 (Table 3).

The neutralizing activity of strong and weak binders was first
evaluated at a concentration of 50 pg/ml. Neutralizers were fur-
ther analysed to determine their IC50 values. Ten H7 mAbs
(H7-26, H7-28, H7-29, H7-30, H7-32, H7-33, H7-36, H7-39, H7-43,

Table 3. H7-specific porcine mAbs characterization.
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y to MDCK-H1 (Eng195), MDCK-H3 (HK5738) and MDCK-H5 (VN1203): —, no detectable binding at starting concentration 50 000 ng/ml; +, weak binding, OD4s0-630 < 0.5; ++, intermediate binding, OD4so_630 > 0.5 & < 1.0; +++, strong binding, OD4s0_g30 > 1.0. For neutralizing activity, —, non-
g; and for neutralizers, the concentration at which 50% of the viruses are inhibited, defined as the ICsy, is indicated. Haemagglutination-inhibition activity is defined as the minimal concentration of the antibody required to prevent haemagglutination. For CDCC: —, no detectable lysis; +,

inity recH7 Anh1: —, no detectable binding; +, >50 000 ng/ml, weak binding; +++, <10 000 ng/ml, strong binding. For binding affinity MDCK-H7 Anh1: —, no detectable binding at starting concentration 10 000 ng/ml; +, OD4s0.630 < 0.5, weak binding; +++, OD4s0_630> 0.5, strong binding. For
detectable lysis at starting mAb concentration of 40 ug/ml; ++, detectable lysis at starting mAb concentration of 10 ug/ml. For ADCC: +, <30% CD107a expressing NK cells; ++, > 30% CD107a expressing NK cells. nd: not determined.
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Figure 5 Binding and neutralization of H7-specific porcine mAbs. (a) Experimental design of immunization study. Two 6-weeks old pigs were
immunized intramuscularly with 2018/2019 QIV. Twenty-nine days later, the animals were boosted with QIV using the same dose and the route. Thirty
days after the boost, animals were immunized with H5N1 S-FLU (H5: A/Vietnam/1203/2004, N1: A/PR/8/34) and H7N1 S-FLU (H7: A/Anhui/1/2013, N1:
A/PR/8/34) in equal proportions. Five days post-immunization with S-FLUs, pigs were culled, and tissues were harvested for sorting antigen-specific B
cells. (b) Gating strategy to sort single H7-specific IgG positive B cells. H7-specific B cells were sorted in 96-well plate using recH7 protein from A/Anhui/
1/2013 (Anh1). (c) Binding to recH7 (Anh1) and binding to (d) MDCK-H7 (Anh1). (e) Concentration of individual mAbs giving 50% neutralization (IC50)
against H7 S-FLU A/Anhui/1/2013 and HAl titres. (f) Cross-neutralization titres against distinct avian H7 S-FLU strains. Human mAbs MEDI8852, L4A-14,
K9B-122, and W3A1 were used as controls. All assays were performed in at least two independent experiments, each conducted in duplicate. Error bars
represent the standard deviation. nd: not determined.
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and H7-46) showed neutralizing activity against the homologous
Anhl ranging from 300 to 17 100 ng/ml, with H7-33 exhibiting
strong neutralizing activity at IC50 300 ng/ml (Fig. 5e).
Neutralizing mAbs were further evaluated for their HAI activity.
Two mAbs, H7-29 and H7-43, demonstrated HAI at 50 and
25 pg/ml respectively (Figure 5e). Interestingly, although H7-32
exhibited broad neutralizing activity, it did not inhibit haem-
agglutination, suggesting that it may target a conserved stem
epitope. Cross-neutralization was analysed against eight avian
H7 viruses (A/Shanghai/1/13, A/NewYork/107/2003, A/
Netherlands/219/2003, A/Guangdong/TH005/17, A/Guangdong/
17SF003/2016, A/Guangdong/8H324/2017, A/Taiwan/1/2017,
and A/Hong Kong/125/2017). MAbs H7-32 and H7-43 neutralized
three distinct H7 strains. MAb H7-32 neutralized three H7 strains
(H7 A/Shanghai/1/13, H7 A/Guangdong/TH005/17, and H7
Guangdong/17SF003/2016) and H7-43 neutralized H7 A/
Shanghai/1/13, H7 A/New York/107/2003, and H7 A/
Netherlands/219/2003 (Fig. 5f, Table 3).

Other neutralizing but HAI-negative mAbs included H7-26,
H7-28, H7-30, H7-32, H7-33, H7-36, H7-39, and H7-46, suggesting
that they might be potential broadly cross-reactive anti-stem
antibodies. We therefore analysed the inhibition of binding of
anti-stem MEDI8852 to MDCK-H7 (Anhl) by these eight H7
mAbs. MAbs H7-26, H7-30, H7-32, H7-33, H7-36, H7-39, and
H7-46 inhibited the binding of MEDI8852 by 62-80% (Fig. 6a).
An additional assay was performed by comparing mAbs binding
to recombinant soluble H7 HA and its trypsin-treated form, in
which HAO trypsin-cleavage specifically reduce HA2/stem mAb
binding, to distinguish head- from stem-directed mAbs. MAbs
H7-26, H7-28, H7-35, H7-36, H7-37, and H7-39 showed reduced
binding to trypsin-treated HA suggesting these to be stem
mAbs (Fig. 6b). To further investigate the anti-stem properties,
we tested the binding of these potential anti-stem mAbs to
MDCKs expressing either H1 (Engl95), H3 (HK5738), or H5
(VN1203) and showed that H7-36 bound to all (Fig. 6c).
Interestingly the non-neutralizing mAbs H7-35 and H7-37 bound
to MDCK-H1, MDCK-H3, and MDCK-H5 (Fig. 6c). This cross-
reactivity, together with MEDI8852 competition and lack of HAI,
suggests that they are directed to stem epitopes.

