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ABSTRACT The current situation with H5N1 highly pathogenic avian influenza virus
(HPAI) is causing a worldwide concern due to multiple outbreaks in wild birds, poultry,
and mammals. Moreover, multiple zoonotic infections in humans have been reported.
Importantly, HPAI H5N1 viruses with genetic markers of adaptation to mammals have
been detected. Together with HPAI H5N1, avian influenza viruses H7N9 (high and low
pathogenic) stand out due to their high mortality rates in humans. This raises the
question of how prepared we are serologically and whether seasonal vaccines are
capable of inducing protective immunity against these influenza subtypes. An obser-
vational study was conducted in which sera from people born between years 1925-
1967, 1968-1977, and 1978-1997 were collected before or after 28 days or 6 months
post-vaccination with an inactivated seasonal influenza vaccine. Then, hemagglutination
inhibition, viral neutralization, and immunoassays were performed to assess the basal
protective immunity of the population as well as the ability of seasonal influenza
vaccines to induce protective responses. Our results indicate that subtype-specific
serological protection against H5N1 and H7N9 in the representative Spanish popula-
tion evaluated was limited or nonexistent. However, seasonal vaccination was able to
increase the antibody titers to protective levels in a moderate percentage of people,
probably due to cross-reactive responses. These findings demonstrate the importance of
vaccination and suggest that seasonal influenza vaccines could be used as a first line of
defense against an eventual pandemic caused by avian influenza viruses, to be followed
immediately by the use of more specific pandemic vaccines.

IMPORTANCE Influenza A viruses (IAV) can infect and replicate in multiple mammalian
and avian species. Avian influenza virus (AlV) is a highly contagious viral disease that
occurs primarily in poultry and wild water birds. Due to the lack of population immunity
in humans and ongoing evolution of AlV, there is a continuing risk that new IAV could
emerge and rapidly spread worldwide, causing a pandemic, if the ability to transmit
efficiently among humans was gained. The aim of this study is to analyze the basal
protection and presence of antibodies against IAV H5N1 and H7N9 subtypes in the
population from different ages. Moreover, we have evaluated the humoral response after
immunization with a seasonal influenza vaccine. This study is strategically important to
evaluate the level of population immunity that is a major factor when assessing the
impact that an emerging IAV strain would have, and the role of seasonal vaccines to
mitigate the effects of a pandemic.

KEYWORDS influenza A virus, avian influenza, influenza vaccine, pandemic, nanoluci-
ferase, seroprotection, seroconversion, neutralizing antibodies

nfluenza A viruses (IAVs) are enveloped viruses that belong to the Orthomyxoviridae
family. Their genomes contain eight negative-sense, single-stranded viral (v)RNA
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segments that are approximately 14 kb in size (1, 2). Two glycoproteins, hemagglutinin
(HA) and neuraminidase (NA), are located on the viral lipid membrane, and their
genetic and antigenic properties are used to classify IAVs into 18 HA (H1 to H18) and 11
NA (N1 to N11) subtypes. HA subtypes are further divided into two phylogenetic groups
based on their antigenic properties: group 1 includes H1, H2, H5, H6, H8, H9, H11, H12,
H13, H16, H17, and H18; whereas group 2 includes H3, H4, H7, H10, H14, and H15 (3-5).
Viral HA and NA glycoproteins (encoded by segments 4 and 6, respectively) are also the
main targets of neutralizing antibodies (NAbs) induced after vaccination and/or natural
viral infection (6).

IAVs can infect and replicate in multiple mammalian and avian species and have a
tremendous impact on human and animal health and the global economy. Wild aquatic
birds have been considered the primary reservoir hosts for IAVs. In addition, due to IAV
infections across so many different animal species, or as a consequence of viral genome
reassortment, spillover infections can result in sustained epidemic transmission, when
new strains with advantages in viral replication or transmission emerge in immunologi-
cally naive populations for the newly emerging IAV strains (3-5). In addition, 1AV has
the potential to cause pandemics as occurred when a swine-origin HIN1 |AV (pH1NT)
emerged in 2009, spreading rapidly and infecting thousands of individuals worldwide
(7). In humans, IAV infections cause contagious respiratory diseases and substantial
morbidity and mortality (8-10). Nowadays, two subtypes of 1AVs (H1IN1 and H3N2)
cocirculate in humans, causing seasonal epidemics (2, 9, 11). The World Health Organiza-
tion (WHO) estimates that the global disease burden from seasonal influenza results in
1 billion human infections, 3-5 million human cases of severe disease, and approximately
650,000 human deaths annually (10).

Avian influenza viruses (AlVs) are highly contagious among wild birds and domestic
poultry. AlVs are classified in high or low pathogenic (HPAI/LPAI), depending on the
molecular characteristics of the virus and its ability to cause disease and mortality in
chickens. HPAIs are associated with H5 and H7 subtypes of IAV. HPAI outbreaks in poultry
are no longer an occasional phenomenon in the world and the range of wild bird and
mammal species affected by HPAI viruses has also expanded, with the detection of HPAI
viruses frequently showing genetic markers of adaptation to mammalian hosts (3, 12—
15). In addition, outbreaks of novel H5, H6, H7, H9, and H10 AlVs have caused zoonotic
infections in humans and other mammals (12). Among these AlVs, the H5N1 and H7N9
subtypes stand out due to their high mortality rates in humans, which poses great public
health concerns (3). Animal-to-human transmission of HPAI has occasionally occurred,
with lethality rates ranging from 30% to 50%, while no sustainable transmission between
humans has been reported (12). Important outbreaks of HSN1 HPAI infections associated
sometimes with high mortality rates have been recently reported in mammals such as
minks, cats, seals, and dairy cattle (13, 14, 16, 17). On the other hand, LPAl and HPAI H7N9
have similar levels of morbidity and mortality in humans (4, 18, 19). Therefore, in the
current scenario, H5 (HPAI) and H7 (LPAI or HPAI) AlVs pose a significant threat not only
to the poultry industry but also to the general public health. In fact, AIV represents an
important zoonotic risk to humans, since throughout the last hundred years, avian-origin
IAVs played an important role in the last four human IAV pandemics: the 1918 Spanish
A/H1IN1, the 1957 Asian A/H2N2, the 1968 Hong Kong A/H3N2, and the pH1N1 (4, 12,
18). In addition, AlVs have also been defined as the etiological agent of sporadic virus
introductions and infections in other mammalian hosts, such dogs, and horses (5, 20, 21).

Currently, vaccination remains the main and most effective strategy to protect
humans and animals against IAV infections (2, 6, 8, 11, 22). Inactivated influenza vaccines
(IlVs) have been shown to be 40%-60% effective in preventing morbidity and mortality
associated with seasonal influenza infections (23, 24) (https://www.cdc.gov/flu/vaccines-
work/effectiveness-studies.htm) by inducing humoral immune responses toward the
surface viral glycoprotein HA and, to a lesser extent, or in some cases, to NA (25,
26). Importantly, seasonal 1IVs are usually ineffective against pandemic IAV strains (18).
However, previous studies have documented heterotypic responses elicited by seasonal
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IIVs that have led to the development of antibodies able to recognize different AlVs
(27). Nevertheless, the extent to which seasonal lIVs can protect against heterologous
subtypes in humans is unclear.

