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ABSTRACT
Current influenza vaccines elicit humoral immune responses against the haemagglutinin (HA) protein of influenza
viruses. Different antigenic sites have been identified in the HA head as the main target of haemagglutination
inhibition (HAI) antibodies (Sb, Sa, Cb, Ca1 and Ca2). To determine immunodominance (ID) of each site, we
performed HAI assays against a panel of mutant viruses, each one lacking one of the classically defined antigenic
sites and compared it to wild type (Wt). Agglutinating antibodies were measured before and after vaccination in two
different regimens: Quadrivalent Influenza Vaccine (QIV) in young adults; or Adjuvanted Trivalent influenza Vaccine
(ATIV) in elderly. Our results showed abs before vaccination were significantly reduced against all antigenic sites in
the elderly and only against Sb and Ca2 in young adults compared to the Wt. Humoral response to vaccination was
significantly reduced against all viruses compared to the Wt for the ATIV and only against Sb and Ca2 for the QIV.
The strongest reduction was observed in all cases against Sb followed by Ca2. We concluded that ID profile was
clearly dominated by Sb followed by Ca2. Additionally, the antibody response evolved with age, increasing the
response towards less immunodominant epitopes of HA head. Adjuvants can positively influence ID hierarchy
broadening responses towards multiple antigenic sites of HA head.
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Introduction

Seasonal influenza represents an important socioeco-
nomic burden [1]. According to the World Health
Organization (WHO), influenza epidemics affect 10–
20% of the global population; and are responsible for
approximately three to five million severe cases and
290,000–650,000 respiratory deaths each year [2,3].
Additionally, the economic impact has been estimated
in a total annual burden of 6–14 billion euros in the
European Union and 87.1 billion dollars in the United
States alone [4,5]. The best strategy to address
influenza epidemics is through annual vaccination
campaigns. However, according to the Centers for
Disease Control and Prevention, the effectiveness of
the current vaccines is moderate ranging from 20 to
70% depending on the season [6]. On the other
hand, influenza virus infection provides short-lasting
strain-specific protection through neutralizing anti-
bodies that impair viral attachment and membrane
fusion [7]. The major target of the antibodies induced

by vaccination and infection is the head of the hae-
magglutinin (HA), the major glycoprotein of the sur-
face. One of the reasons for the poor effectiveness of
vaccines, is that the error-prone polymerase of
influenza A viruses causes amino acid substitutions
that rapidly accumulate in the HA head, enabling
immune evasion [8–10]. That phenomenon, known
as antigenic drift, makes necessary to reformulate
and re-administer vaccines yearly [11].

The HA protein contains two major extracellular
domains, a plastic globular head, and a highly con-
served stem. Antibodies against the stem are more
cross-reactive and can bind different strains of the
same phylogenetic group providing broad protection
against severe outcomes [12]. However, the immune
response to vaccination or infection generally pro-
motes the generation of antibodies that bind to a lim-
ited number of immunodominant antigenic sites [13].
Those sites, located in the head of the HA, lead to
strain-specific protection after exposure [14].
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Classically, five antigenic sites in the head of the HA
have been identified, characterized and defined as
Sb, Sa, Cb, Ca1 and Ca2 [15,16]. The first two, are
placed on the distal tip of each monomer; while Cb,
Ca1 and Ca2 are placed proximally, near the stalk
domain. The receptor binding site (RBS), where the
attachment to sialic acids occurs, is located between
Sb, Ca2 and Sa [8,16,17]. Several efforts have been
made to characterize the ID hierarchy for influenza
viruses. This is critical to fully understand antibody
immunity to influenza viruses and guide the design
of future improved influenza vaccines [18,19].

It has been previously shown that the antigenic sites
in influenza H1 haemagglutinin display species-
specific immunodominance (ID). Additionally, the
antibody-mediated immune responses against the
head domain of an H1 haemagglutinin differ in ani-
mals and humans after vaccination [18]. To quantify
ID after influenza vaccination in humans, a panel of
mutant viruses each lacking a classically defined anti-
genic site in the head of the HA protein of the pan-
demic-like H1 strain A/Michigan/45/2015 was used.
We determined the ID of the mentioned antigenic
sites in young adults and elderly after vaccination
with a quadrivalent influenza vaccine (QIV) or adju-
vanted trivalent influenza vaccine (ATIV), respect-
ively. Our results suggest the existence of an age-
related evolution of ID hierarchy with broader
response towards all sites in the elderly. Additionally,
adjuvants could play a role in broadening the response
towards subdominant antigenic sites.

