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Background: Vaccination is an essential tool for controlling the severity of 
influenza in swine and its spillover risk to humans. Due to fast mutation rates, 
genomic reassortment, and the high antigenic variability of influenza A viruses 
(IAV), it is necessary to update vaccine strains to better match and neutralize 
circulating viruses.
Methods: In this study, we analyzed the immune cross-reactivity of 
hemagglutination inhibition (HI) antibodies induced by currently approved 
European swine influenza vaccines against Spanish swine influenza viruses (SIVs) 
isolated from 2016 to 2021, as well as human IAV strains, using a murine model. 
Sera from immunized mice with monovalent (MVV) or trivalent (TVV) swine 
influenza vaccines were tested against Spanish representative SIVs carrying HAs 
from different subtypes and lineages using a HI serological assay. Amino acids 
in the antigenic motifs of the receptor binding site (RBS) of the IAV HA were 
compared and contrasted among SIV strains to detect changes that may affect 
protein antigenicity.
Results: Sera from mice immunized with MVV or TVV showed no HI antibodies 
against a 2019 Eurasian avian-like H1 (EAswH1) SIV. TVV did not induce cross-
reactive HI antibodies against two human seasonal H3 SIV from the 2000s 
(2000s-like H3) or against the human seasonal H3 vaccine strain (HuVacH3). 
Geometric mean (GM) HI titers of sera from TVV-immunized mice were below 
the protection threshold (GM < 40) against the recent human seasonal-like 
H1 (HUswH1) SIV, against an EAswH1 SIV, and against the human seasonal H1 
vaccine strain (HuVacH1). HI antibodies induced by MVV showed high cross-
reactivity with a 2019 EAswH1 SIV isolate.
Conclusion: Currently authorized vaccines do not induce HI antibodies against 
some contemporary SIV circulating in Spain, nor against human seasonal 
influenza vaccine strains. Updating vaccine strains to better match new SIVs 
emerging in Spanish swine is warranted.
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1 Introduction

Influenza A virus (IAV) belongs to the Orthomyxoviridae family 
and is the cause of swine influenza, a respiratory illness endemic in 
most swine-producing countries around the world. Swine influenza 
has a high morbidity rate that can reach 100% and a low mortality rate 
in naïve pigs (1). Clinical signs typically manifest as fever, fatigue, 
sneezing, coughing, dyspnea, and decreased appetite, which are 
indicative of acute respiratory disease (2). The disease is responsible 
for large economic losses as a result of reproductive failure in sows and 
weight loss or decreased gain in piglets (3). Furthermore, other 
pathogens can co-infect with IAV within the Porcine Respiratory 
Disease Complex (PRDC), which can lead to higher rates of mortality 
(4). In addition, swine influenza viruses (SIVs) pose a zoonotic risk as 
they can infect humans (5), since both share the same viral receptor 
in the respiratory tract, the alpha (2,6)-linked sialic acid (6). Once 
human influenza viruses are introduced and adapted to pigs, they can 
spill back to humans and cause sporadic cases of human influenza 
variants with varying pathogenicity (7–9). In addition, SIVs can 
reassort with avian influenza viruses and produce new emerging 
strains capable of replicating and spreading to humans, with the risk 
of causing an influenza pandemic, like the one in 2009 (10).

Swine influenza is enzootic worldwide in different combinations 
of hemagglutinin 1 (H1), hemagglutinin 3 (H3), and neuraminidases 
1 (N1) and 2 (N2). H1N1, H1N2, and H3N2 are the most frequent 
subtypes (11, 12). The H3N1 subtype, although rare globally in swine, 
was detected in Spanish white pigs in prior analysis (13). Within each 
subtype, different SIV lineages are found depending on the 
geographical region. Current H1 SIVs in Europe belong to three 
evolutionarily lineages: 1C Eurasian avian-like (EAswH1), 1B human 
seasonal-like (HUswH1), and 1A pandemic-like (pdmH1) following 
the Global Nomenclature System for SIVs (14). Regarding the H3 
subtypes, two clades with a human origin (HUswH3) are currently 
present in Europe: human seasonal-like H3 from the 1970s (1970s-like 
H3) and novel human seasonal-like H3 from the 2000s (2000s-like 
H3) (11, 12, 14). We have previously described the genetic composition 
of field SIV isolates in Spain in the period 2015–2019 (13). That study 
revealed the high genetic and antigenic variability of SIVs present in 
pigs from Spain, one of the world’s leading porcine producers and 
exporters, as well as the high rate of genetic change of SIVs in the pig 
population and their capacity to generate new lineages that can be 
easily exported to other countries. Therefore, this heterogeneous virus 
collection should be closely monitored to reveal and control the 
potential emergence of new SIV with pathogenic risk for both pigs 
and humans.