Due to the lack of population immunity in humans and the ongoing evolution of AlV,
there is a continuing risk that new IAVs could emerge and rapidly spread worldwide,
causing a pandemic if they gain the ability to be transmitted efficiently among humans.
The aim of this study was to evaluate basal levels of protection and presence of NAbs
against IAV H5N1 and H7N9 subtypes in different adult age groups. Moreover, we studied
the heterologous humoral response after immunization with seasonal IIV. Determining
the level of pre-existing immunity in the human population, which is a major factor
when assessing the impact of an emerging IAV strain, is important to evaluate the
role of seasonal IIVs in mitigating the effects of a potential pandemic caused by newly
introduced H5N1 and H7N9 subtypes in the human population.

MATERIALS AND METHODS
Study design and patient recruitment

We designed a prospective study including adults and elderly people who were
vaccinated with the IIV during the 2021-2022 influenza season. We recruited individuals
from two different settings. The first group included workers at two automobile factories
of the Renault Group in Spain in the cities of Valladolid and Palencia. The second group
included individuals living in two nursing homes in the province of Valladolid (Spain),
under the supervision of the “Diputaciéon de Valladolid” Council. We selected three
different age groups for this study related with the pandemics and influenza emergences
of the XX century. The first group included the people born before 1968 (group 1, G1),
who were likely primed by viruses such as A/HIN1 and A/H2N2, both of which belong
to group 1 IAV (28, 29). The second group included people born between 1968 and
1977 (group 2, G2), and was likely primed by the A/H3N2 subtype, which belongs to
group 2 AV (28, 29). The third group was formed by people born after 1977 (group 3,
G3), just when the A/HTN1 re-emerged and cocirculated together with the A/H3N2, thus,
any of both subtypes could have primed these people. People from G2 and G3 were
only recruited from both automobile factories, and G1 was only recruited from nursing
homes.

A serum sample from each individual was obtained at three different time points.
The first one was just before being vaccinated with the seasonal IIV (T1). After that,
a new serum sample was obtained 1 month after vaccination (T2), and an additional
sample was collected 6 months after vaccination (T3). With this study design, we aimed
to determine the immunological background of antibodies against H5N1 and H7N9
subtypes, the heterotypical response elicited by seasonal vaccines, and the duration of
these antibodies over a 6-month period (Fig. 1). During this season, the quadrivalent
standard-dose inactivated vaccine Fluarix Tetra (GSK) was administered to G2 and G3,
and the quadrivalent high-dose inactivated vaccine Efluelda (Sanofi) was administered
to G1. The IV administered contained the influenza A and B strains recommended
by the WHO for vaccination in the 2021-2022 season for the northern hemisphere: A/
Victoria/2570/2019 pH1N1; A/Cambodia/e0826360/2020 H3N2; B/Washington/02/2019
(Victoria lineage); and B/Phuket/3073/2013 (Yamagata lineage).

Cell lines

Human embryonic kidney 293T (293T; ATCC CRL-11268) and Madin-Darby canine kidney
(MDCK, ATCC CCL-34) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5% fetal bovine serum and 1% penicillin (100 units/mL)-streptomy-
cin (100 pg/mL)—2 mM L-glutamine (PSG) at 37°C in air enriched with 5% CO2.
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FIG 1 Distribution of age groups regarding the most likely imprinting by both clade 1 and 2 IAVs. The participants in the
study were divided into three age groups depending on the most likely first encounter with influenza A viruses. Group 1
included people born between 1925 and 1967 who were likely primed by both the A(H1IN1) and A(H2N2) clade 1 viruses.
Group 2 included people born between 1968 and 1977 who were likely primed by the A(H3N2) subtype clade 2 virus. Group
3 included people born between 1978 and 1997 who were likely primed by both A(H3N2) and A(HTN1) re-emergent viruses

since 1977; these groups included both clade 2 and clade 1, respectively.

Culture of influenza viruses in eggs

For the serological assays, the reference viruses A/Victoria/2570/2019 pHIN1 and A/
Cambodia/e0826360/2020 H3N2 of the influenza vaccine were cultured in embryonated
chicken eggs to obtain viral stock to be used in the analyses. Briefly, a 1/10 pre-dilution
of each virus was made in Phosphate-buffered saline (PBS) buffer and 100 pL was
inoculated into the allantoic cavity of 9- to 11-day-old embryos with a 22 G syringe
(30). The inoculated eggs were incubated for 48 h at 37°C, and after that, they were
euthanized at 4°C for 24 h. The top of the eggshell was then removed and the allantoic
fluid was collected with a pipette. This liquid was stored at 4°C for 24 h prior to being
titrated using a hemagglutination assay with chicken blood, and then labeled and stored
at —80°C until use.

Rescue of recombinant viruses and viral infections

Recombinant IAVs were rescued using previously described ambisense reverse genetics
approaches (11, 21, 31, 32). Briefly, cocultures (1:1) of 293T/MDCK cells (six-well plate
format, 10° cells/well, duplicates) were co-transfected, using LPF3000 (Invitrogen), in
suspension with six PR8 ambisense pHW-PB2, -PB1, -PA, -NP, -M, and -NS WT or NLuc
plasmids and the pHW-HA and -NA from A/chicken/Egypt/F71-F114C/2022 (H5N1, HPAIV
clade 2.3.4.4b) or A/Anhui/1/2013 (H7N9, LPAIV). The H5 polybasic cleavage site motif
was changed to a monobasic cleavage site. The recovered viruses were plaque purified
and propagated on MDCK cells at 37°C. After viral infection, the cells were maintained
in DMEM supplemented with 0.3% bovine serum albumin (BSA), 1% PSG, and 1 pug/mL
tosyl-sulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma) (11, 21,
31, 32). Experiments involving infectious viruses were performed at the biosafety level 3
(BSL3) facilities of the Animal Health Research Center (CISA-INIA-CSIC), Madrid (Spain).

Virus inactivation using beta-propiolactone (BPL)

BPL was combined with 10 mL of virus suspension (1 x 107 plaque-forming unit (PFU))
and 0.5 mL of NaHCO3 (7.5%) to attain a final concentration of 0.05%. This buffered
BPL/virus combination was then thoroughly vortexed to form a homogenous mixture
and kept at 4°C for 16 h in the refrigerator. The preparation was subsequently incubated
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at 37°C for 2 h for hydrolysis of BPL (33, 34). After completion of treatment, the virus
aliquots were stored at —80°C until further use and inactivation was confirmed via three
blind-passages.