Materials and methods

Patient recruitment

A total of 162 individuals were recruited from vacci-
nation programmes during the Influenza Vaccine
Campaign (IVC) 2018 conducted by the Influenza
Sentinel Surveillance Network of Castile and Leon
(ISSNCyL) and the National Influenza Centre of Val-
ladolid (Spain) to assess vaccine immunogenicity of
the population. Those samples were used to perform
ID studies at the Mount Sinai Hospital in New York
(U.S.A). Serum was obtained by clinicians before
influenza vaccination and 28 days after. Two seasonal
influenza vaccines were used following the WHO rec-
ommendations for the Northern hemisphere; and
contained: A/Michigan/45/2015 (H1N1)pdm09-like
virus, A/Singapore/INFIMH-16-0019/2016 (H3N2)-
like virus and B/Colorado/06/2017-like virus (B/Vic-
toria/2/87 lineage) for ATIV and B/Phuket/3073/
2013-like virus (B/Yamagata/16/88 lineage) for QIV.
Following vaccine recommendations in Spain, sub-
jects≥ 65 years old received an ATIV (Chiromas,
Seqirus) and subjects <65 years old received an QIV
(Vaxigrip Tetra, Sanofi Pasteur).Written informed

consent was obtained from participants. This research
was performed according to the Declaration of Hel-
sinki and approved by the Ethics Committee of East-
Valladolid health area under the code PI 21-2314.

Panel of virus

A panel of five recombinant viruses was generated:
H1-ΔSa, H1-ΔSb, H1-ΔCa1, H1-ΔCa2, H1-ΔCb,
were the classically defined H1 antigenic sites (Sb,
Sa, Cb, Ca1 and Ca2) had been partially substituted
with heterologous antigenic sites from either H5 or
H13 HAs. Specifically, each mutant virus contained
five or more amino acid substitutions within one anti-
genic site while the other four sites remained intact.
The methods and description of the generation of
these viruses have been previously published [18].
Viruses were kindly donated by Peter Palese. Viruses
were cultured in allantoid fluid in 10-days-old
embryonated chicken eggs and then haemagglutina-
tion assay was performed to confirm the growth of
each virus before freezing at −80°C. To ensure the
viruses had not suffered egg-adaptative mutations,
they were sequenced before their use.

Haemagglutination inhibition assay (HAI)

The presence of antibodies in serum samples was ana-
lysed following the WHO and the Influenza Surveil-
lance Network for the surveillance of influenza
viruses and vaccine efficacy protocol [20]. Beforehand
to the HAI, 100 µl of each sample was treated with
300 µl of RDE (Receptor Destroying Enzyme; Denka
Seiken, Tokyo, Japan) to eliminate non-specific inhibi-
tors. This solution was incubated overnight (12–18 h)
at 37°C in a water bath and then deactivated with
300 µl of 2.5% sodium citrate solution and diluted in
300 µl PBS to a work concentration of 1/10. Before
performing HAI, each virus was titred and standar-
dized to 8 haemagglutination units (8HU)/50 µl after
thawing. Two-fold dilutions of 25 µl of each serum
in 25 µl of HA buffer were conducted in 96-V-micro-
well plates, and then 25 µl of the virus was incorpor-
ated and incubated for 30 min at room temperature.
Finally, 50 µl of turkey erythrocytes at 0.5% were
added and incubated at 4°C for another 45 min. The
HAI titre was defined as the highest dilution at
which haemagglutination inhibition occurred. Assays
were performed in triplicates and to ensure non-
specific agglutinants were present a negative and a
positive control were added to each sample.