Vaccination is the most important tool to reduce the disease 
burden of influenza in pigs from swine or human origin (15), and its 
efficacy depends mainly on the induction of neutralizing serum 
antibodies against viral hemagglutinin (HA), the main antigenic 
protein, which mediates virus entry into host cells, and to a lesser 
extent on neuraminidase (NA), which mediates the viral release from 
the cell (12). Amino acid substitutions in the antigenic motifs of the 
receptor binding site (RBS) of the HA may drive changes in 
antigenicity that decrease the grade of antibody recognition induced 
by vaccines (16). To provide optimal protection, vaccine strains should 

match circulating viruses as closely as possible (17). Human seasonal 
influenza vaccines are updated annually due to rapid antigenic drift 
from one season to the next; meanwhile, current commercial swine 
vaccines are not updated as frequently as necessary, despite the 
constant antigenic diversification of SIV (12). Therefore, there is a 
need for more protective vaccinations or immunization techniques 
due to the ever-growing diversity of SIV to protect both human and 
animal health.

Hemagglutination inhibition (HI) assays are used by the World 
Health Organization (WHO) as a measure of serological immunity in 
risk assessment tools for IAV infection (18), and HI titers above 40 are 
considered a correlate of protection against influenza infection (19).

In this study, we aim to measure cross-reactive HI antibodies 
induced by two commercially available swine influenza vaccines in the 
murine model against field Spanish SIV isolates and two human 
seasonal IAV strains.

2 Materials and methods

2.1 Swine vaccines

FluPan and Flu3 (Ceva Santé Animal, France) are licensed and 
commercially available in Europe as swine influenza vaccines. FluPan 
is a monovalent vaccine (MVV) containing 16 HA units of influenza 
A/Jena/VI5258/2009 (pdmH1N1) and FLU3 is a trivalent vaccine 
(TVV) which includes 10–12 log2 geometric mean of neutralizing 
units (GMNUs) of the following strains: A/Bakum/IDT1769/2003 
(H3N2,1970s-likeH3), A/Haselünne/IDT2617/2003 (H1N1, 
EAswH1) and A/Bakum/1832/2000 (H1N2, HUswH1). No new swine 
influenza vaccine formulations are available in Europe.

2.2 Immunization of mice

Animals were housed under pathogen-free conditions at the 
animal facility of the Animal Health Research Center (CISA-INIA/
CSIC), Madrid (Spain). Female Balb/c 5-weeks-age mice were divided 
into three groups (Mock, MVV, and TVV), 7 animals per group, and 
immunized intraperitoneally with two doses of 0.1 mL of vaccine/
control separated by 2 weeks. The dose administered to mice was 
proportional in weight to that indicated for pigs by the manufacturer, 
and the injection schedule is the usual one in the mouse model (20). 
The mock group was administered with phosphate saline buffer (PBS). 
Three weeks after the boost dose of vaccine, the mice were euthanized 
intraperitoneally using a lethal dose of ketamine and xylazine. Then, 
blood collection was conducted via cardiac puncture.

2.3 Mice sera treatment and serological 
assay

HI assays were performed according to the WHO practices (21) 
using fresh turkey red blood cells. Individual serum samples were 
pre-treated with a receptor-destroying enzyme (Sigma-Merck, 
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Germany) overnight, and the day after, heated at 56 °C for 30 min to 
inactivate the enzyme. Sera were adsorbed with turkey red blood cells 
for 1 h to avoid unspecific hemagglutination reactions. Sera were 
subjected to six serial 2-fold dilutions (1:20–1:640). HI assays were 
performed using “V” bottom microtiter plates (Nunc, Thermo 
Scientific). Results were considered positive if serum dilution was 40 
or above inhibited hemagglutination.