Virus growth kinetics

Virus replication was evaluated via a multicycle growth kinetics. Confluent MDCK cells
(12-well plate format, 5 x 10° cells/well, triplicates) were infected at an multiplicity of
infection (MOI) of 0.001. After 1 h of virus adsorption, the cells were overlaid with DMEM
containing 0.3% BSA and TPCK-treated trypsin and incubated at 37°C. At the indicated
times post-infection (p.i.) (24, 48, and 72 h), the virus titers in the culture supernatants
were determined by immunofocus assay (fluorescent-forming units [FFU] per milliliter)
using an influenza virus monoclonal antibody (MAb) against the viral nucleoprotein,
NP (HB-65; ATCC H16-L10-4R5), as previously described (15, 21, 31, 32). In addition, the
presence of NLuc in the culture supernatants of cells infected with NLuc-expressing
viruses was quantified using Nano-Glo luciferase substrate (Promega) following the
manufacturer’s specifications and a FLUOstar Omega microplate reader (BMG Labtech).

Protein gel electrophoresis and Western blot analysis

Cell extracts from either mock- or virus-infected (MOI, 0.01) MDCK cells (six-well plate
format, 10° cells/well) were lysed at 24 h p.i. in radioimmunoprecipitation assay buffer,
and proteins were separated by denaturing electrophoresis. The membranes were
blocked for 1 h with 5% dried skim milk in PBS containing 0.1% Tween 20 (PBS-T) and
incubated overnight at 4°C with specific primary monoclonal or polyclonal antibodies
(pAbs): NP (MAb HB-65; ATCC H16-L10-4R5), NLuc (MAb, R&D Systems), HA (goat pAb
NR-2705 for H5, goat pAb NR-48597 for H7, BeiResources), and actin (MAb A1978; Sigma),
which was used as an internal loading control. Bound primary antibodies were detec-
ted with horseradish peroxidase (HRP)-conjugated secondary antibodies against the
different species (Sigma). Proteins were detected by chemiluminescence (Thermo Fisher
Scientific) following the manufacturer’s recommendations and photographed using a
Bio-Rad ImageStation.

Indirect immunofluorescence assays

MDCK cells (12-well plate format, 5 x 10° cells/well) were mock infected or infected
(MOI, 0.01) with the indicated viruses. At 24 h p.i,, the cells were fixed with 4% parafor-
maldehyde (PFA) and permeabilized with 0.5% Triton X-100 in PBS for 15 min at room
temperature. Immunofluorescence assays were performed using primary HA (goat pAb
NR-2705 for H5, goat pAb NR-48597 for H7, BeiResources), NA (goat pAb NR-9598 for
H5, rabbit pAb NR-49276 for H7, BeiResources), and NP (MAb HB-65) antibodies and
secondary Alexa-fluor (594)-conjugated antibodies against the different species. Images
were taken with a Zeiss Axio fluorescence microscope (Zeiss).

Plaque assays and immunostaining

Confluent monolayers of MDCK cells (six-well plate format, 10° cells/well) were infected
with the indicated viruses for 1 h at room temperature, overlaid with agar with or
without TPCK-treated trypsin, and incubated at 37°C. At 3 days p.i., the cells were
fixed with 10% PFA and the overlays were removed. Then, the cells were permeabilized
(0.5% Triton X-100 in PBS) for 15 min at room temperature and prepared for immunos-
taining as previously described (15, 21, 31, 32) using an anti-NP MAb (HB-65; ATCC
H16-L10-4R5). Immunostaining was developed using vector kits (Vectastain ABC kit
for mouse antibodies and DAB HRP substrate kit; Vector) following the manufacturers’
specifications.
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Enzyme-linked immunosorbent assay (ELISA)

H5- and H7-specific serum IgG antibodies were detected by ELISA. Briefly, 96-well plates
were coated for 16 h at 4°C with 100 ng per well of H5 or H7 (NR-59424 and NR-44365,
respectively, BeiResources) recombinant protein. After washing with PBS, the coated
wells were blocked with PBS-T (Tween, 0.05%) containing 5% BSA and then incubated
with a 1:50 dilution of human serum at 37°C. After 1 h of incubation, the plates were
washed with PBS-T and incubated with HRP-conjugated goat anti-human IgG for 1 h at
37°C. The reactions were developed with tetramethylbenzidine substrate (BioLegend)
for 10 min at room temperature, quenched with 2 N H;SOy4, and read at 450 nm
(FLUOstar Omega microplate reader [BMG Labtech]). Serum samples from uninfected
mice were used as internal negative controls. We used as threshold for positive samples
the average +3 SD of the negative control.

Hemagglutination inhibition (HAI) assay

HAI assays were performed at the National Influenza Center of Valladolid (NICV) in BSL2
facilities. HAI assay was used as the reference assay to analyze the antibody response
induced by influenza vaccines (35). To that end, viruses were first inactivated with BPL
and titered in both labs (CISA and NICV) to know if the results of live and inactivated
viruses were the same. Additionally, IAV strains included in the seasonal administered
vaccine (H1 and H3) were used to compare the results of AIV with those of seasonal
strains. Serum samples were centrifuged at 2,500 rpm for 10 min, and the supernatants
were stored at —20°C. Antibody analysis against HA was performed using HAI assay. For
each serum sample, 100 pL was added to 300 pL of receptor destroying enzyme (Denka
Seiken, Tokyo, Japan) to remove nonspecific hemagglutination inhibitors. Following the
manufacturer’s instructions, this mixture was incubated at 37°C in a water bath for 12—
18 h, followed by enzyme inactivation for 1 h at 56°C. To perform HAI, 50 uL serial
twofold dilutions of each serum (starting dilution of 1:10) were made in 96 microwell
V plates, and then 50 pL of a standard containing four units of hemagglutinin was
added to each well and incubated for 30 min at room temperature. Next, 50 pL of
0.5% chicken erythrocytes were added and incubated at room temperature for another
30 min. The titer of antibodies was defined as the highest dilution that completely
inhibited hemagglutination. The limit of detection of the assay was 1:10. When the
antisera titer was below a detectable threshold, due to a shortage or lack of antibodies,
it was conventionally expressed as 5, which is half of the lowest detection threshold.
The pre-vaccine, post-vaccine, and 6-month HAI titers were included in the database for
study.

