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ARTICLE INFO ABSTRACT
Keywords: The head domain of the hemagglutinin of influenza viruses plays a dominant role in the antibody response due to
Protection the presence of immunodominant antigenic sites that are the main targets of host neutralizing antibodies. For the
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H1 hemagglutinin, five major antigenic sites defined as Sa, Sb, Cal, Ca2, and Cb have been described. Although
previous studies have focused on defining the hierarchy of the antigenic sites of the hemagglutinin in different
human cohorts, it is still unclear if the immunodominance profile of the antigenic sites might change with the
antibody levels of individuals or if other demographic factors (such as exposure history, sex, or age) could also
influence the importance of the antigenic sites. The major antigenic sites of influenza viruses hemagglutinins are
responsible for eliciting most of the hemagglutination inhibition antibodies in the host. To determine the anti-
body prevalence towards each major antigenic site, we evaluated the hemagglutination inhibition against a panel
of mutant H1 viruses, each one lacking one of the “classic” antigenic sites. Our results showed that the in-
dividuals from the Stop Flu NYU cohort had an immunodominant response towards the sites Sb and Ca2 of H1
hemagglutinin. A simple logistic regression analysis of the immunodominance profiles and the hemagglutination
inhibition titers displayed by each donor revealed that individuals with high hemagglutination inhibition titers
against the wild-type influenza virus exhibited higher probabilities of displaying an immunodominance profile
dominated by Sb, followed by Ca2 (Sb > Ca2 profile), while individuals with low hemagglutination inhibition
titers presented a higher chance of displaying an immunodominance profile in which Sb and Ca2 presented the
same level of immunodominance (Sb = Ca2 profile). Finally, while age exhibited an influence on the immu-
nodominance of the antigenic sites, biological sex was not related to displaying a specific immunodominance
profile.

Abbreviations: CDC, Centers for Disease Control and Prevention; HA, Hemagglutinin; NA, Neuraminidase; Sa, Specific site a; Sb, Specific site b; Cal, Constant site
al; Ca2, Constant site a2; Cb, Constant site b; RBS, Receptor binding site; HI, Hemagglutination Inhibition; NYU, New York University; RDE, Receptor destroying
enzyme; ELISA, Enzyme linked immunosorbent assay; PBS, Phosphate buffered saline; PBST, Phosphate buffered saline containing 0.1% (vol/vol) Tween-20; OPD, o-
phenylenediamine dihydrochloride; ANOVA, Analysis of variance; Wt, Wild-type; ROC, receiver operating characteristic curve; CI, Confidence interval; CIVIC,
Collaborative Influenza Vaccine Innovation Centers; CEIRR, Center for Excellence on Influenza Research and Response; NIH, National Institutes of Health.
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1. Introduction