Statistical analysis

Population characteristics were compared using the
chi-square test for categorical variables Mann–Whit-
ney U-test for continuous variables. For HAI analysis,
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different parameters were calculated. Negative results
in HAI were assumed as half of the detection threshold
(1/5). The Geometric Mean Titre (GMT) and Confi-
dence interval 95% (CI95%) were computed by taking
the exponent (log10) of the mean and of the lower and
upper limits of the CI95% of the log10-transformed
values. Fold-induction (FI) was calculated dividing
the post-/pre-vaccine GMT. Seroprotection rate
(SPR) was calculated as percentage of individuals
with antibody titres≥ 1/40 and, seroconversion rate
(SCR), as percentage of individuals showing at least
a four-FI of pre-vaccination titres. To represent ID,
we calculated two parameters: Fold induction rate
(FIR) as “(FI mutant virus/FI Wt H1) × 100”, and
HAI dominance index (DI) as the reduction of HAI
titres before and after vaccination of mutant viruses
compared its respective Wt H1(GMT Wt H1/GMT
mutant virus) [18]. For quantitative variables, com-
parison of each virus against its Wt H1 was computed
by repeated measures one-way Bonferroni’s ANOVA
for multiple comparisons test with the Geisser–Green-
house correction and, Student T-test was used for
comparison between vaccines, and Friedman’s test
with Dunńs correction for comparisons before and
after vaccination. For categorical variables, compari-
son between each mutant virus and its cognate Wt
H1 was computed with McNemar’s test with the con-
tinuity correction and, with chi-square when compar-
ing vaccines. All reported P-values are based on two-
tailed tests computed by SPSS vs27 (IBM, Armonk,
NY, USA) and GraphPad Prism vs9 (GraphPad, San
Diego, CA, USA), and taking statistical significance
at the P < .05 value.

Results

Human cohorts

One hundred sixty-two individuals were recruited.
Two different influenza-inactivated vaccines were
applied according to age: a QIV in subjects of 28–64
years (46, 28.4%); and a MF59-ATIV in subjects ≥65
years old (116, 71.6%). Blood samples were collected
on day 0 (pre-) and on day 28 after vaccination
(post-). Age and sex of both cohorts are described in
Table 1.

To determine ID hierarchy, we performed HAI
against a panel of five mutant viruses where the classi-
cally defined H1 antigenic sites from A/Michigan/45/

2015 had been substituted with heterologous antigenic
sites from either H5 or H13 HAs: H1-ΔSa, H1-ΔSb,
H1-ΔCb H1-ΔCa1 and H1-ΔCa2. Since these are
both avian influenza viruses not endemic in humans,
no specific antibody responses against these sites
were expected in human sera. A significant reduction
in HAI titres against a specific virus compared to Wt
indicated loss of activity directed against the mutated
antigenic site and therefore presence of antibodies in
serum targeting such antigenic site. Main strategy of
virus generation was described by Liu et al. [18] and
is also illustrated in Supplementary Figure S1.

Baseline immunodominance landscape

To characterize the ID hierarchy at baseline before
vaccination, we investigated the levels of anti-HA
antibodies by HAI assays against the panel of mutant
viruses and against the wild type (Wt) H1 as the
reference strain considered homologous to the pan-
demic H1 strain in the vaccine. Since these are pre-
existing antibodies before vaccination, the main
difference between the QIV and the ATIV cohorts
is age the QIV cohort including individuals younger
than 65 years old, and the ATIV cohort having indi-
viduals older than 65 years old. Figure 1(A) shows
HAI titres of each individual patient together with
the calculated GMT and CI95% for each cohort at
day 0. As expected, both cohorts had the highest
GMT against the Wt H1 virus, with a value of 33.4
and 27.1 for the QIV and ATIV cohorts, respectively.
When compared to Wt H1, the QIV cohort revealed
significantly lower GMT at baseline against H1-ΔSb
and H1-ΔCa2 indicating high levels of antibodies
targeting these two antigenic sites. On the other
hand, no significant reduction was observed when
assessing the antibody response against the H1-
ΔSa, H1-ΔCb and H1-ΔCa1. In addition, H1-ΔSb
was significantly lower than H1-ΔCa2, revealing Sb
as the most prevalent HA epitope in terms of amount
of antibodies before vaccination. By contrast, the
ATIV cohort showed a significantly lower basal
GMT against not only H1-ΔSb and H1-ΔCa2, but
also H1-ΔSa, H1-ΔCb and H1-ΔCa1 when compared
to Wt H1 at baseline. Likewise, Sb remained the most
immunodominant epitope, followed by Ca2. Those
results confirmed that antibodies targeting both Sb
and Ca2 are highly prevalent in the humoral anti-
body landscape against H1 IAV in adults. We next
calculated the seroprotection rate (SPR, percentage
with HAI titres ≥1/40) for each mutant virus and
compared it to the H1-Wt SPR in each cohort
(Figure 1(B)). Similar than GMT values, significant
differences were found for H1-ΔSb compared to
H1-Wt: 4.3% vs. 54.3% (P < .0001) in the QIV cohort
while no significant differences were found when
comparing the other viruses. On the other hand,