Reporter-based microneutralization (MN) assay

MN assays were performed as previously described (31, 32, 36). Briefly, human sera
samples or control sera specific for anti-H5 and anti-H7 (NR-665 and NR-48597,
respectively) were serially fourfold diluted (starting dilution 1/10 for human samples)
or twofold diluted (starting dilution 1/40 for control sera samples). Then, 200 PFU of
NLuc-expressing H5N1 or H7N9 viruses were added to the serum dilutions and the
mixture was incubated for 1 h at room temperature. MDCK cells (96-well plate format,
5x 10* cells/well) were infected with the serum-virus mixture and incubated for 48 h at
37°C. NLuc activity in the culture supernatants was quantified using Nano-Glo luciferase
substrate (Promega) and a Lumicount luminometer (FLUOstar Omega microplate reader
[BMG Labtech]). The luciferase values of virus-infected cells in the absence of antibody
were used to calculate 100% viral infection. Cells in the absence of viral infection were
used to calculate the luminescence background. After the NLuc concentration was
measured, the cells were fixed and stained with crystal violet solution.
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Statistical analysis

The statistical analysis was focused on a descriptive and inferential study of the antibody
titers based on the age of the patients. The results were analyzed using the classical
serological parameters of the European Medicines Agency for the evaluation of vaccine
efficacy (37, 38). These parameters included the seroprotection rate (SPR), seroconver-
sion rate (SCR), and geometric mean titer (GMT). Seroprotection was considered when an
HAI titer of 1/40 was achieved (39), and seroconversion was defined as a titer increase of
at least fourfold between pre- and post-vaccination sera. In addition, seroconversion was
considered to have occurred in cases of negative pre-vaccination sera that achieved 1/40
titers after vaccination. The use of 1/40 titer as a seroprotection titer was based on the
previous knowledge and consolidated titers against seasonal influenza viruses (39, 40). It
was also based on previous publications suggesting that this 1/40 titer can be used for
both seasonal and avian viruses for HAI analysis as well as MN and ELISA assays (41, 42).
Moreover, phase | and Il clinical studies conducted to evaluate immunogenicity of some
avian influenza vaccines for humans use the 1/40 titer as a surrogate of protection for
HAI, based on the CBER/CHMP (Center for Biologics Evaluation and Research/Committee
for Medical Products for Human Use) criteria (42, 43).

For the analysis, a negative value of HAI titers was presented as “5” (taking 1/10 as
the lower detection threshold) to avoid errors during the logarithm data transformation
for calculation of GMTs. The values are presented as the means (95% Cls). The volunteer
characteristics, SPR and SCR were compared using x* tests. GMTs were compared using
Student’s t-test. The data from the neutralization assays were compared using two-way
analysis of variance (ANOVA). A Pearson correlation analysis between hemagglutinating
titer values between the first (T1) and second (T2) sampling was performed to compare
A(HTN1)pdm09 and A(H3N2) against A(H5N1) and A(H7N9) subtypes. Data analysis was
performed using GraphPad Prism and Microsoft Excel. A P-value <0.05 was considered to
indicate statistical significance.

RESULTS
Patients features

A total of 135 individuals were recruited for this study: 41 were included in G1 (31.5%),
49 in G2 (37.7%), and 40 in G3 (30.8%). The mean age was 79.4 (95% Cl, 74.8-84.1) years
for G1, 48.4 (95% Cl, 47.5-49.2) years for the G2, and 35.1 (95% Cl, 33.4-36.8) years for G3.
There were 22 males in G1 (53.7%), 24 males in G2 (48.9%), and 18 males in G3 (45.0%)
(Table 1).

Generation and in vitro characterization of recombinant IAV

We used plasmid-based reverse genetics methods to generate the indicated recombi-
nant AV in the backbone of PR8 containing H5N1 or H7N9 viral HA and NA segments
and the PR8 NS-WT or NS-NLuc segment (Table 2). Importantly, we removed the
polybasic amino acids that are linked with high virulence from the H5 cleavage site.
This was not necessary for the H7 viral segment, since an LPAI H7 was used in this
study. To engineer the replication-competent reporter-expressing IAV, the sequence of
NLuc was cloned in the NS segment that encodes NS1 and NEP, as we have described
previously (31, 32, 44). We chose NLuc due to its small size (approximately 20 kDa),
stability, and brightness (42, 45). Briefly, NLuc was cloned in frame with the NS1 sequence

TABLE 1 Cohort description and epidemiological characteristics

mBio

Group 3 (1978-1997)

35.1(33.4-36.8)

Group 1(1925-1967) Group 2 (1968-1977)
Age, mean (95% Cl) 79.4 (74.8-84.1) 48.4 (47.5-49.2)
Type of vaccine Quadrivalent high-dose inactivated Quadrivalent standard-dose inactivated

Quadrivalent standard-dose inactivated
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TABLE 2 Viruses generated in this study

Virus Backbone HA and NA genes Reporter gene

PR8(H5N1)-NLuc

PR8(H7N9)-NLuc

and silent mutations in the splice acceptor site of the NS segment were introduced to
eliminate splicing (31, 32, 44). Then, the porcine teschovirus-1 (PTV-1) 2A cleavage site
was cloned between NS1 and NEP and the NS1 and NEP N-terminal overlapping region
was duplicated after the PTV-1 2A site to produce a full-length NEP.

The identity of the recombinant IAVs generated was first confirmed by indirect
immunofluorescence microscopy using specific serum against H5 (H5N1), N1 (H5N1),
H7 (H7N9), or N9 (H7N9). In addition, a MAb against IAV NP was used as a control (Fig.
2A). For that, monolayers of MDCK cells were mock infected or infected with the different
viruses. Then, at 24 h p.i., the cells were fixed and viral infections were assessed. As
expected, H5 and N1 were detected in cells infected with PR8(H5N1) or PR8(H5N1)-NLuc,
while H7 and N9 antigens were detected only in MDCK infected with PR8(H7N9) or
PR8(H7N9)-NLuc. Viral NP located in the nucleus of cells infected with all the viruses.
The plaque phenotype of the recombinant viruses was also examined by plaque assays
and immunostaining (Fig. 2B and C). To confirm the monobasic cleavage site, in the
case of PR8(H5N1) and PR8(H5N1)-NLuc, plaque assays were performed in the presence
and absence of TPCK-trypsin (Fig. 2B). The plaque sizes of PR8(H5N1) and PR8(H5N1)-
NLuc were similar, and they were observed only in the presence of TPCK-trypsin (Fig.
2B). However, the plaques of the PR8(H7N9) and PR8(H7N9)-NLuc-infected cells were
significantly smaller than those of the H5N1-infected cells (Fig. 2C). Next, the expression
of NLuc was confirmed by Western blot (Fig. 2D and E). Total cell extracts from either
mock- or |IAV-infected MDCK cells collected at 24 h p.i. were tested using antibodies
specific for H5 or H7, NP, and NLuc. We used an antibody against actin as a loading
control. Western blot analysis revealed specific bands with the expected molecular sizes
for HO, H1, and H2 of H5 in cells infected with PR8(H5N1) and PR8(H5N1)-NLuc (Fig.
2D) or H7 in cells infected with PR8(H7N9) and PR8(H7N9)-NLuc (Fig. 2E). Moreover,
specific bands for NLuc were detected only in cell extracts from MDCK cells infected
with PR8(H5N1)-NLuc or PR8(H7N9)-NLuc (Fig. 2D and E). As expected, NP levels were
detected in all infected cells but not in mock-infected cells (Fig. 2D and E).