We did not study the cellular immune response, which, although 
lower in the case of inactivated vaccines, may also provide some 
degree of cross-protection.

2.4 Viruses

We previously isolated and identified genetically diverse SIV strains 
circulating in Spain (2015–2019) through routine surveillance. 
Influenza-positive samples were isolated and propagated in cell culture, 

and whole-genome sequenced (Illumina), which led to the description 
of 12 different genotypes (G), based on their genome sequence, 
including nine different HA–NA pairings and one internal cassette 
belonging to a single lineage (EAswH1 or pdmH1), except for the 
matrix protein segment (13). Nine SIV strains of different genotypes 
and lineages were selected for assessment: A/swine/Spain/06001-1/2019 
(EAswH1/G6(19)), A/swine/Spain/6370-1/2018 (EAswH1/G7(18)), A/
swine/Spain/45690-9/2018 (pdmH1/G10(18)), A/swine/Spain/21290-
1/2019 (EAswH1/G1(19)), A/swine/Spain/45534-1/2019 (EAswH1/
G2(19)), A/swine/Spain/50001-1/2019 (HuswH1/G9(19)), A/wild boar/
Spain/45560-1/2021 (2000s.likeH3/G12(21)), A/swine/Spain/45690-
12/2019 (2000s.likeH3/G12(19)) and A/swine/Spain/45690-1/2016 
(1970s-like H3/G11(16)). Full information on the IAV strains used in 
this study is available in Table 1. Because homologous vaccine strains 
were not available, we selected representative SIV strains genetically 
related to the vaccine strains, as immunization controls: A/
California/07/2009 (H1N1, pdmH1(09)) for MVV and A/swine/

TABLE 1  Description of the influenza A viruses (IAVs) used in this study.

SIV study 
group

Abbreviation Name Subtype Lineage Clade Genbank 
accession 
number

Vaccine strains MVV A/Jena/VI5258/2009 H1N1 H1pdm 1A.3.3.2 KC222636.1

TVV Bakum/IDT1769/2003 H3N2 H3 1970.1 GQ161136.1

TVV Haselünne/IDT2617/2003 H1N1 EAswH1 1C.2.2 GQ161112.1

TVV Bakum/1832/2000 (H1N2) H1N2 HUswH1 1B.1.2.1 GQ161104.1

Representatives of 

vaccine strains

MVV, pdmH1(09) A/California/07/2009 H1N1 H1pdm 1A.3.3.2 NC_026433.1

TVV, 1970s-like H3/

G11(04)