Influenza viruses are the etiologic agents of seasonal influenza, a
serious respiratory infection widely distributed around the world [1,2].
It has been estimated that around a billion people become sick with
influenza every year, with 3 to 5 million severe cases and 290 000 to 650
000 deaths annually [3]. Although influenza vaccination is the primary
intervention to prevent influenza virus infections and their complica-
tions, this strategy is not completely effective. According to the Centers
for Disease Control and Prevention (CDC) in the United States, from
2004 to 2023, the effectiveness of influenza vaccines ranged from 10 %
to 60 %, depending on the season [4]. To overcome this drastic variation
in vaccine effectiveness, a better understanding of the immunogenicity
of influenza virus vaccines is essential to develop new and better vac-
cines strategies. The main antigens that compose the viral lipid envelope
of influenza viruses are the hemagglutinin (HA) and the neuraminidase
(NA) glycoproteins [1]. Although natural infections with influenza virus
have been shown to elicit protective antibodies against the HA and NA,
during vaccination, the HA protein is the main target that is recognized
by the immune system [5,6]. The HA protein mediates entry into the
host cells by enabling viral attachment to sialic acid residues on the
surface of the cells [1]. Structurally, this protein consists of a globular
head domain and a conserved stalk (Fig. 1) [1]. Between these two
domains, the globular head plays a dominant role in the antibody
response because it contains immunodominant antigenic sites that are
the main targets of host neutralizing antibodies [7,8]. Based on the
antigenicity of the HA protein, influenza A viruses can be classified into
18 hemagglutinin subtypes divided in two phylogenetic groups: group
(1) consists of H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, and
H18; while group 2 contains H3, H4, H7, H10, H14, and H15 [1]. More
recently, a potential candidate for a new subtype, nominally H19, was
discovered in a sequence analysis of cloacal samples from wild birds in
Kazakhstan [9]. The genomic evidence showed that the new potential
H19 subtype exhibited a 30 % genetic distance, based on the HA coding
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Fig. 1. Spatial distribution of classical head domain antigenic sites from the
2009 pandemic-like H1 HA protein. Top view and lateral view of the HA trimer
crystal structure from the A/California/04,/2009 (HIN1) virus (PDB:3UBE)
[24]. Three monomers are shown in different colors: monomer one in white,
monomer two in light gray, and monomer three in dark gray. Classic antigenic
sites are highlighted in different colors as follows: Sa in blue, Sb in yellow, Cal
in light brown, Ca2 in magenta, and Cb in green. Modeling was done with
PyMOL (The PyMOL Molecular Graphics System, Version 2.5.1, Schrodinger,
LLC). To observe the antigenic sites surrounding the RBS of HA protein, a sialic
acid molecule (shown in red) is depicted in the RBS of each monomer. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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region nucleotide sequence, to the H9 subtype of group (1) [9]. Spe-
cifically, for H1, five main antigenic sites have been identified in the
head domain. These are: the specific site a (Sa) (Fig. 1, blue), the specific
site b (Sb) (Fig. 1, yellow), the constant site al (Cal) (Fig. 1, light
brown), the constant site a2 (Ca2) (Fig. 1, magenta), and the constant
site b (Cb) (Fig. 1, green) [7,8]. According to the spatial distribution of
these antigenic sites in the structure of the HA protein, Sa and Sb are
located on the top of the HA protein, while Cal, Ca2, and Cb are prox-
imate to the stalk domain (Fig. 1). The receptor binding site (RBS),
which is marked by a sialic acid on Fig. 1 (red spheres), is located be-
tween Sb, Ca2, and Sa. Since the hemagglutination inhibition (HI) titer is
an established correlate of protection against influenza virus infections
[10], two previous studies employed an HI assay to evaluate the hier-
archy of immunodominance for the antigenic sites of the 2009
pandemic-like HIN1 influenza virus strain, A/Michigan/45/2015
[11,12]. In the first paper, using antisera of different animals, Liu et al.
[11] showed that the hierarchy of the antigenic sites varies depending
on the species evaluated. While HI active antibodies in mice were tar-
geted to sites Sb and Ca2, antibodies of ferrets were directed to site Sa,
and antibodies of guinea pigs did not show any preference to a specific
antigenic site. Finally, the HI active antibodies of adult humans
exhibited a hierarchy dominated by Sa and Sb sites [11]. In the second
study, Sanchez-de Prada et al. [12] reported that the hierarchy of the
antigenic sites in humans was dominated by Sb, followed by Ca2 [12].
The reason for these contrasting results [11,12] might be related to the
different size and characteristics of the human cohorts analyzed in both
studies. Additionally, it is well known that the immunogenicity of the
influenza vaccines can be affected by the characteristics of the vaccine as
well as by host factors such as age, biological sex, health conditions, and
the immune history of the individual [13]. However, it is unclear how
these different features could also be impacting the observed antibody
response towards specific antigenic sites in the HA protein. Finally,
whether the protection from influenza virus infections could correlate
with displaying a specific immunodominance profile of the antigenic
sites also remains unknown.

This study evaluates the antibody response of human serum samples
obtained from the Stop Flu NYU cohort towards the antigenic sites of the
H1 HA of the A/Michigan/45/2015 strain and analyzes the correlation
between displaying a specific immunodominance profile and the HI ti-
ters of the individuals. We also explore if demographic factors, such as
age or sex, could influence the immunodominance of the antigenic sites
exhibited by each person.

2. Methods
2.1. Human cohorts

A total of 39 different human serum samples were obtained from the
Stop Flu NYU cohort (clinical study identifier: S21-01215). Fourteen
samples were obtained during the 2021-2022 season, while 25 samples
were obtained during the 2022-2023 season. The NYU Vaccine Center
received informed consent from participants prior to their inclusion in
the study. Participants donated blood before vaccination with the sea-
sonal influenza vaccine. Serum samples were stored at —80 °C until use.
Prior to the HI assay, samples were treated with Vibrio cholerae receptor-
destroying enzyme (RDE) (Denka Seiken, Chuo-ku, Tokyo, Japan) as
described previously [14]. RDE treatment resulted in human serum
samples with an initial 10-fold dilution.