The fitness of the recombinant viruses was evaluated in cell culture (Fig. 3). To this
end, confluent monolayers of MDCK cells were infected (MOI of 0.001) with PR8(H5NT)
and PR8(H5N1)-NLuc or PR8(H7N9) and PR8(H7N9)-NLuc, and the presence of the
virus in the culture supernatants was quantified at different hours p.i. (Fig. 2F and
H). The replication of NLuc-expressing viruses was slightly delayed, and in the case of
PR8(H7N9)-NLuc, it did not reach titers similar to those of PR8(H7N9). In addition, NLuc
activity in culture supernatants was quantified at the same time points (Fig. 2G and I).
NLuc activity was detected at 24 h p.i. (the first time point assessed) and increased in a
time-dependent manner, peaking at 72 h p.i. (the last time point assessed), most likely
because of the NLuc release due to the cytopathic effect caused by viral infection, as
previously observed (31).

Determining human immunity against IAV subtypes H5N1 and H7N9 and
evolution of the response after IV

Antibodies were first evaluated by HAI using inactivated AIV and also live IAV pH1N1 and
H3N2 strains propagated in 10-day-old chicken embryonated eggs in the laboratory (Fig.
3). Before vaccination, only 2.4% of people in G1 had protective antibodies against H5N1,
and no protective antibodies were observed against H7N9 in any vaccinated group (Fig.
3A). Seasonal vaccination elicited heterotypic seroconversion in 15.0% of the people
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FIG 2 In vitro characterization of the recombinant viruses generated in this study. (A) Analysis of protein expression by
immunofluorescence. MDCK cells (24-well plates, 2 x 10° cells/well) were infected with the indicated viruses (MOI, 0.01) or
mock infected. Infected cells were fixed and permeabilized at 24 h p.i. The cells were stained using specific pAbs against H5
(NR-2705), N1 (NR-9598), H7 (NR-48597), or N9 (NR-49276). A MAb against viral NP was used as control. Representative images
are shown. Bars, 100 um. (B and C) Plaque phenotype. MDCK cells (six-well plate format, 1 x 10° cells/well) were infected
with ~50 FFU of PR8(H5N1) or PR8(H5N1)-NLuc in the presence or absence of TPCK-trypsin (B) or infected with PR8(H7N9) or
PR8(H7N9)-NLuc (C) and incubated at 37°C for 3 days. Plaques were evaluated by immunostaining using a MAb against IAV NP
(MAb HB-65). (D and E) Analysis of protein expression by Western blot. MDCK cells (six-well plates, 10° cells/well) were infected
with the indicated viruses or mock infected. Protein expression was examined by Western blotting using specific antibodies
against HA (NR-2705 for H5 and NR-48597 for H7), NP, and NLuc. Actin was used as a loading control. The numbers on the
left indicate the molecular size of the protein markers (in kilodaltons). Growth kinetics of the generated recombinant viruses.
(F and H) Multicycle growth kinetics. Viral titers (in FFU per milliliter) in culture supernatants from MDCK cells (12-well plates,
5 x 10° cells/well, triplicates) infected with PR8(H5N1) or PR8(H5N1)-NLuc (A) or infected with PR8(H7N9) or PR8(H7N9)-NLuc
(C) (MOI, 0.001) were determined by immunofocus assay at the indicated times post-infection. The data represent the means +
SD of triplicate samples. *, P < 0.05, using two-way ANOVA. (G and I) NLuc expression. NLuc was evaluated in the same culture

supernatants obtained from the experiment, and the results are presented in panel A. RLU, relative light units.

from the G3 and 12.2% of the people in G2, but we did not observe any response in G1
(Fig. 3B). The unique response observed against the H7N9 subtype was present in G2,
with 2.0% of people seroconverted. In contrast, seroconversion and seroprotection rates
were up to 39.0% for pHIN1 and 24.4% for A/H3N2, depending on the group. After 6
months (T3), the percentage of seroprotection against AlV was less than 2% in any case
(Fig. 3A).

This heterotypic response after vaccination was also corroborated by the study of the
GMTs (Fig. 4). After vaccination with the seasonal IIV, the GMTs against the H5N1 subtype
were significantly greater in G2 and G3 than in the pre-vaccine sample (P < 0.01 and
P < 0.001, respectively). However, in the case of G1, we observed a continuous decline
in the GMTs after vaccination (Fig. 4A). In the case of H7N9, no significant differences
were detected between G2 and G3, but a significantly greater GMT was detected in
G1 during T1 than during T2 (P < 0.01) (Fig. 4B). A high to moderate decrease in
the GMTs was observed for all AlV and seasonal viruses after 6 months (T3), reaching
similar titers to those before vaccination for both AlVs but greater for both the H1 and
H3 seasonal viruses. The Pearson correlation of hemagglutinin antibodies elicited by
seasonal vaccination showed a significant correlation among A(H5N1)-A(HTN1)pdm09
response (P-value <0.05) and among A(H7N9)-A(H1N1)pdm09 (P-value = 0.004), but not
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FIG 3 Seroprotection and seroconversion rates for IAV subtypes H1, H3, H5, and H7 in human serum samples. The
seroprotection rate (A) and seroconversion rate (B) for the indicated IAV subtypes were determined in human serum samples
from individuals born in 1925-1967 (G1), 1968-1977 (G2), and 1978-1997 (G3) and collected immediately before vaccine

administration (T1), and post-vaccination at 28 days after vaccination (T2) or 6 months after vaccination (T3).

when we compared neither A(H5N1)-A(H3N2) nor A(H7N9)-A(H3N2). However, although
these correlations were statistically significant, they were very low, being 0.35 in the
comparison A(H5N1)-A(H1N1)pdm09, and 0.25 in the case of A(H7N9)-A(H1N1pdm09).

In addition, the levels of IgG antibodies recognizing H5 or H7 viral antigens were
measured by ELISA using purified recombinant H5 or H7 proteins (Fig. 5). The results
indicated the presence of antibodies recognizing H5 (Fig. 5A) and H7 (Fig. 5B) before and
after vaccination. For H5, the levels of these antibodies were significantly higher in G1 for
T1 and T3, but not for T2, as compared with values in G2 and G3. In addition, an increase
in anti-H5 antibodies was observed in T2 for both G2 and G3. Interestingly, although
high levels of anti-H7 antibodies were detected by ELISA, we did not observe significant
differences for G1 or G2, and only some differences were observed for G3, where after
vaccination (T2), an increase in the levels of anti-H7 antibodies was observed. Differen-
ces were significantly lower when data from female or male subjects were analyzed
individually. Importantly, anti-H5 or anti-H7 antibodies could be recognizing conserved
regions of the viral HA protein. Taking in consideration that most of the population have
been vaccinated against IAV, infected with IAV, or both (even multiple times), the results
obtained by ELISA were, to some extent, expected.
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FIG 4 Violin plots (with all points) showing GMTs of HAI antibodies against IAV subtypes H1 (C), H3 (D), H5 (A), and H7
(B) in human serum samples. HAI titers against the indicated IAV subtypes were determined in human serum samples
corresponding to individuals born in 1925-1967 (G1), 1968-1977 (G2), and 1978-1997 (G3) and collected immediately
before vaccine administration (T1), and post-vaccination at 28 days after vaccination (T2) or 6 months after vaccination (T3).
Statistical analysis was performed using one-way ANOVA with Bonferroni’s multiple comparison test. *P < 0.05; **P > 0.01; ***P
< 0.001; ****P < 0.0001.