MAbs that showed strong binding to MDCK-H7 (Anh1) cells
were evaluated for their Fc-mediated functions. Among these,
H7-33 and H7-43 demonstrated robust CDCC responses, inducing
up to 80% cell lysis at a concentration of 10 pg/ml (Fig. 6d). H7
mAbs were not as potent in inducing NK cell activity compared
to H3 and H5-specific mAbs, inducing less than 20% NK cell activ-
ity. Interestingly, H7-30 and H7-33 exhibited equal or greater NK
cell degranulation as free IgG compared to their immune com-
plex form (Fig. 6e).

Overall, these results show that a third of the H7-specific mAbs
inhibited the binding of MEDI8852 to MDCK-H7 (Anh1) cells indi-
cating that the mAbs might be recognizing stem epitopes
(Fig. 6f). Four of them (H7-32, H7-33, H7-36, and H7-43) exhibited
broadly neutralizing activity. MAb H7-36 bound to MDCK-H1
(Eng195), MDCK-H3 (HK5738), and MDCK-H5 (VN1203) cells sug-
gesting that it recognizes both group 1 and group 2 influenza vi-
ruses. Another group of H7 mAbs strongly bound to the rec H7
(Anh1) and MDCK-H7 (Anh1) cells and neutralized the immunizing
Anh1 strain. Interestingly only two mAbs (H7-29 and H7-43) inhib-
ited haemagglutination at a very high concentration. The third
group of mAbs (H7-35 and H7-37) did not neutralize but bound

to MDCK-H1 (Engl95), MDCK-H3 (HK5738), MDCK-H5 (VN1203),
and MDCK-H7 (Anh1) cells, suggesting that they are targeting
stem epitopes.

Discussion

Monoclonal antibodies are powerful tools for understanding viral
evolution, guiding therapeutic development, and informing ra-
tional vaccine design. The generation of both strain-specific
and broadly reactive mAbs is also an important step for improv-
ing preparedness against influenza viruses with pandemic poten-
tial. Here, we describe the first to our knowledge porcine
monoclonal antibodies, directed against H3, H5, and H7 influ-
enza haemagglutinins. These mAbs provide new tools for under-
standing influenza immunity in pigs, a key intermediate host.

Vaccine effectiveness against H3N2 in 2016-18 was reduced
due to egg-adaptive mutations, particularly T160K and L194P
within antigenic site B, the immunodominant epitope of the HA
head [22, 23, 28]. In the present study, pigs were inoculated intra-
nasally with an egg-derived H3N2 A/HK/4801/2014 virus contain-
ing these adaptive mutations. Similarly to vaccinated humans,
pigs generated an antibody, H3-57, that bound L194P and specif-
ically recognized the egg-adapted A/HK/4801/2014 virus but not
rec H3 (HK5738) that matches the circulating strain. This anti-
body was identified incidentally, despite sorting with rec H3
(HK5738) bait protein with leucine at position 194 and not carry-
ing any egg-adaptive mutation. Had the egg-adapted rec HA car-
rying both T160K and L194P mutation been used as the bait, it is
likely that more site B-specific antibodies would have been
isolated.

Among the isolated H3-specific mAbs, dominance to site B or
to other classical sites A-E was not observed [29, 30]. Instead,
these pig mAbs appear to target other HA head key residues con-
served between egg-derived and wild-type virus. A limitation of
this study is that neutralization was not assessed against add-
itional substitutions within classical head or stem epitopes,
and mapping is incomplete, precluding detailed comparison
with the human/mouse H3 antibody repertoire. However, while
humans often show immunodominance to site B due to priming
and exposure history, responses to alternative head sites are also
observed [31].

The widespread distribution and expanding host range of high
pathogenic avian influenza viruses (HPAIVs) make them a major
threat to wildlife, livestock, and humans, with significant implica-
tions for food security and zoonotic risk. Although H5 and H7 vi-
ruses are generally not considered pig pathogens, H5
seropositivity has been reported, and experimental infection
with mammalian adapted H5N1 by intratracheal inoculation
has been demonstrated [32]. If HPAIV were to spread beyond cat-
tle and into pigs, the consequences for agriculture and public
health could be severe. Since pigs are not naturally infected
with H5 or H7 viruses, we used sequential immunization with
QIV, H5-S-FLU, and H7-S-FLU, demonstrating that both H5- and
H7-specific antibodies with neutralizing activity can be induced.
A significant proportion of H5- and H7-specific mAbs showed
both binding and neutralizing activity, while some exhibited
binding without neutralization. Head antibodies tend to be bet-
ter neutralizers by targeting the receptor binding site but can
also induce the Fc-mediated mechanism. In contrast, stem
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Figure 6 Cross reactivity and Fc-mediated functions of H7-specific porcine mAbs. (a) Competition of H7 mAbs with MEDI8852 for binding to MDCK-H7
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mAbs tend to be weak or moderate neutralizers and heavily de-
pend on the Fc-mediated functions in vivo for their protective ef-
fects. In this study, Fc-mediated functions correlated with the
strength of antibody binding rather than with stem or head epi-
tope specificity.