A/swine/Spain/54008/2004 H3N2 HUswH3 1970.1 CY010564.1

TVV, EAswH1(04) A/swine/Spain/53207/2004 H1N1 EA_H1 1C.2.1 KR700597.1

TVV, HUswH1(02) A/swine/Spain/40564/2002 H1N2 HUswH1 1B.1.2.1 CY116550.1

Spanish field SIV 

isolates

pdmH1/G10(18) A/swine/

Spain/45690–9/2018

H1N2 H1pdm 1A.3.3.2 MZ945846.1

EAswH1/G7(18) A/swine/Spain/6370–1/2018 H1N2 EAswH1 1C.2.1 PQ047764

EAswH1/G1(19) A/swine/

Spain/21290–1/2019

H1N1 EAswH1 1C.2.1 MZ373100.1

EAswH1/G6(19) A/swine/

Spain/06001–1/2019

H1N2 EAswH1 1C.2.2 MZ373107.1

EAswH1/G2(19) A/swine/

Spain/45534–1/2019

H1N2 EAswH1 1C.2.1 MZ945771.1

HUswH1/G9(19) A/swine/

Spain/50001–1/2019

H1N2 HUswH1 1. B.1.2 MZ945794.1

2000s-like H3/G12(21) A/wild boar/

Spain/45560–1/2021

H3N1 HUswH3 2000.3 PP338808.1

2000s-like H3/G12(19) A/swine/

Spain/45690–12/2019

H3N1 HUswH3 2000.3 MZ363769.1

1970s-like H3/G11(16) A/swine/

Spain/45690–1/2016

H3N2 HUswH3 1970.1 MF872855.1

Human seasonal 

influenza A 2021/2022 

vaccine strains

HuVacH1 A/Victoria/2570/2019 H1N1 H1pdm 1A.3.3.2 OQ719015.1

HuVacH3 A/Cambodia/

e0826360/2020

H3N2 H3_2020 EPI1848532

MVV, monovalent swine influenza vaccine; TVV, trivalent swine influenza vaccine; H1, hemagglutinin 1; H3, hemagglutinin 3; lineage assignment according to Global Swine Influenza Virus 
Nomenclature system (14); SIV, swine influenza virus; pdmH1, pandemic-like H1; HUswH1, human seasonal-like H1; EAswH1, Eurasian avian-like H1; HUswH3, human seasonal-like H3; 
HuVac, human seasonal vaccine; G. influenza A virus genotypes previously described (13).
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Spain/54008/2004 (1970s-like H3/G11(04)), A/swine/Spain/53207/2004 
(EAswH1(04)) and A/swine/Spain/40564/2002 (HUswH1(02)) for 
TVV (Table 1). In addition, two human IAV strains from the human 
seasonal vaccine 2021–2022: A/Cambodia/e0826360/2020 (H3N2, 
HuVacH3) and A/Victoria/2570/2019 (H1N1, HuVacH1), were 
included to assess cross-reactivity to swine influenza vaccines (Table 1). 
Clade assignment of the different isolates was done using the Swine 

Influenza Global Classification (14) Tool of the Bacterial and Viral 
Bioinformatics Resource Center (22). To determine the genetic 
relationship between the vaccine strains and the IAVs used in this assay, 
protein sequences of hemagglutinins were aligned with ClustalW, and 
a maximum likelihood tree was constructed with Mega X Jones, using 
the Taylor–Thornton substitution model with a gamma distribution 
(Figures 1C, 2B).

FIGURE 1

Hemagglutinin inhibition (HI) titers of immunized mice sera against influenza A virus (IAV) hemagglutinin 1 (H1) strains included in this study, and 
phylogenetic relationship among them. (A) HI titers of immunized mice sera with the monovalent swine influenza vaccine (MVV). (B). HI titers of 
immunized mice sera with the trivalent swine influenza vaccine (TVV). Dots: HI titer of each immunized mouse (N = 7). Boxes represent the interquartile 
range 25–75, horizontal lines and numbers beneath are HI titers geometric means (GM), crosses are median values, and vertical bars represent the 
standard deviation of the mean. Dashed line is the protection threshold (GM > 40). (C) Maximum likelihood phylogenetic tree of predicted protein from 
IAV H1 strains included in this study. HuVacH1: human seasonal influenza vaccine 2021/2022. H1 lineages are shown in the right side: 1C, Eurasian 
avian-like H1 (EAswH1), 1B, Human seasonal-like H1 (HUswH1), 1A, pandemic-like H1 (pdmH1). Squared: TVV H1 IAV strains, underlined: MVV H1 strain. 
Stars: swine IAV clade reference strains. G: genotype of Spanish swine influenza isolates as previously described in Encinas et al. (13).
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TABLE 2  Antigenic distance among swine influenza virus (SIV) vaccine strains and Spanish field SIV isolates based on the fold change of the hemagglutination inhibition (HI) titers in immunized mice.