Cross-reactive antibodies to neutralize IAV H5N1 in vitro

NAbs are the desired immunological outcome for the induction of protective immunity
after influenza vaccination or infection (24, 36, 46-48). Assess to evaluate the presence
of NAbs are time-consuming and usually involve secondary methods to detect the
presence of the virus. We have previously demonstrated that this limitation can be
circumvented by using IAV harboring fluorescent or luciferase reporter genes whose
expression can be monitored or quantified directly (31, 32, 36). To that end, we
developed NLuc-expressing viruses to test the presence of NAbs in an NLuc-based MN
assay. To demonstrate that PR8(H5N1)-NLuc or PR8(H7N9)-NLuc can be used to easily
identify NAbs, confluent monolayers of MDCK cells were infected with each virus that
had previously been incubated with H5- or H7- specific serum (NR-665 and NR-48597,
respectively) (Fig. 6). Then, at 48 h p.i, NLuc activity in the culture supernatants
was quantified. As expected, PR8(H5N1)-NLuc and PR8(H7N9)-NLuc were specifically
neutralized by H5- or H7-specific antibodies, respectively (Fig. 7), demonstrating the
feasibility of using PR8(H5N1)-NLuc or PR8(H7N9)-NLuc and the NLuc-based MN assay to
detect NAbs.

Next, pre-existing immunity (T1) against IAV H5N1 in 135 individuals from different
groups of age (G1, G2 and G3) were tested. In addition, whether seasonal IIV can induce
heterosubtypic responses and NAbs against IAV H5N1 was also determined (T2 and
T3). For that, the ability of serum samples collected before (T1) or after (T2 and T3)
(Table 1) vaccination to neutralize PR8(H5N1)-NLuc was evaluated using our NLuc-based
MN assay. Figure 7A shows a heatmap of the neutralization levels observed for each
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FIG 5 ELISA. The presence of IgG antibodies recognizing H5 (A) or H7 (B) was evaluated by ELISA using
purified recombinant H5 (NR-59424, A/bald Eagle/Florida/125/2017) or H7 (NR-44365, A/Anhui/1/2013)
proteins. Human serum samples corresponding to individuals born between 1925 and 1967 (G1), 1968
and 1977 (G2), and 1978 and 1997 (G3) were collected immediately before vaccine administration (T1),
and post-vaccination at 28 days after vaccination (T2) or 6 months after vaccination (T3). ¥, P < 0.05, using
one-way ANOVA. Data were also evaluated for the serum samples obtained from female (C and D) or

male (E and F) subjects.

individual sample, and the average data are summarized in Fig. 7B. NAbs were detected
mainly in the lower dilutions of serum (1/10 and 1/40). For T1, the higher levels of
neutralization were observed for G1 and G3. However, no significant differences were
observed for serum samples collected at T2 after vaccination. In T3, G1 and G2 showed
slightly greater levels of neutralization on average. Before vaccination (T1), 19.5%, 9.8%,
and 16.3% of individuals had NAb titers >1/40 (considered as protection) for G1, G2,
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and G3, respectively (Fig. 7C). However, after vaccination, the percentage of individuals
showing protective NAb titers (=1/40) was 17.1% (T2) or 19.5% (T3) for G1, 31.4% (T2) or
11.8% (T3) for G2, and 39.5% (T2) or 6.98% (T3) for G3, and we did not observe significant
differences between female or male subjects, which could be a consequence of the low
number of samples (Fig. 7C). The majority of them showed, specifically, titers of 1/40,
as we did not observed higher protective titers in most of these people (Fig. 7B). The
data suggest that seasonal IIV contributed to increase the levels of NAbs, at least for G2
and G3, which could be associated with immunosenescence in G1. Crystal violet staining,
although a more subjective and less quantifiable method, confirmed the results obtained
when NLuc activity was measured in the tissue culture supernatant (data not shown).
These results in the MN assays, although similar, did not correlate perfectly with those of
the HAI assay, but this was expected given the different nature of these assays (36, 49).
HAI assays are only able to detect receptor-binding domain (RBD) HA NAbs while the MN
assay are able to detect RBD and stalk HA and NA NAbs (39, 49).

Cross-reactive antibodies to neutralize IAV H7N9 in vitro

The presence of NAbs against IAV H7N9 was also evaluated for the 135 individuals
distributed in G1, G2, and G3, before vaccination (T1), or after vaccination (T2 and T3).
For that, NLuc-based MN assays were performed using the same human serum samples
and PR8(H7N9)-NLuc (Fig. 8). The data suggest that, at T1, G1 shows higher levels of
NAbs. In contrast, at T2, groups G2 and G3 showed higher levels of NAbs. The levels
of NAbs at T3 were similar to those detected in T1 for the three age groups (G1, G2,
and G3) (Fig. 8A and B). As in the case of NAbs against H5N1, most of individuals had
detected NAbs only in the lower dilutions of serum (1/10 and 1/40). Figure 8C shows
the percentages of subjects whose NAb titers were >1/40 (considered protection) for
each group. These percentages indicate that before (T1) or after vaccination, the NAb
titers protected against PR8(H7N9)-NLuc were 29.3% (T1), 12.2% (T2), or 24.39% (T3) for
G1; 13.7% (T1), 35.3% (T2), or 15.69% (T3) for G2; and 11.6% (T1), 51.2% (T2), or 16.28%
(T3) for G3. We did not observe significant sex-specific differences. Taken together, these
data suggest that some weak heterotypic responses to H7N9 virus are induced after
vaccination (T2) with seasonal IV, and that the responses are better for G2 and G3.
Crystal violet staining confirmed the results obtained in the NLuc-microneutralization
assay (data not shown). Similar results were observed in the HAI assays, although with
some expected discrepancies as indicated above for H5N1.

A) M o-H5 B «-H7 B) B a-H5 B a-H7
140~ 140
\0120- \0120
> 100+ 2> 100
2 80 2 80
k3] k3]
§ 60- S 60
3 40- 2 40
20 20
0 0
S D O o S D S S o
OSSN S S LS DS S
NSNS OIS \\\'1» \\cfb e NSNS ORI \\,(L \\q‘jo Ao
Dilution Dilution

FIG 6 NLuc-based microneutralization assay for evaluating IAV NAbs. One to 200 FFU of PR8(H5N1)-NLuc (A) or PR8(H7N9)-

NLuc (B) viruses were preincubated with twofold serial dilutions (starting dilution 1/40) of the indicated sera for PR8 H5N1

(NR-665) or PR8 H7N9 NR-48597) for 1 h. Subsequently, MDCK cells (96-well plates, 2 x 10* cells/well, and

triplicates) were

infected with the antibody-virus mixture. Virus neutralization was determined by quantitating NLuc reporter expression at