Several H5 mAbs inhibited haemagglutination, indicating rec-
ognition of HA head epitopes. However, as relatively few H5
mAbs have been mapped, our ability to precisely define their
epitopes was limited. Among the H7 mAbs, several (H7-32,
H7-33, H7-36, and H7-43) mAbs demonstrated broad neutralizing
activity against diverse H7 viruses between 2013-2019 spanning
two lineages—Yangtze River Delta, the Pearl River Delta and
both low pathogenic and high pathogenic avian viruses. Some
of these mAbs also inhibited binding of the broadly neutralizing
human mAb MEDI8852, suggesting recognition of the HA stem.
Binding studies with recombinant soluble H7 HA and its trypsin-
treated form further confirmed that H7-35, H7-36, and H7-37 are
anti-stem antibodies. Importantly, H7-35, H7-36, and H7-37
bound MDCK cells expressing H1, H3, and H5 HAs, demonstrating
cross-group reactivity and that porcine anti-stem mAbs targeting
both group 1 and group 2 HAs can be generated.

Although the stem is less immunogenic than the globular
head, anti-stem antibodies can confer broad protection due to
their conserved nature making it an attractive vaccine target.
Sequential immunization with chimeric HAs has been used to re-
direct responses towards the stem [33], but in pigs such vaccines
did not induce anti-stem responses and only provided partial
protection against HIN1. A possible explanation for the different
results from our study is that the pigs used had maternal anti-
bodies, which may have prevented the induction of potent anti-
body responses [33]. Recently, porcine mAbs against the
influenza HA stem were generated from pigs immunized with re-
combinant HIN1 HA protein and their epitopes identified [34].
One of the group cross-reactive mAbs targeted the well-
characterized central stem epitope akin to MEDI8852, while an-
other bound to a linear epitope spanning the HA1/HA2 junction,
revealing pig-specific binding motifs [34]. Further studies will be
required to determine the precise epitopes recognized by the
mAbs described in the present paper.

In humans, stem epitopes are subdominant and usually only
emerge after repeated heterologous exposures. In our pig study,
sequential heterologous immunization (QIV followed by H5- and
H7-pseudotyped viruses) may have favoured the recall of rare,
conserved stem-specific B cells seeded by the initial HA expo-
sures, e.g., the group 1 and 2 cross-reactive mAb H7-36.
However, because pigs were naive to H5 and H7, the head-
directed and non-cross-reactive stem antibodies likely arose
from de novo B-cell responses. Interestingly, more stem-reactive
mAbs were recovered against H7 than H5, even though the H5
and H7 were administered simultaneously following QIV priming.
The reasons for this imbalance are not certain but may include
preferential presentation of the H7 stem epitope compared to
H5, thereby favouring selection of B cells producing antibodies
to the H7 stem, or stochastic variation in precursor frequency
and B-cell recruitment, or potential bias introduced during the
B-cell sorting procedure.

The antigen-specific B cells from which the mAbs were gener-
ated were isolated from draining lymph nodes rather than blood
as routinely done in humans. Tracheobronchial lymph nodes
draining the lungs were sampled following H3N2 or HIN1

infection, while retropharyngeal lymph nodes draining the neck
muscles were used after intramuscular immunization with QIV,
H5-S-FLU, or H7-S-FLU. In  human and mouse,
germinal-centre-associated lineages are more dynamically
evolving (thus more clonal and epitope diversification) com-
pared to peripheral B cells [35, 36]. Whether the route of antigen
exposure or sampling location shaped the antibody repertoire re-
mains to be determined.

Porcine mAbs have been developed against several major
swine pathogens, including porcine epidemic diarrhoea virus,
porcine delta coronavirus, foot-and-mouth disease virus, classic-
al swine fever virus, porcine reproductive and respiratory syn-
drome virus, African swine fever virus, and hepatitis E virus
[37-42]. These mAbs are valuable tools for investigating passive
immunotherapy, epitope mapping and diagnostic development,
and facilitate vaccine design by identifying conserved neutraliz-
ing sites capable of inducing cross-protective immunity.
Although currently at the experimental stage, they represent im-
portant advances in swine disease control with potential transla-
tional relevance for zoonotic infections.

In contrast, influenza mAb development has advanced consid-
erably, with several broadly neutralizing antibodies entering clin-
ical trials and guiding vaccine design. Stem mAbs such as VIS410,
MHAA4549A, VIR-2482, and CR9114 [43-45] target conserved epit-
opes on the HA, neutralize diverse influenza A strains, and are
being evaluated for both therapeutic and prophylactic use.
Pigs, as large natural hosts of influenza with close physiological
similarities to humans, offer a valuable model for antibody dis-
covery. In this study, we generated the first porcine mAbs against
H3, H5, and H7 influenza viruses following infection or immuniza-
tion and demonstrated that pigs recognize key egg-adapted
H3N2 mutations, as do humans, with some directed against
the HA stem. These porcine mAbs provide important new tools
to investigate influenza virus evolution, explore therapeutic ap-
plications, and assess pharmacokinetics in a model more com-
parable to humans than small animals.