Strain name Clade

A
/J

e
n

a/
V

I5
2

5
8

/2
0

0
9

(H
1N

1)

A
/C

al
if

o
rn

ia
/0

7/
2

0
0

9
 (

p
d

m
H

1(
0

9
))

 ɫ

A
/V

ic
to

ri
a/

2
5

70
/2

0
19

 (
H

u
V

ac
H

1)

A
/s

w
/S

p
ai

n
/4

5
6

9
0

–
9

/2
0

18
 (

p
d

m
H

1/
G

10
(1

8
))

A
/s

w
in

e
/B

ak
u

m
/1

8
3

2
/2

0
0

0
(H

1N
2

)

A
/s

w
in

e
/S

p
ai

n
/4

0
5

6
4

/2
0

0
2

 (
H

u
sw

H
1(

0
2

))
 ɫ

A
/s

w
/S

p
ai

n
/5

0
0

0
1–

1/
2

0
19

 (
H

U
sw

H
1/

G
9

(1
9

))

A
/s

w
in

e
/H

as
e

lü
n

n
e

/I
D

T
2

6
17

/2
0

0
3

 (
H

1N
1)

A
/s

w
in

e
/S

p
ai

n
/5

3
2

0
7/

2
0

0
4

 (
E

A
sw

H
1(

0
4

))
 ɫ

A
/s

w
in

e
/S

p
ai

n
/2

12
9

0
–

1/
2

0
19

 (
E

A
sw

H
1/

G
1(

19
))

A
/s

w
in

e
/S

p
ai

n
/4

5
5

3
4

–
1/

2
0

19
(E

A
sw

H
1/

G
2

(1
9

))

A
/s

w
in

e
/S

p
ai

n
/0

6
0

0
1–

1/
2

0
19

(E
A

sw
H

1/
G

6
(1

9
))

A
/s

w
in

e
/S

p
ai

n
/6

3
70

–
1/

2
0

18
(E

A
sw

H
1/

G
7(

18
))

A
/s

w
in

e
/B

ak
u

m
/I

D
T

17
6

9
/2

0
0

3
 (

H
3

N
2

)

A
/s

w
in

e
/S

p
ai

n
/5

4
0

0
8

/2
0

0
4

 (
19

70
s-

lik
e

 H
3

/
G

11
(0

4
))

 ɫ

A
/s

w
in

e
/S

p
ai

n
/4

5
6

9
0

–
1/

2
0

16
 (

19
70

s-
lik

e
 

H
3

/G
11

(1
6

))

A
/C

am
b

o
d

ia
/e

0
8

2
6

3
6

0
/2

0
2

0
 (

H
u

V
ac

H
3

)

A
/s

w
in

e
/S

p
ai

n
/4

5
6

9
0

–
12

/2
0

19
(2

0
0

0
s-

lik
e

 
H

3
/G

12
(1

9
))

A
/w

ild
 b

o
ar

/S
p

ai
n

/4
5

5
6

0
–

1/
2

0
2

1 
(2

0
0

0
s-

lik
e

 H
3

/G
12

(2
1)

)

1A
.3

.3
.2

1A
.3

.3
.2

1A
.3

.3
.2

1A
.3

.3
.2

1B
.1

.2
.1

1B
.1

.2
.1

1B
.1

.2

1C
.2

.2

1C
.2

.1

1C
.2

.1

1C
.2

.1

1C
.2

.2

1C
.2

.1

19
70

.1

19
70

.1

19
70

.2

2
0

0
0

s

2
0

0
0

.3

2
0

0
0

.3

Monovalent swine influenza vaccine (MVV)

A/Jena/VI5258/2009 

(H1N1) ¥
1A.3.3.2 160 12 262 0 0 215 0 475 0 6

Trivalent swine influenza vaccine (TVV)
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Bakum/1832/2000(H1N2) 

¥

1B.1.2.1 570 9

A/swine/Haselünne/

IDT2617/2003 (H1N1) ¥
1C.2.2 61 285 7 320 0 48

A/swine/Bakum/

IDT1769/2003 (H3N2) ¥
1970.1 359 507 0 0 0

¥: strains from the vaccine. ɫ: selected homologous reference strains. Numbers inside the boxes: HI titer geometric mean. Black: > than 8-fold reduction, Dark grey: 4–8-fold reduction, Soft gray: 4-fold reduction, White: equal or increased fold change.
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2.5 Statistical analysis

Descriptive statistical analysis of the reciprocal dilution HI titers, 
geometric mean (GM), and median (M) was plotted for each group 
using Origin2023b. Statistical differences in HI titers between the 
selected homologous swine influenza vaccine strains and the tested 
IAV strains were assessed with the Mann–Whitney U-test (p < 0.05).