48 h p.i. Mock-infected cells were used as internal controls for basal levels of luciferase (NLuc) expression.
the absence of serum were used to determine the maximum reporter expression. The data are presented

triplicate analyses.
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FIG 7 Identification of cross-neutralizing antibodies against HSN1. One to 200 FFU of PR8(H5N1)-NLuc
was preincubated for 1 h with fourfold serial dilutions (starting dilution 1/10) of the human serum
samples corresponding to individuals born in 1925-1967 (G1), 1968-1977 (G2), and 1978-1997 (G3)
and collected immediately before vaccine administration (T1), and post-vaccination at 28 days after
vaccination (T2) or 6 months after vaccination (T3). Subsequently, MDCK cells (96-well plates, 2 x
10* cells/well, and triplicates) were infected with the antibody-virus mixture. Virus neutralization was
determined by quantitating NLuc reporter expression at 48 h p.i. Mock-infected cells were used as
internal controls for basal levels of luciferase (NLuc) expression. Infected cells in the absence of serum
were used to determine maximum (100%) reporter expression. NLuc activity or neutralization for the
individual serum samples is displayed using a heatmap visualization method (A). The average for the
different groups is also represented (B). *P < 0.05; **P > 0.01; ***P < 0.001; ****P < 0.0001, using two-way
ANOVA. Red indicates more NLuc activity or less neutralization, and green indicates less NLuc activity or
more neutralization. (C) The percentage of individuals (total, female or male) showing protection (NAb

titers =1/40) is also presented.
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DISCUSSION

The threat of AIV, mainly HPAI H5N1, to cause the next influenza pandemic remains a
major health concern. In this work, the basal heterosubtypic immunity against H5N1
and H7N9 |AV subtypes was evaluated. In addition, cross-protection induced by human
seasonal IV was determined. The analysis was performed in three age groups of adults
using approximately 400 serum samples. To perform this study, we engineered four
new recombinant viruses expressing the HA and NA of H5N1 or H7N9 strains in the
backbone of PR8, including NLuc-expressing versions, to perform NLuc-based MN assays.
The identity and replication properties of these viruses were characterized.

It is assumed that a 1:40 titer of antibodies with HAI activity will reduce the risk of
being infected with seasonal IAV HIN1 or H3N2 by 50% (39). Although we are aware
that the same may not exactly apply to infections with potentially pandemic or zoonotic
IAVs, as long as there are no specific works evaluating that, or to all age groups, for our
study, we consider this value to be indicative of protection for both HAl and MN assays
because some previous publications used it and these values are used also for clinical
trials evaluating avian influenza vaccines, based on CBER/CHMP recommendations. Our
HAI data, using PR8(H5N1) or PR8(H7N9) inactivated viruses, show limited levels of
seroprotection and seroconversion for HSN1 or H7N9 viruses. For H5N1, seroprotection
was greater after vaccination (T2) for G2 and G3. However, for H7N9, the percentage of
seroprotection was similar in all cases.

Previous results from animal studies or epidemiologic reports indicate that hetero-
subtypic immunity should be considered as a significant factor in the immune response
against novel IAV infections (50). Our MN assay results showed that some basal
heterosubtypic immunity against H5N1 and H7N9 IAV subtypes may exist, although
at low levels. Moreover, our findings suggest that vaccination against seasonal 1AV
could boost heterosubtypic immunity against unrelated H5N1 or H7N9 strains. However,
despite the level of NAbs detected, it remains unclear whether heterosubtypic immunity
could be correlated with protection efficacy and help to reduce the severity caused
by H5N1 or H7N9 |AV infections. In a previously published study by of our group, we
demonstrated also a moderate response of heterosubtypic antibodies after seasonal
vaccination (27). In this work, we showed that a seasonal IV is able to induce protective
titers against the H5N1 subtype in 12.2%-15.0% of the population regardless of their
age, but we did not demonstrate an increase in antibodies against H7N9 (27).

Heterosubtypic immunity is a well-described phenomenon for human IAV (27, 45, 50,
51). Several observational and clinical studies have confirmed the presence of serum
antibodies against H5N1 in a reduced number of participants before seasonal influenza
vaccination (52-56). This means that, in the absence of known circulation of H5N1, these
antibodies probably came from heterosubtypic reactions after either seasonal influenza
vaccination or natural infection. Recently, van Maurik et al. demonstrated that vaccina-
tion of mice with seasonal IIV elicited a humoral heterosubtypic immune responses
against H5N1 (50). The authors showed that H1 HA-specific rather than H3 HA- or B
HA-specific IgG antibodies had heterosubtypic reactivity against recombinant H5. This
was not surprising since the H1 subtype is more antigenically related to the H5 subtype
than to the H3 subtype (57, 58). Indeed, this relation seems to be observed when
correlation of HAI antibodies were compared among the different seasonal and avian
viruses tested, observing that H1 have little but clear relationship with H5, but, interest-
ingly, also with H7, while H3 did not correlate with any of them. This work, unfortunately,
lacks information on previous natural influenza virus exposures and/or the vaccination
history of the people recruited for our study. Therefore, we cannot establish a direct
correlation on protection and previous vaccination or natural exposure to influenza. We
expected differences in antibody titers and seroprotection before vaccination because
of the first exposures to influenza viruses related with the age of each individual.
However, we did not observe any remarkable difference among the different age groups.
Therefore, at least with our data, antigenic seniority was not demonstrated as a factor
affecting neither H5 nor H7 protection levels before seasonal vaccination (59).
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FIG 8 Identification of cross-neutralizing antibodies against H7N9. One to 200 FFU of PR8(H7N9)-NLuc was preincubated
for 1 h with fourfold serial dilutions (starting dilution 1/10) of the human serum samples corresponding to individuals born
in 1925-1967 (G1), 1968-1977 (G2), and 1978-1997 (G3) and collected immediately before vaccine administration (T1), and
post-vaccination at 28 days after vaccination (T2) or 6 months after vaccination (T3). Subsequently, MDCK cells (96-well
plates, 2 x 10" cells/well, and triplicates) were infected with the antibody-virus mixture. Virus neutralization was determined
by quantitating NLuc reporter expression at 48 h p.i. Mock-infected cells were used as internal controls for basal levels
of luciferase (NLuc) expression. Infected cells in the absence of serum were used to determine maximum (100%) reporter
expression. NLuc activity or neutralization for the individual sera samples was displayed using a heatmap visualization method
(A). The average for the different groups is also represented (B). *P < 0.05; **P >0.01; ***P <0.001; ****P < 0.0001, using
two-way ANOVA. Red indicates more NLuc activity or less neutralization, and green indicates less NLuc activity or more

neutralization. (C) The percentage of individuals (total, female or male) showing protection (NAb titers >1/40) is also indicated.
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In another study, groups of ferrets were infected with seasonal IAV HIN1 or H3N2
or immunized with seasonal IIV. Then, serological (HAI or MN) assays revealed that
cross-reactivity against the H5N1 virus was not detected in any group (60). Following
challenge with A/Vietnam/1203/2004 (H5N1), only infected groups exhibited attenu-
ated viral loads leading to 100% survival. These data suggest that natural infection
with human seasonal strains could potentially provide better heterosubtypic protection
against HPAI H5N1 virus infection compared to vaccination with 1IV (60). In a recent study
by Levine et al,, it was determined that the population in the USA was immunologically
naive to H7N9 HA (61). However, seasonal vaccination induced cross-reactive functional
antibodies to H7N9 NA, but minimal cross-reactive antibody-dependent cell-mediated
cytotoxicity antibodies. In another study, it was shown that H7 cross-reactive antibodies
induced by vaccination with HIN1 or H3N2 strains are not uncommon (62). Three H3
HA-reactive MAbs generated by individuals after AV vaccination were able to neutral-
ize H7N9 viruses and protect mice against homologous challenge. Interestingly, the
H7N9-NAbs bound to the HA stalk domain.