Materials and methods

Viruses, vaccines, MDCK cell lines, and rec
proteins

MDCK-SIAT1 cells expressing HA and S-FLU viruses

cDNA encoding haemagglutinin was human codon-optimized
and synthesized by GeneArt or Genscript. Lentiviral vector
pHR-SIN was engineered to incorporate the HA cDNA.
Lentivirus was produced by co-transfection of HEK 293T cells
with a lentiviral vector and VSV-G and gag-pol expressing plas-
mids. MDCK-SIAT1 cells were transduced with lentivirus in pres-
ence of polybrene (1 pg/ml), to express full-length HA. The HA
transduced cells were sorted using flow cytometry following de-
tection by HA-specific mAb.

The development of S-FLU, nonreplicating pseudotyped influ-
enza virus, has been described previously [46]. The seed S-FLU
viruses were used to infect a monolayer of MDCK-SIAT1 cells sta-
bly expressing the full-length HA. The virus was grown in pres-
ence of 1 pg/ml TPCK-Trypsin (Sigma) and harvested 2 days
post-infection. The viruses were stored at —80°C. They were
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titrated on MDCK-SIAT1 cells for use in microneutralization as-
says. The following stable cell lines and the S-FLU pseudotyped
viruses were prepared [46]; H1 A/England/195/09, H3 A/Hong
Kong/5738/14, H5 A/Vietnam/1203/2004, H5 A/Texas/37/2024,
H7 A/Anhui/1/13, H7 A/Shanghai/1/13, H7 A/New York/107/
2003, H7 A/Netherlands/219/2003, H7 A/Guangdong/TH005/17,
H7 A/Guangdong/17SF003/2016, H7 A/Guangdong/8H324/2017,
H7 A/Taiwan/1/2017, and H7 Hong Kong/125/2017.

Recombinant HAs

The HA gene (residues 1-521) was fused at its C-terminus to a fol-
don trimerization domain, a flexible linker, a SpyTag, and a hex-
ahistidine purification tag. The polybasic cleavage site in H5 HA
(VN1203) was altered: QRERRRKKR| G to QRETR|G (where the ar-
rows indicate cleavage sites) [47]. This fusion construct was
cloned into the pCDNA3.1(—) vector between Notl and EcoRlI re-
striction sites. Transient transfection of Expi293 cells (Thermo
Fisher A14635) was performed according to the manufacturer’s
protocol. Five to 7 days post-transfection, the culture super-
natant was harvested and clarified by centrifugation. The clari-
fied supernatant was loaded onto a HisTrap HP column (Cytiva
17524701) equilibrated in phosphate-buffered saline (PBS;
20 mM sodium phosphate monobasic dihydrate, 0.5M NaCl
20 mM Imidazole, pH 7.4). Bound protein was eluted with tris-
buffered saline containing 0.5 M imidazole then desalted to
PBS buffer using ZebaSpin desalting columns (Thermo Fisher
89893). Aliquots of the HA protein were stored at —80°C until use.

Viruses

H3N2 A/Hong Kong/4801/2014 (virus obtained from the NIBSC,
UK) and HIN1pdm09 (A/Michigan/45/2015) (pH1N1) were propa-
gated in MDCK cells.

Vaccines

QIV (A/Michigan/45/2015 (H1N1) pdm09-like virus, an A/
Singapore/INFIMH-16-0019/2016  (H3N2)-like virus, a B/
Colorado/06/2017-like strain, a B/Phuket/3073/2013-like strain,
and 15 microgram haemagglutinin per strain per 0.5 ml dose).

Monoclonal antibodies

Anti-H5 HA head mAb 21D85A is a generous gift from Professor
Kuan-Ying Huang (National Taiwan University). MEDI8852 mAb
is manufactured in-house using the variable sequences obtained
from PDB 5JW4.

Animal studies

All experiments were approved by the ethical review processes at
the Pirbright Institute and conducted according to the UK
Government Animal (Scientific Procedures) Act 1986 under PPL
P47CEOFF2. The Pirbright Institute conforms to ARRIVE guide-
lines. For all studies, pigs were obtained from a commercial high-
health status herd, based on routine health surveillance, regular
pathogen monitoring, scheduled health checks, comprehensive
health records, documented absence of clinical disease, and
the implementation of strict biosecurity measures, including vac-
cination programs and hygiene protocols. The pigs were
screened by ELISA for the absence of serum antibodies against

A/swine/England/1353/2009 (pH1N1). In all experiments, animals
acclimatized for at least 7 days and were randomized into differ-
ent groups and pens using Excel by the animal services staff.
Researchers processing the samples were only aware of the pig
numbers, not the group assignment.