2.6 Genomic sequence analysis

IAV HA amino acid sequences were aligned and compared for all 
the strains used in the HI assay using ClustalW Multiple Alignment 
(23), and the percentage identity of full-length hemagglutinin (HA) 
with respect to the vaccine strain was estimated by BioEdit Sequence 
Alignment Editor and ClustalW software version 7.1. Amino acid 
substitutions in previously described H1 and H3 antigenic motifs 
(24–26) were compared among IAV strains. Amino acid numbering 
was based on the amino acid position on the HA protein, starting with 
the first methionine.

3 Results

3.1 Cross-reactive antibodies against H1 
SIV strains induced in immunized mice

MVV-immunized mice sera showed HI titers above the threshold 
(GM > 40) against pdmH1(09), the selected homologous strain, 
pdmH1/G10(18), and two strains of the Eurasian lineage: EAswH1(04) 

and EAswH1/G2(19) (Figure 1A). No statistically significant 
differences were found between these strains. Low levels of cross-
reactivity, more than 8-fold reduction with respect to pdmH1(09), 
were elicited against HuVacH1. No cross-reaction was obtained 
against SIV of the HUswH1 lineage (Figure 1A, Table 2).

Mice immunized with the TVV showed high HI titers (GM > 250) 
against EAswH1(04) and HUswH1(02), the selected homologous strains 
(Figure 1B, Table 2). Furthermore, HI titers above the threshold were 
found against EAswH1/G2(19), EAswH1/G7(18), and pdmH1/G10(18). 
However, statistically significant low HI antibody titers were obtained 
against HUswH1/G9(19), EAswH1/G1(19), and EAswH1/G6(19). Mock 
vaccinated mice groups were negative for all strains and vaccines.

3.2 Cross-reactive antibodies against H3 
SIV strains induced in immunized mice 
with TVV

TVV induced elevated HI titers (GM = 360) against 1970s-like 
H3/G11(04), the selected homologous strain. This HI titer was even 
higher (GM = 508) than the recently developed 1970s-like H3/
G11(16). However, there was a total lack of cross-reactivity to all swine 
and human 2000s-like H3 IAV strains tested (Figure 2).

3.3 Comparison of HA amino acids among 
the IAV strains used in this study

The selected H1 SIV reference strains showed the highest degree 
of identity in the full-length HA protein with the corresponding 

FIGURE 2

Hemagglutinin inhibition (HI) titers of immunized mice sera against influenza A virus (IAV) hemagglutinin 3 (H3) strains included in this study, and the 
phylogenetic relationship among them. (A). HI titers of immunized mice sera with the trivalent swine influenza vaccine (TVV). Dots: HI titer of each 
immunized mouse (N = 7). Boxes represent the interquartile range 25–75, horizontal lines and numbers beneath are HI titers geometric means (GM), 
crosses are median values, and vertical bars represent the standard deviation of the means. Dashed line is the protection threshold (GM > 40). 
(B) Maximum likelihood phylogenetic tree of predicted protein from IAV H3 strains included in this study. HuVacH3: human seasonal influenza vaccine 
2021/2022. H3 lineages are shown above/below tree branches: human seasonal-like H3 from the 1970s (1970s-like H3), novel human seasonal-like H3 
from the 2000s (2000s-like H3). Squared: TVV H3 IAV strain. Stars: swine IAV clade reference strains. G: genotype of Spanish swine influenza isolates as 
previously described in Encinas et al. (13).
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vaccine strain (Table 3) and a close phylogenetic relationship 
(Figure 1C). Some amino acid changes in H1 antigenic motifs can 
be observed with respect to the vaccine sequences in each H1 
lineage (Figure 3). The pandemic-like lineage showed the lowest 
degree of variability at the identity level, but HuVacH1 displayed 
relevant antigenic changes in Sb and Sa motifs with respect to the 
swine vaccine or SIV isolate. Up to four mutations were found in 
HUswH1/G9(19) antigenic motifs of the RBS with respect to the 
vaccine strain. The EAswH1 lineage strains showed the highest 
degree of variability, with EAswH1/G6(19) being the most different 
(Table 3, Figure 3).