Table 1. Age and sex of QIV and ATIV cohorts.
QIV ATIV P-value

N 46 116
Age (mean, CI95) 52.3 (49.0–55.6) 78.6 (76.9–80.3) <.0001***
Men (n, %) 19 (41.3%) 62 (53.45%) .135

Two-tailed P-value was calculated using Mann–Whitney T-test for age and
chi-square for sex. *P < .05, **P < .01, ***P < .001.
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SPR was significant different for all modified viruses
when compared to Wt H1 in the ATIV cohort, par-
ticularly in the case of H1-ΔSb and H1-ΔCa2, with
values of 3.4% and 31.0%, respectively, versus Wt
H1 (50%)..

Immunodominance after seasonal influenza
vaccination

Overall, both vaccines produced a significant increase
on HAI titres for all viruses except for H1-ΔSb. In
QIV, a GMT of 116.6, 10.3, 111.4, 87.6, 113.1 and
35.5 was found for Wt, ΔSb, ΔSa, ΔCb, ΔCa1 and
ΔCa2, respectively. Similar trend was found for
ATIV, with GMT of 74.5, 8.1, 48.7, 55.6, 58.6 and
32.3 for Wt, ΔSb, ΔSa, ΔCb, ΔCa1 and ΔCa2, respect-
ively (Supplementary Figure S2). Next, we calculated
the SPR for each mutant virus. SPR was 89.1, 23.9,
80.4, 80.4, 84.8 and 52.2 for Wt, ΔSb, ΔSa, ΔCb,
ΔCa1 and ΔCa2, respectively, in QIV. Meanwhile

SPR was 79.3, 7.8, 66.4, 75.0, 75.9 and 56.9 for Wt,
ΔSb, ΔSa, ΔCb, ΔCa1 and ΔCa2, respectively in
ATIV (see Table 2). When compared to the Wt H1
in QIV differences were found. First, GMT values
for H1-ΔSb, H1-ΔCa2 and exceptionally H1-ΔCb
(Figure 2(A)) were significantly lower. However,
only SPR against H1-ΔSb and H1-ΔCa2 were signifi-
cantly lower compared to 89.1% against the Wt H1
(Figure 2(B)). We next calculated fold induction (FI)
from baseline levels and determine the seroconversion
rates (SCR, percentage with four-fold induction) after
vaccination in both cohorts. FI against the Wt H1 and
the modified viruses are represented in Figure 2(C).
Results showed significantly lower values against H1-
ΔSb (1.62) and H1-ΔCa2 (2.26). Similarly, SCR rep-
resented in Figure 2(D) was 41.3% for Wt H1 virus,
while significant lower values were found for H1-
ΔSb and H1-ΔCa2, 17.4% and 21.7%, respectively.
These results align with previous published data and
highlight the immunodominant role of Sb and Ca2

Figure 1. Baseline antibody levels. In (A) individual profiles of HAI antibody responses at day 0 against Wt H1 and modified viruses
H1-ΔSb, H1-ΔSa, H1-ΔCb and H1-ΔCa1 and H1-ΔCa2 is represented. GMT value is marked in each column. P-values were deter-
mined with the repeated measures one-way Bonferroni’s ANOVA for multiple comparisons test with the Geisser–Greenhouse cor-
rection; *P < .05, **P < .01, ***P < .001, ****P < .0001. In (B) SPR before vaccination was calculated as the percentage of patients
that achieved HAI titres≥ 1/40 for each virus and compared to the respective Wt H1 for each cohort. The two-tailed P-value was
calculated with the McNemar’s test with the continuity correction; *P < .05, **P < .01, ***P < .001, ****P < .0001.
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in the influenza vaccine-induced antibody response.
Similar trend was found for the ATIV cohort,
although with some distinctions. While only differ-
ences in SPR were found for the H1-ΔSb and H1-
ΔCa2 when compared to Wt H1 in the QIV, ATIV
cohort also showed differences against the H1-ΔSa
site. However, when comparing GMT values, a
broader response was found and antibody titres
against all antigenic sites showed a significant decrease
compared to Wt H1 (Figure 2(A,B)). To understand if
whether this broader response towards other classi-
cally less immunodominant antigenic sites such as
Sa, Cb and Ca1, was due to pre-existing levels, we
next calculated FI and SCR after ATIV vaccination.
As shown in Figure 2(C,D) FI was significantly
lower for all viruses except H1-ΔCa1. However, SCR
was significantly lower for H1-ΔSb (9.5%) and H1-
ΔCa2 (21.6%) compared to the Wt H1(33.6%). So
far, these results showed the ID of Sb and Ca2 over
other antigenic sites and suggest that the use of adju-
vanted influenza vaccines could enhance the immuno-
genicity of less immunodominant antigenic sites.
Next, we compared the response between different
vaccine regimes (Table 2). Overall, no significant
differences between vaccines were found in Wt H1.
However, GMT values after vaccination were signifi-
cantly reduced for H1-ΔSa, H1-ΔCb and H1-ΔCa1
for ATIV while GMT values for H1-ΔSb and H1-
ΔCa2, remained similar in both cohorts. When com-
paring FI levels, a significant decrease was found for
H1-ΔSa, H1-ΔCb and H1-ΔSb in the ATIV cohort,
while SPR H1-ΔSb was also lower in the ATIV
group. No differences between vaccines were found
in SCR. The observed reduction of antibodies against
additional antigenic sites in the ATIV cohort confirms