Generation of H3 mAbs

Six female Landrace X Hampshire cross pigs, each 5 weeks old,
were obtained from a commercial high-health status herd. Pigs
were intranasally infected with 2 ml per nostril of H3N2 (A/
Hong Kong/4801/2014) at a concentration of 1x 10° PFU/ml us-
ing a mucosal atomisation device (MAD300) [48]. Three weeks lat-
er, all pigs were challenged with 2 ml per nostril of HIN1 (A/
Michigan/45/2015) at the same concentration. Four days post
challenge with HIN1, all pigs were humanely culled with over-
dose of pentobarbital sodium anaesthetic (Fig. 1la) [48].
Tracheobronchial lymph nodes were collected and processed
as previously described [49] to isolate H3-specific B cell. We
have previously shown that TBLN are reliable source of
antigen-specific B cells [20].

Generation of H5 and H7 mAbs

Two 6-8 weeks old female Landrace pigs were obtained from a
commercial high-health status herd. All the pigs were immunized
intramuscularly with two human doses (2 ml per pig) of 2018/
2019 season quadrivalent influenza vaccine (QIV) (inactivated,
split) (Sanofi, Lot no: R4A331 V). Twenty-nine days later, the ani-
mals were boosted with QIV using the same dose and route.
Thirty days after the boost, animals were immunized intramuscu-
larly with 2 x 108 TCIDso/ml of H5N1 S-FLU (H5: A/Vietnam/1203/
2004, N1: A/PR/8/34) and 2 X 10° TCIDso/ml of HTN1 S-FLU (H7: A/
Anhui/1/2013, N1: A/PR/8/34) in equal proportions [50]. Five days
post immunization with S-FLUs, pigs were humanely culled, and
retropharyngeal lymph node were harvested for sorting of
antigen-specific B cells.

Single-cell sorting for H3, H5, and
H7-specific B cells

Cryopreserved cell suspensions from the TBLN (H3) or RPLN (H5
and H7) were thawed, counted, and filtered using 70 pm cell
strainer. Cells were stained with CD3-RPE (Clone:
BB23-8E6-8C8, BD Bioscience), CD8a-RPE (Clone: 76-2-11, BD
Bioscience), CD172a-RPE (Clone:74-22-15, BIO-RAD, UK),
near-IR fixable Live/Dead stain (Invitrogen, UK), and either bioti-
nylated H3 (HK/5738/14), biotinylated H5 (A/VN1203/04) or bioti-
nylated H7 (A/Anhui/1/2013) for 30 min at 4°C. Cells were washed
with PBS twice before staining with: Streptavidin-BV421 (Cat:
563259, BD Bioscience), 1gG (H+L) AF 647 (Mouse anti-pig 1gG
(H+L), Abbexa) for 30 min at 4°C. The cells were washed three
times, re-suspended with pre-chilled 0.5% BSA+PBS and passed
through a 70 um cell strainer (BD Biosciences, UK) prior to cell
sorting. Single colour controls were used for compensation and
fluorescence minus one primary Ab controls were used to set
thresholds.

HA-specific B cells were sorted, using DIVA 8 acquisition soft-
ware and a FACS Aria Il cell sorter (BD Biosciences), at single-cell
density into hard shell 96-well PCR plates (BIO-RAD, UK)
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containing 10 ul/well of RNA catch buffer (10 mM Tris pH8.0 sup-
plemented with RNasin 10000 units (Promega, UK). The FACS
gating strategy to identify HA positive, single B cells are shown
in Figs. 1b, 3b and 5b. In brief, samples were gated on lympho-
cytes (SSC-A vs FSC-A), singlets (FSC-H vs FSC-A), followed by
the identification of live cells by a live/dead stain. HA-specific
1gG cells were then determined as CD3™, CD8a~, CD172a~ and
double positive for the receptive HA and 1gG. Non-specific bind-
ing was controlled by gating on mesenteric lymph node cells.
After sorting, plates were immediately covered with aluminium
foil seals, centrifuged for 5 min at 300 x g, 4°C, and transferred
to —80°C.

Amplification and indexing of heavy and
light chains from single cells

cDNA synthesis on single sorted cells was carried out in total re-
action volumes of 20 pl using Sensiscript reverse transcriptase
(205213 Qiagen, UK) containing a mix of oligonucleotides
dT,5VN (NEB, UK), random primers (NEB, UK), and Rnaseout
10 U (Thermo Fisher). The cDNA reaction was incubated for
60 min at 37°C. cDNA was synthesized in one reaction, and ali-
quots of the cDNA were used in subsequent PCRs to amplify
the variable heavy and light chains regions in separate reactions.
A nested PCR approach was chosen to have enough materials for
the downstream indexing for next-generation sequencing.
Reverse single-cell transcription of RNA and nested PCR of por-
cine IgG, Igk, and IgA genes were adapted from a previously de-
scribed protocol [51], with new primers being designed for
porcine variable and constant regions of the IgG heavy and light
chain loci. Four microliters of cDNA were used to amplify heavy or
light chain in two steps of PCRs as shown in Supplementary
Table S1. PCR | products were used as the template for a second
round of PCR (PCR Il) reactions in which overhang (-OH) Illumina
adapter sequences were added to primers as anchors for the in-
dexing [51]. The PCR amplification was performed as shown in
Supplementary Table S2. The PCR Il products were purified
with AMPure XP beads (Beckman Coulter Life Sciences;
Indianapolis, IN, USA) using a 0.65 bead/amplicon volume ratio
following the manufacturer’s protocol. PCR Il products were in-
dexed using 10 cycles amplification PCR as shown in
Supplementary Table S2. The final products were purified using
the AMPure XP beads.