Our results are in concordance with those previous studies, indicating that seasonal
IIV could be in some way useful in the case of an AIV pandemic. However, it is important
to note that our results also demonstrate that, far from the low-moderate increase in
the antibody titers detected only in the younger groups, we also detected that those
antibodies were almost completely lost after 6 months. This means that the usefulness
of the seasonal vaccines will be likely be limited. However, the results published by
Maurik et al. (50) demonstrated that seasonal IIV followed by a HSN1 monovalent vaccine
increases both the antibody titers against this specific subtype and also the survival
rates of mice challenged with H5N1, compared to a buffer prime followed by H5N1
monovalent vaccination. It is clear that our data support the idea that seasonal vaccines
can elicit interesting responses that could protect a low extent of population, but only for
a short time (less than 6 months). In our opinion, the data show that seasonal vaccination
may be useful only as priming and, after this initial immunization with seasonal vaccines,
we may use specific H5N1 vaccines as a booster to trigger a higher, more specific and
long-lasting response. The split (high-dose vaccine) and protein-based (standard dose
vaccine) seasonal influenza vaccines used in our work are known to specifically trigger
humoral response based on B-lymphocyte activation. With our current data, we do not
know the exact role that B memory cells could have in the case of a natural exposure to
avian influenza viruses after seasonal vaccination. However, if this stimulation is retained
in memory B cells, the long-lasting protection could be more pronounced than that we
have detected here, that was based only in the evaluation of circulating antibodies.

This is so important since these results could guide us in the vaccination schedule
in the case of a H5N1 pandemic. As we observed at the beginning of the coronavirus
disease 2019 pandemic, there was a shortage of vaccine available. Therefore, in the
case of an AIV pandemic, the same will likely occur. Currently, there are a total of
175 clinical trials involving AIV pandemic vaccines (https://www.clinicaltrials.gov/search?
cond=H5N1%20influenza&term=vaccine&aggFilters=ages:child), but only a few of them
(nine) are currently marketed, and most of them are based on old AIV strains. The
results of our study and those published by Maurik et al. (50) indicate that probably
the best vaccination strategy during the early stages of an AIV pandemic will likely
involve immunization first with seasonal IV followed, when it becomes available, with an
AlV-specific vaccine, or with specific newly designed H5N1 vaccines. This would lead to a
more robust seroprotection compared with the single administration of the monovalent
H5N1 vaccine.

On the other hand, some studies have also demonstrated the importance of the viral
NA in heterotypic protection against AlVs. Influenza NA is known to be a major antigenic
determinant of IAV, and NAbs targeting NA can be induced after IAV infection or seasonal
vaccination (51). A study published in 2008 demonstrated that the heterotypic cellular
response against H5N1 virus elicited by seasonal vaccines relies mostly on the N1 related
to the CD4-T response (45). Therefore, whether IIV (or viral infection) is able to induce
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heterosubtypic NA-reactive antibodies against IAV H5N1 or H7N9 should be studied.
Therefore, inhibition of NA activity assays could also be important for determining the
degree of protection due to anti-NA antibodies. However, the amount of NA contained
in IIV is very limited, and IIV induced limited, if any, responses to viral NA (6, 26, 48, 51).
In this regard, H5N1 and the H1N1 present in the IIV share similar N1 while this is not
the case for H7N9. On the other hand, antibodies targeting the conserved stalk domain
of HA could also be involved in the neutralization observed in our assays. However, the
mechanisms underlying H5N1 or H7N9 neutralization need to be better characterized.
These alternative mechanisms of viral neutralization could explain the discrepancies
observed for some HAI and MN results of our and other studies. However, all these
factors were not addressed in this work, but it will be important to evaluate them in
future studies. Importantly, T cell responses may also be key in mediating protection
against novel AV strains, including the H5N1 and H7N9 subtypes (22, 23, 48). Compared
with IV, live-attenuated influenza vaccines (LAIV) have been shown to be more effective
at inducing cellular responses and protecting against heterologous or heterosubtypic
strains than IIV. Therefore, it could be highly relevant to evaluate the role of LAIV in
inducing NAbs against circulating IAV strains with pandemic potential, such as H5N1 and
H7N9 viruses.

One weakness of our study is that we used old correlates of protection to evaluate
seroprotection (and neutralization), based on the 1:40 seroprotection titer, and that
these correlates are not specifically intended for AIV. Additionally, this correlation is
specific for HAI, but we also used it for neutralization assays for the comparisons made
in this work. However, following previous publications, in the absence of a specific
surrogate of protection intended for avian influenza viruses, it is accepted by the
international agencies to use the 1/40 titer as a marker for seroprotection for both
seasonal and avian influenza viruses, both for observational studies and clinical trials.
Another weakness of our study is that we did not evaluate this issue in children. Until
the season 2023-2024, it was really hard to obtain serum samples from vaccinated
children in Spain since vaccination was not recommended for this specific age group
until the mentioned season. However, in the case of children, a limited or null detec-
tion of antibodies against avian viruses may be expected, although, priming/booster
immunizations are usually harder compared to adults and the elderly. For that reason,
we think that priming with seasonal vaccines and boosting with H5N1-specific vaccines
would lead to more robust protection in children than in the elderly, but probably
similar compared to adults. However, specific studies are needed to evaluate this issue
in children. Finally, our results showed interesting heterotypic responses, but we do
not know where these antibodies are directed in the HA protein. Based on our results,
we were not able to know if antibodies are focused either on the tail nor the head of
HA, so further research is needed to know if seasonal vaccines elicit responses to more
conserved regions of both parts of the HAI, or specifically to the tail.

In summary, the immune protection against HSN1 and H7N9 AlV in the population
in our study is practically nil since a low percentage of individuals showed protective
heterotypic antibodies before vaccination. However, seasonal influenza vaccines elicited
seroprotective responses against the H5N1 subtype in nearly 15% of the younger
individuals included in the study, indicating that this kind of vaccines could be somehow
useful in the case of an H5N1 pandemic. This is important since in the first stages of
an AlV pandemic, there will likely be a shortage of specific HSN1 vaccines; therefore,
seasonal influenza vaccines could be the first line of defense against the virus and need
to be completed after specific H5SN1 vaccines are available.
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