The 1970s-like H3 strains showed a percentage of full-length HA 
protein identity ranging from 97.8% in the selected reference strain to 
93.8% in the 2016 strain, with no amino acid changes in antigenic 
motifs (Table 4). However, the 2000s-like H3 strains displayed 
substantial differences, as seen in the phylogenetic tree (Figure 2B) 
and in the numerous amino acid substitutions in HA (Table 4).

4 Discussion

Vaccination is recommended for combating IAV transmission 
and disease symptoms, but the virus evolves rapidly, requiring 
periodic strain updates (12). In contrast to humans, there is no 
formal system for recommending or updating vaccine strains for 
pigs based on genomic surveillance (27). A rapid way to evaluate 
the cross-reactive antibody response induced by swine influenza 
vaccines is to perform in vitro or in vivo immunological tests against 
circulating influenza viruses. The mouse is widely used as an animal 
model for vaccine studies due to its reproducibility, ease of 
handling, and cost-effectiveness (28). Critically, the mouse model 
has been validated previously for influenza vaccination results 
obtained in pigs (29). In this study, we analyzed the cross-reactivity 
of HI antibodies elicited in mice inoculated with current 
commercial swine influenza vaccines against field isolates of 
Spanish SIVs and two representative strains of human IAV 
circulating in Spain.

The EAswH1/G1(19), EAswH1/G6(19), and HUswH1/G9(19) 
SIV strains were not recognized by the antibodies induced by the 
TVV designed to protect against these SIV H1 lineages. Amino 
acid changes in HA antigenic motifs present in the tested strains 
relative to the vaccine strain could be responsible for the loss of 
cross-reactivity, as demonstrated in a previous study comparing 
the human seasonal H1 vaccine strain and representative pdmH1 
SIVs in the United States, where the number of H1 amino acid 
differences between them was strongly correlated with the 
antigenic distances estimated by HI assays (30). The amino acid 
substitutions observed in the Sa motif: N142D, S179R, and K180N 
may be relevant for antibody recognition, as previously shown in 
a study aimed at detecting amino acid substitutions that produce 
escape mutants to monoclonal antibodies targeting pdmH1 HA, 
where the N142D and K180N substitutions were frequently 
detected (25). In the case of HUswH1/G9(19) substitutions in Ca1 
(E187K) and Ca2 (G239D) may also be responsible for the loss of 
antibody recognition. It is worth mentioning the marked cross-
reactivity observed between heterologous strains. These results, 
although unexpected, are supported by a previous study in which 
pigs immunized with a monovalent pdmH1 vaccine showed T
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cross-reactive antibodies against one EAswH1 strain but not 
against others, and a bivalent EAswH1 vaccine induced cross-
reactive antibodies against several pdmH1 strains (31), suggesting 

that antigenicity relies more on specific amino acids in antigenic 
motifs than on the whole RBS. Investigating the contribution of 
each amino acid in the antigenic domain to the antigenicity and 

FIGURE 3

Amino acid substitutions in antigenic motifs of the influenza A virus (IAV) hemagglutinin1 (HA1). (A). Structure of the IAV HA1 protein, squared: head of 
the HA1. (B). Tridimensional representation of IAV HA1; colored: previously described antigenic motifs in the protein protomer (Ca1, Ca2, Sa, Sb). Amino 
acid changes in antigenic motifs of swine IAV field isolates with respect to swine IAV vaccine H1 strains; HuVacH1: human seasonal influenza vaccine 
2021/2022. HA1 swine European lineages: 1C, Eurasian avian-like H1 (EAswH1), 1B, Human seasonal-like H1 (HUswH1), 1A, pandemic-like H1 (pdmH1). 
G: genotype of Spanish swine influenza isolates as previously described in Encinas et al. (13). All images were created with UCSF ChimeraX (41).

TABLE 4  Comparison of the amino acid composition of the receptor binding site (RBS) of hemagglutinin 3 (H3) among the swine influenza viruses (SIV) 
used in this study.