Sequencing and bioinformatic analysis

Amplicons from individual samples were analysed using a
TapeStation 4200 system with DNA D1000 ScreenTape (Agilent
Technologies, Inc., Santa Clara, CA, USA). Samples showing a dis-
tinct band around 500 bp were pooled to a final concentration of
5nM. The pooled library was quantified using the NEBNext
Library Quantitation Kit for Illumina (New England Biolabs,
Ipswich, MA, USA), with concentration confirmation performed
on a Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA). Sequencing was carried out on Illumina platforms
(Illumina Inc., San Diego, CA, USA), following the manufacturer’s
protocol and incorporating a 40% PhiX control to increase se-
quence diversity. Libraries prepared from H5 and H7 single cells

were sequenced on an Illumina MiSeq instrument, while libraries
from H3 single cells were sequenced on the Illumina NextSeq.
Bioinformatics analysis was performed as previously described
[51]. Initial quality control of raw data was performed using the
FastQC v0.12.1 tool. Subsequent filtering (Q>30) and adapter
trimming were carried out using Trim Galore! v0.6.10 to ensure
high-quality sequence input. Filtered paired-end reads were
merged into contiguous sequences using the FLASH v1.2.11 tool
and assembled sequences were then converted to fasta format
using **seqtk v1.4-r122} for downstream bioinformatic analysis,
as previously described. Briefly, the sequences were analysed
for comprehensive V(D)J assignment, isotype determination,
and framework annotation utilizing Sus scrofa IMGT reference
(https://www.imgt.org/download/V-QUEST/IMGT_V-QUEST _refe

rence_directory/; 2024) using IgBLASTn (v1.22.0, 2024).
Framework annotation was conducted using IgMAT
(Immunoglobulin ~ sequence  Multi-species  Annotation).

Single-cell sequencing analysis was performed using USEARCH
v11.0.667. For each single cell, antibody sequences were retrieved
from the most abundant heavy and light chain sequences (thresh-
old >70%). The complementarity-determining region 3 of the
heavy chain (CDRH3) was extracted from the selected high-
confidence pairs. CDRH3 sequences were then clustered using
UCLUST with a 94%-identity threshold. Final antibody candidates
were selected from these distinct CDRH3 clusters, with selection
criteria prioritizing the unique CDRH3 sequence and its corre-
sponding V gene usage to ensure diversity of selected sequences.

Cloning, expression and purification of
mAbs

The recombinant antibodies were produced as described previ-
ously [52]. Briefly the light and heavy chain variable regions for
the selected H3-, H5-, and H7-specific monoclonals were ordered
as synthetic gene fragments from Twist Bioscience (Twist
Bioscience, California, USA) and directionally cloned by in-fusion
(Vazyme, Nanjing, China, C112-01) into the pNeoSec_SS_
VL_kappa, pNeoSec_SS_VL_lambda, and pNeoSec_SSFc_lgGl
vectors (Immunological Toolbox, The Pirbright Institute, UK).
The antibodies were transiently expressed in Expi293FTM cells
according to Gibco Expi293™ Expression System User Guide
(Thermo Fisher Publication Number: MANO0007814). Briefly
50 pg of heavy chain and 50 pg of the corresponding light chain
plasmids were mixed in Expi293 medium containing 0.5% of pol-
yethylenimine (PEI MAX; Polysciences, Generon, UK) and incu-
bated at room temperature for 10 min before transfecting
100 ml of 2% 10° vc/ml Expi293FTM cells cultured overnight at
37°C with 5% CO, on an orbital shaker at 120 rpm in 250 mL
Erlenmeyer flasks. Sixteen hours post-transfection, valproic
acid (0.76 mg/ml), sodium propionate (0.61 mg/ml), and glucose
(0.75%) were added to the culture. Four days after transfection,
cell supernatants were harvested by centrifugation at 2000 x g
for 10 min and filtered through a 0.22 um membrane (Merck,
UK) for downstream antibody purification.

Antibodies were purified from culture supernatants using a
5mL HiTrap™ Protein G HP column mounted on an AKTA
start™ chromatography system (Cytiva, UK). The supernatant
was passed through the column, and bound antibodies were
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eluted with 0.1 M glycine-HCl, pH 2.7. Eluted fractions were im-
mediately neutralized with 1/10th volume of 1M Tris-HCl,
pH 8.0. The purified antibodies were then dialysed overnight
against PBS using 10 kDa molecular weight cut-off dialysis cas-
settes (Thermo Fisher Scientific, UK). Antibody purity and
heavy/light chain expression were evaluated by native and de-
naturing electrophoresis using NUPAGE™ 4-12% Bis-Tris gels
(Thermo Fisher Scientific, UK).