the broader response induced by this vaccine against
all antigenic sites compared to the QIV. To assess if
differences in the magnitude of antibody responses
according to type of vaccine could be biased by pre-
existing immunity, we next investigated the SCR
according to baseline seroprotection rates. As
expected, previously non-seroprotected subjects pre-
sented higher SCR (Supplementary Figure S3). In the
QIV group, the SCR was significantly higher in indi-
viduals non-seroprotected before receiving the vaccine
for all viruses except for H1-ΔSb and H1-ΔCa2, where
no significant differences depending on the previous
protection status were found. In the case of the
ATIV, SCR was significantly higher in previously
non-seroprotected population for all viruses except
for H1-ΔSb (χ2, P < .05).

Immunodominance representation

Last, and to better illustrate the impact of the type of
vaccine on the ID, we calculated two parameters:
fold induction rate (FIR) and HAI dominance index
(DI) (Figure 3). The FIR represents the percentage
of FI achieved by each mutant virus, when considering
Wt H1 as 100%. The second (DI), represents the
reduction of HAI titres before and after vaccination
in a mutant virus compared to its respective Wt H1
(GMT Wt H1/GMT mutant virus) [18]. Therefore,
higher values represent higher immunodominance.
Significant differences were found in H1-ΔSb and
H1-ΔCa2 with FIR of 46.4% and 64.6% after QIV vac-
cination. On the other hand, ATIV showed significant
differences for all mutant viruses compared, with
stronger reductions in the case of H1-ΔSb (48%) fol-
lowed by H1-ΔCa2 (74.2%) (Figure 3(A)). When

Table 2. Vaccination responses in the QIV and ATIV cohorts.
VIRUS POST-VACCINE QIV ATIV P-value

Wt H1 GMTs (CI 95%) 116.6 (79.9–170.1) 74.5 (58.2–95.3) .053
SPR (%) 89.1 79.3 .142
Fold induction 3.5 2.8 .218
SCR (%) 41.3 33.6 .358

H1-ΔSb GMTs (CI 95%) 10.3 (7.5–14.2) 8.1 (7.0–9.3) .105
SPR (%) 23.9 7.8 .005**
Fold induction 1.6 1.3 .043*
SCR (%) 17.4 9.5 .158

H1-ΔSa GMTs (CI 95%) 111.4 (72.7–170.8) 48.7 (37.3–63.6) <.001***
SPR (%) 80.4 66.4 .077
Fold induction 3.9 2.4 .007**
SCR (%) 43.5 33.6 .240

H1-ΔCb GMTs (CI 95%) 87.6 (59.2–129.6) 55.6 (44.1–69.9) .042*
SPR (%) 80.4 75.0 .462
Fold induction 3.3 2.3 .043*
SCR (%) 41.3 31.9 .256

H1-ΔCa1 GMTs (CI 95%) 113.1 (75.0–170.7) 58.6 (46.3–74.3) .005**
SPR (%) 84.8 75.9 .213
Fold induction 3.4 2.5 .089
SCR (%) 34.8 29.3 .497