Name and subtype Clade % Antigenic motifs

161 171 172 174 175 205 209

A/swine/Bakum/IDT1769/2003 (H3N2) 1970.1 TVV N Y K G N R N

A/swine/Spain/54008/2004 (H3N2, 1970s-like H3/G11(04)) 1970.1 97.8

A/swine/Spain/45690–1/2016 (H3N2, 1970s-like H3/G11(16)) 1970.1 93.8

A/Cambodia/e0826360/2020 (H3N2, HuVacH3) 2000.3 82.1 S T H N Y K S

A/swine/Spain/45690–12/2019(H3N1, 2000s-like H3/G12(19)) 2000.3 80.5 S T H F N S

A/wild boar/Spain/45560–1/2021 (H3N1, 2000s-like H3/G12(21)) 2000.3 80 S T H F N S

145 155 156 158 159 189 193

TVV, trivalent swine influenza vaccine. %: Percent identity refers to the full-length hemagglutinin (HA) with respect to vaccine strains (in bold). HuVacH3: human seasonal influenza vaccine 
H3 strain. Antigenic motifs previously described in Souza et al. (26). Antigenic motifs numbering is based on the complete HA sequence from the first methionine; H3 numbering is shown at 
the bottom of the table (in bold). Clade assignment according to global swine influenza (14). Conservative substitutions are shaded light grey; non-conservative substitutions are shaded dark 
grey. White boxes correspond to identical residues.
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specificity of HA for its receptor would be valuable for predicting 
vaccine suitability.

The high HI titers obtained against the 1970s-like H3 SIV 
strains contrast with the lack of cross-reactivity obtained against the 
2000s-like H3 SIV. The antigenic motifs of 1970s-like H3/G11(16) 
exactly resemble those present in the RBS of the H3 vaccine strain, 
so this is not surprising. On the other hand, the 2000s-like H3 SIV 
strains are quite different from the swine vaccine strain and more 
similar to the HuVacH3 strain. This H3 lineage carries an HA 
segment that was introduced from humans into swine in Europe in 
the 2000s, first detected in Danish pigs (11) and progressively in 
Spain, Germany, and the Netherlands (32). These strains have 
undergone less antigenic drift in pig populations than the 1970s-
like H3 strains, so they more closely resemble their human ancestor, 
but are quite different from previous human-origin strains 
circulating in pigs, showing amino acid replacements in almost all 
antigenic motifs of the RBS (33). This may be the reason why they 
are no longer recognized by antibodies induced in 
vaccinated animals.

In recent years, we have conducted swine influenza 
surveillance to update our knowledge of the genotypic and 
phenotypic characteristics of IAV affecting pig herds in Spain and 
have found a high level of genetic and antigenic variability (13), 
which raises concerns about the potential emergence of new 
strains that pose a serious threat to humans and animals. Indeed, 
swine-derived human influenza variants have recently been found 
in Europe (34), with some cases in Spain (35). Furthermore, a 
recently described EAswH1-pdmH1 SIV reassortant in China (36) 
has been linked to human influenza and increased replication in 
human cells, raising the possibility of a pandemic. With these 
premises, we highlight the need to evaluate the efficacy of 
commercial swine flu vaccines as an essential tool in the fight 
against influenza viruses.

In Europe, regulations for updating flu vaccines require 
manufacturers to conduct costly animal trials (37). In contrast, in the 
United States (US), the Department of Agriculture (USDA) allows 
assessment of the immunogenicity of additional or updated strains only 
by serological assays. This allows US vaccine manufacturers to update 
SIV vaccine strains more flexibly (12). The vaccination rate against 
swine influenza in Spain is low, probably because in Europe it is not 
considered a notifiable disease, contrary to avian influenza (38), and the 
decision to vaccinate is often based on economic interests rather than 
health measures or because the vaccines are not viewed as effective. The 
United States also recently licensed a vaccine for SIV that uses an 
mRNA platform that can more flexibly update vaccine strains to match 
those in circulation (39). Given that influenza is not only an economic 
problem for swine producers but a zoonotic risk for humans, Europe 
must improve monitoring of SIV evolution in its herds and provide 
more flexibility for updating swine influenza vaccines that prevent 
the spread.
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