Binding assays

Recombinant HA protein ELISA

Maxisorp 96-well plates (Thermo Scientific, UK) were coated with
1 pg/ml of either of the recombinant HA proteins: rec H3 A/HK/
5738/14, rec H5 A/VN/1203/2004, or rec H7 A/Anhui/1/2013 in
PBS and incubated overnight at 4 °C. Plates were washed with
PBS containing 0.05% Tween-20 (PBS-T) and blocked with 4%
(w/v) semi-skimmed milk in PBS-T for 2 h at room temperature
(RT). Antibodies were serially diluted in blocking buffer, and
100 pl per well was added and incubated for 1 h at RT. After three
washes with PBS-T, goat anti-pig 1gG (H + L) HRP-conjugated sec-
ondary antibody (Bio-Rad, 1:20 000 dilution in blocking buffer)
was added for 1 h at RT. Plates were washed three times with
PBS-T and developed with 50ul per well of
3,3,5,5'-tetramethylbenzidine (TMB) substrate (BioLegend).
The reaction was stopped with 50 pl of 1 M H,SO,. Optical density
(OD) was measured at 450 nm and 630 nm using an Absorbance
Microplate Reader (BioTek, Swindon, UK).

MDCK-HA

MDCK-SIAT1 cells expressing HA subtypes H1, H3, H5, or H7 were
seeded at 3 x 10° viable cells per plate in Nunc Microwell 96-well
plates (Thermo Scientific, UK) using complete DMEM supple-
mented with 10% foetal calf serum and 100 IU/ml penicillin.
Cells were incubated overnight at 37°C with 5% CO,. Prior to anti-
body incubation, wells were washed with PBS. Fifty microliters of
serially diluted monoclonal antibodies in dilution buffer (PBS
containing 0.1% BSA) were added and incubated for 1 h at RT.
Plates were washed twice with PBS, followed by a 1 h incubation
with goat anti-pig 1gG (H+L) HRP-conjugated secondary anti-
body (Bio-Rad, 1:20 000 dilution in dilution buffer). Plates were
then washed and developed using TMB substrate as described
above.

HA ELISA to differentiate head and stem
mAbs

Recombinant H7 HA (4 pg/ml) was coated onto Nunc 96-well mi-
croplates. HA was treated with 2.5pg/ml TPCK-trypsin
(N-tosyl-L-phenylalanine chloromethyl ketone; Sigma-Aldrich,
T1426) in PBS for 15 min at room temperature to cleave HAO
into HA1 and HA2 polypeptides. During this process, free soluble
HA may undergo conformational changes in HA2, potentially af-
fecting the binding of stem-directed monoclonal antibodies
(mAbs). Following trypsin treatment, plates were blocked with
5% milk. mAbs were titrated starting at 50 pg/ml using an
8-point, 5-fold serial dilution and incubated with both treated

and untreated HA. Known head- and stem-specific human
mAbs were included as controls. Binding of human mAbs was de-
tected using HRP (horseradish peroxidase)-conjugated rabbit
anti-human IgG (Dako, P0214; 1:2000), while pig mAbs were de-

tected using HRP-conjugated anti-pig 1gG (Invitrogen,
PA1-28602; 1:10000). Plates were developed with TMB
(3,3',5,5'-tetramethylbenzidine) substrate (SeraCare,

5120-0077), and reactions were stopped with 1M H,SO,.
Optical density was measured at 450 nm with a 630 nm reference
using a Clariostar plate reader (BMG Biotech). The area under the
titration curve (AUC) was calculated from log-transformed mAb
concentrations in GraphPad Prism. For analysis, the ratio of
AUC values for H7-specific mAb binding to untreated versus
trypsin-treated HA was determined, with higher ratios indicating
stem-directed mAbs.

Virus neutralization and
haemagglutination inhibition assays

Neutralizing antibody titres were determined by microneutraliza-
tion assay (MN) on MDCK sialyltransferase (SIAT1) cells as de-
scribed previously [52]. Antibodies were serially diluted in viral
growth media (DMEM with 0.1% BSA, 10 mM HEPES, 100 IU/ml
penicillin, 2 nM Glutamine). Viruses were titrated beforehand in
the absence of antibodies to determine the PFU/ml necessary
to yield a plateau infection overnight in MDCK-SIAT1 cells for
the MN assay [21]. Viruses were then added to the diluted anti-
body samples in equal volume and incubated at 37°C with 5%
CO, for 2 h. The MDCK-SIAT1 cells were prepared as single-cell
suspension and added to the sera and virus mixture, and the
plates were further incubated for 18 h. The cell layer was fixed
with 4% paraformaldehyde, washed with PBS and permeabilized
with 0.05% Triton-X100 and 20 mM glycine. The cells were
stained with anti-NP (clone: AA5H; Bio-Rad Laboratories) fol-
lowed by goat anti-mouse HRP (Dako). Finally, plates were devel-
oped with 50 pl TMB substrate solution (Biolegend) and reaction
was stopped with 50 ul of 1 M H,S0,4. Optical density at 450 and
630 nm was measured with the Absorbance Microplate Reader
(Biotek, Swindon, UK). IC50 (concentration of added antibody
in 50 pl that suppressed S-FLU expression by 50% as measured
by NP expression) was calculated by linear interpolation.

HAI was carried out using chicken red blood cells (1% vol/vol)
and S-FLU viruses at a concentration of 4 HA units/25 pl, as de-
scribed in World Health Organization Manual on Animal
Influenza Diagnosis and Surveillance (WHO/CDS/CSR/NCS/
2002.5 Rev.1).