H1-ΔCa2 GMTs (CI 95%) 35.5 (22.6–55.6) 32.3 (25.9–40.2) .675
SPR (%) 52.2 56.9 .585
Fold induction 2.3 2.0 .515
SCR (%) 21.7 21.6 .275

P-values were determined with the Student T-test for GMT and Fold-induction and chi-square test for SPR and SCR. *P < .05, **P < .01, ***P < .001.
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Figure 2. Response to vaccination. In (A) individual profiles of HAI antibody responses at day 28 against Wt H1 and modified
viruses H1-ΔSb, H1-ΔSa, H1-ΔCb and H1-ΔCa1 and H1-ΔCa2 is represented. GMT value is marked in each column. P-values
were determined with the repeated measures one-way Bonferroni’s ANOVA for multiple comparisons test with the Geisser–Green-
house correction; *P < .05, **P < .01, ***P < .001, ****P < .0001. In (B) SPR after vaccination was calculated as the percentage of
patients that achieved HAI titres≥ 1/40 for each virus and compared to the respective Wt H1 for each cohort. The two-tailed P-
value was calculated with the McNemar’s test with the continuity correction; *P < .05, **P < .01, ***P < .001, ****P < .0001. In (C)
Fold induction of HAI titres or GMT increase (calculated as “GMTpost/GMTpre”) is represented of modified viruses H1-ΔSb, H1-ΔSa,
H1-ΔCb and H1-ΔCa1 and H1-ΔCa2 compared to the Wt H1 in each cohort. P-values were determined with the repeated measures
one-way Bonferroni’s ANOVA for multiple comparisons test with the Geisser–Greenhouse correction; *P < .05, **P < .01, ***P
< .001, ****P < .0001. In (D) SCR was calculated as percentage of patients who reached a four-fold-induction for each virus
and compared to its respective Wt H1 for each cohort. The two-tailed P-value was calculated with the McNemar’s test with
the continuity correction; *P < .05, **P < .01, ***P < .001, ****P < .0001.
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represented as HAI DI, responses following QIV vac-
cination were mainly generated against the dominant
antigenic sites Sb and Ca2. Whereas, ATIV vacci-
nation showed a broader immune response, despite
a predominance of Sb (Figure 3(B)).

Discussion

Our study demonstrates that ID can evolve under the
influence of different factors. The term “Immunodomi-
nance” was first coined in 1966 [21]. ID describes the
strong tendency of the immune response to respond
to complex antigens in a hierarchical manner, with
higher involvement of “immunodominant” antigens
that potentially suppress responses to “subdominant”
antigens [8]. Recently, the stem of the HA protein of

influenza viruses has shown potential as a universal
influenza vaccine candidate because it is very conserved
among different subtypes of the same phylogenetic
group. However, and despite being subjected to 2.2–
2.4 times higher evolution rate than the stem domain,
the head is the main target of neutralizing Abs, because
of its IDover othermore conserved epitopes [14,22,23].
Most vaccines elicit protective Abs andmemory B cells
that will respond quickly to a subsequently exposure.
This can be related to serum HAI titres as a major cor-
relate of protection against influenza-related illness
[24,25]. Although other non-classical epitopes have
been defined as HAI susceptible, in this work we have
focused on characterization of the classically defined
antigenic sites (Sa, Sb, Cb, Ca1 and Ca2) through
HAI [15,16,26,27].