For both HAI and MN assay, previously characterized human
monoclonal antibodies against H7-head (4A-14, K9B-122, and
W3A1), H5-head (21D85A) and pan-stem (MEDI8852), were used
as controls [46].

Competition binding assay

For epitope mapping, neutralizing H3, H5, and H7-specific anti-
bodies, as determined by MN and HAI, were tested for inhibition
of binding of known human pan-stem MEDI8852. Briefly,
MDCK-H3 (HK5738) and (HK5738 L194P) for H3 mAbs, MDCK-H5
(VN1203) for H5 mAbs and MDCK-H7 (Anhuil) for H7 mAbs were
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seeded in Nunc MicroWell 96-Well Microplates (Thermo Scientific,
UK) at a density of 3x10° viable cells per plate in complete
DMEM (supplemented with 10% FCS and 100 IU/ml penicillin)
and incubated overnight at 37°C with 5% CO2. The following
day, the cells were washed with PBS before applying of mixture
made of 1 ug/ml of the biotinylated human mAb and 20 pg/ml of
porcine mAb to the cells and incubating for 1 h at RT. Cells were
subsequently washed twice with PBS and binding of the
MEDI8852-biotin was detected using Ultra Streptavidin
(Invitrogen) diluted at 1:1000 in dilution media. After 1 h incuba-
tion, plates were washed twice with PBS and developed with
50 ul TMB substrate solution (Biolegend) and reaction was
stopped with 50 ul of 1 M H,S04. Optical density at 450 and
630 nm was measured with the Absorbance Microplate Reader
(Biotek, Swindon, UK). The binding (%) of MEDI8852-biotin was
calculated as (X- Min)/(Max-Min)*100 where X=measurement
of the competing porcine mAb, Min=binding of
MEDI8852-biotin in the presence of non-conjugated MEDI8852,
Max = binding of MEDI8852-biotin in presence of a head human
mAb. Means and 95% confidence intervals for eight replicates
are shown.

Complement-dependent cellular
cytotoxicity

CDCC activity of mAbs was measured using rabbit low-tox-H
complement (Cedarlane Laboratories) as described previously
[52]. Briefly, rabbit sera were pre-adsorbed on MDCK cells ex-
pressing respective HA against the mAbs (HK5738 and HK5738
L194P for H3 mAbs, VN1203 for H5 mAbs and Anhuil for H7
mADbs) for 30 min at 4°C. Adsorbed sera were harvested by spin-
ning down the cells pellet. MDCK-HA cells were suspended in
AIM-V medium at concentration of 3 x 10° cells/ml. One hundred
microliters of cells were incubated with 50 pl per well of serially
diluted mAbs for 10 min at RT and mixed with pre-adsorbed com-
plement at a final concentration of 5% for 2 h at 37°C. Cells were
spun at 420xg for 4 min and 50 pl of supernatant was transferred
to a flat bottom plate to which 50 pl of LDH-substrate (Roche
Diagnostics) was added to measure the released lactate de-
hydrogenase (LDH) for lysed cells due to complement activation.
The plate was read with the kinetic protocol (8 reads, every
1 min) at a wavelength of 490-630 nm in a ELx808 BioTek plate
reader. The level of complement activation was expressed as per-
centage of lysis of target cells compared to maximum lysis in-
cluded by the addition of 4% Triton-X100.

NK cell degranulation and
antibody-dependent cellular cytotoxicity

Degranulation of NK cells was assessed using a modified flow
cytometry-based assay using surface mobilization of CD107a as
a readout as described previously [52]. Pig peripheral blood
mononuclear cells (PBMCs) were stimulated overnight with re-
combinant pig IL-2 (20 ng/ml; Kingfisher Biotech, Saint Paul,
MN), IL-12 (25 ng/ml), and IL-18 (100 ng/ml; both from R&D
Systems, Minneapolis, MN). ELISA plates (Nunc Maxisorp) were
coated overnight at 4°C with 5 pg/well of recombinant HA against

respective mAbs (HK5738 for H3, VN1203 for H5 and Anh1 for H7)
in carbonate-bicarbonate buffer. After three washes, plates were
blocked with 1% BSA in PBS for 1 h at room temperature (RT).

Monoclonal antibodies against H3, H5 and H7, were added to
respective HA coated or uncoated wells and incubated for 1 h at
RT. Stimulated PBMCs were washed, re-suspended in AIM-V me-
dium, and 1x 10° cells were added per well. Anti-CD107a-FITC
(clone 4E9/11; IgG1, Bio-Rad) at 4 ug/ml, brefeldin A (GolgiPlug,
BD Biosciences), and monensin (GolgiStop, BD Biosciences)
were added, and cells were incubated for 5 hours at 37°C.
Following incubation, cells were transferred to U-bottom
96-well plate, washed and stained with a live/dead near-infrared
viability dye (Thermo Fisher), anti-CD3¢ (clone BB23-8E6-8C8, BD
Biosciences), and anti-CD8«x (clone 76-2-11, BD Biosciences) for
15 minutes at RT. After washing and fixation with 4% paraformal-
dehyde, samples were acquired using a MACSQuant 10 flow cy-
tometer (Miltenyi Biotec). Data were exported and percentage
of NK cell defined as CD37CD8a" expressing CD107a were ana-
lysed using FlowJo v10 software (BD Life Sciences).
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