Figure 3. In (A) Fold Induction Rate ((FI mutant virus/FI Wt H1) × 100) of each virus is represented and compared to the Wt, which
is 100%, in both cohorts. P-values were determined with the repeated measures one-way Bonferroni’s ANOVA for multiple com-
parisons test with the Geisser–Greenhouse correction; *P < .05, **P < .01, ***P < .001, ****P < .0001. In (B) Dominance index of HAI
titres before and after vaccination with QIV and ATIV vaccines is represented.
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The influence of age in immune responses and vac-
cination has been known for many years [28–32]. In
this study, two different cohorts are presented based
on age as well as type of vaccine received. Our results
show that there are already differences in the ID hier-
archy before vaccination. The cohort receiving the
QIV, which was significantly younger, showed a sig-
nificant reduction of pre-vaccination HAI titres
against H1-ΔSb and H1-ΔCa2 compared to the Wt
H1, revealing an ID of Sb > Ca2 over the other anti-
genic sites. However, the cohort receiving the ATIV,
formed by the elderly, showed a significant reduction
in HAI titres against all mutant viruses, revealing an
HAI ID of Sb > Ca2 > Sa > Cb > Ca1. Those findings
suggest that age which can be considered a proxy of
previous history of IAV exposures, is a factor that
influences ID hierarchy of different antigenic sites.
Young adults showed Sb and Ca2 as more immunodo-
minant epitopes, whereas in the elderly responses also
targeted other subdominant epitopes such as Sa, Cb
and Ca1. The elderly have been, in general, more
exposed to diverse and multiple influenza virus anti-
gens, by both infection and vaccination. This could
explain that subsequent exposures lead to a broader
response against all epitopes. It is well known that
Ab responses can be influenced by Ab competition
for the same site and subsequent binding can be posi-
tively or negatively affected by allosteric effects [33].
We could therefore hypothesize that pre-existing
Abs against more immunodominant epitopes saturate
these sites, triggering responses directed to the subdo-
minant epitopes in the elderly. In fact, there are pre-
vious studies in which the existence of high levels
against dominant antigenic sites can influence Ab
responses to those dominant sites by suppressing
those responses in favour of subdominant sites after
immunogen re-challenge [34]. Taking into consider-
ation that both cohorts have comparable Ab levels,
but responses differed, we suggest this could be the
booster effect of adjuvants. On the other hand,
younger adults have been less exposed by natural
infection. Additionally, even though vaccination
response tends to be inversely correlated with age,
younger adults are not generally included in Spanish
vaccination campaigns unless known risk factors for
influenza disease severity are present. Thus, their
response is more focused on more immunodominant
epitopes which in the present study are Sb > Ca2. This
is in line with previous antibody ID studies of the HA
head epitopes indicating that humoral responses to
infection differ from those induced by inactivated vac-
cines and major Ab responses upon vaccination is dri-
ven by prior exposures [8,11,35].

Responses to both vaccines were studied through
FIR and HAI DI. Adjuvants have shown to improve
vaccine performance, increasing humoral immune
responses after seasonal influenza vaccination [36–

41]. In fact, adjuvanted influenza vaccines have
shown improved immunogenicity through higher
HAI Abs titres and memory T and B cells against anti-
genically drifted influenza viruses [42]. In our study,
the modification of the major antigenic sites results
in a significant reduction of GMT values for H1-
ΔSa, H1-ΔCb and H1-ΔCa1; and FIR for H1-ΔSb,
H1-ΔSa and H1-ΔCb in the ATIV cohort. Those
findings could suggest that ATIV increases the breath
of protection by increasing the response towards all
antigenic sites and not only the immunodominant
ones. This aligns with the results found by Khurana
et al. where the addition of MF59 adjuvant to standard
vaccines expanded the Ab repertoire as well as
increased avidity against HA head antigenic sites
after vaccination [43]. Nonetheless, the influence of
pre-existing immunity cannot be overruled in this
group. On the other hand, with QIV showed a signifi-
cant decrease of GMT only for H1-ΔSb and H1-ΔCa2,
which might be explained by the lack of adjuvants in
the vaccine or by individual differences. The above
observations contrast with the responses found by
Liu et al. where the HAI analysis against same epitopes
in humans showed an ID profile of Sb, Sa > Ca1, Ca2,
Cb. Liu et al. results align with recent studies in ani-
mals that appoint that the long-term response is domi-
nated by antibodies against HA sites Sa and Sb [34].
However, experiments were performed only in 18
human donors [18], thus it is possible that ID hierar-
chy in humans differs from that of animals.

Our study has several limitations. First is the lack of
data on cellular immune responses; however, this
study was designed as a sero-epidemiological study
on vaccine responses and only serum samples were
available. Second, the cohorts analysed differ in age
and therefore type of vaccine recommended by the
Spanish Health agencies. That limited our conclusions
on the impact of age on the immune response
observed. However, the data on pre-existing immuno-
dominance before vaccination helped to clarify this.
Additionally, the cohort who received the ATIV is lar-
ger because influenza vaccination campaigns in Spain
are mainly addressed to the elderly or population with
pre-existing conditions, leaving a small number of
samples from healthy young adults. In addition, as
previous exposures to influenza virus influence
responses after vaccination, different locations with
different influenza circulation patterns could result
in different ID hierarchy responses. Further studies
will be needed to improve our understanding of the
mechanisms involved in ID after influenza vaccination
and its correlation with influenza disease protection.
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