2.2. Panel of recombinant H1 viruses

The methods and description of the generation of mutant viruses
(H1-ASa, H1-ASb, H1-ACal, H1-ACa2, and H1-ACb) have been previ-
ously published [11]. The mutant viruses were constructed by substi-
tution of the classic antigenic sites (Sa, Sb, Cal, Ca2, and Cb) of the H1
A/Michigan/45/2015 strain with the corresponding heterologous
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sequences of H5 (A/Vietnam/1203/2004) or H13 (A/black-headed
gull/Sweden/1/1999) (Sup. Fig. S1). Each mutant virus contained five
or more amino acid substitutions within one antigenic site, while the
other four sites were not altered. Viruses were grown in 10-day-old
embryonated chicken eggs for 48 h at 37 °C, then hemagglutination
assays were performed to confirm the growth of each virus before
freezing at — 80 °C. Before the experiments, the sequence of the HA
segments from each virus was confirmed by Sanger sequencing.

2.3. HI assay

Chicken red blood cells (LAMPIRE Biological Laboratories, Pipers-
ville, PA, USA) were washed in phosphate-buffered saline (PBS) and
resuspended at a concentration of 0.5 % red blood cells. 2-fold serial
dilutions of the RDE-treated human samples were done in 25 pl across a
96-well V-bottom plate. Allantoic fluid containing wild-type or mutant
H1 viruses was diluted to eight HA-units and then incubated in equal
volumes with antisera (25 pl each) for 30 min at 25 °C. Fifty microliters
of chicken red blood cells (0.5 % in PBS) were then added. Finally, the
plates were incubated for 30 min at 4 °C and the HI titers were visually
determined.

As described previously [11], based on the HI titers for each mutant,
we calculated the HI immunodominance index following equation (1).
For this equation, a value of 5 was assigned to samples with no HI ac-
tivity [11].

HI titer of wild type virus

(€Y

HI immunodominance index = - -
HI titer of mutant virus

2.4. Enzyme linked immunosorbent assay (ELISA)

The recombinant HA protein of the H1 A/Michigan/45/2015 strain
used for ELISA was produced as described previously [15]. Immulon 4
HBX 96-well microtiter plates (VWR International, Radnor, PA, USA)
were coated with 50 pL/well of the recombinant HA proteins at 2 pg/mL
in 1x coating buffer (SeraCare Life Sciences, Milford, MA, USA). The
plates were incubated overnight at 4 °C. On the day of the experiment,
all plates were washed three times with 220 pL of PBS containing 0.1 %
(vol/vol) Tween-20 (PBST). Afterwards, 220 pL of blocking solution (3
% goat serum, 0.5 % non-fat dried milk powder, and 96.5 % PBST) were
added to each well and incubated for 1 h at room temperature. After
discarding the blocking solution, individual serum samples were serially
diluted 3-fold in the blocking solution, followed by a 2-hour incubation
at room temperature. Then, ELISA plates were washed three times with
PBST and 50 pL of anti-mouse IgG-horseradish peroxidase-conjugated
antibody (Cytiva, Marlborough, MA, USA) was added at a dilution of
1:3000 in the blocking solution. After 1 h of incubation at room tem-
perature, plates were washed 3 times with PBST and developed using
SigmaFast o-phenylenediamine dihydrochloride (OPD) (Sigma-Aldrich,
Saint Louis, MO, USA) for 10 min. Reactions were stopped by adding 50
pL of hydrochloric acid (3 M). The absorbance of the plates at 492 nm
was measured on a FilterMax F3 multi-mode microplate reader (Mo-
lecular Devices, San Jose, CA, USA). For each ELISA plate, the average
plus 3 standard deviations of absorbance values of blank wells was used
as a cutoff to determine endpoint titers using the GraphPad Prism pro-
gram version 10.0.2 for Mac OS X, GraphPad Software (Boston, MA,
USA, https://www.graphpad.com).

2.5. Statistics

The simple logistic regression and the Fisher’s exact test were per-
formed with the GraphPad Prism program version 10.0.2 for Mac OS X,
GraphPad Software (Boston, MA, USA, https://www.graphpad.com).
Statistical significance between groups was determined by either a
Mann-Whitney-Wilcoxon test or a Kruskal-Wallis one-way analysis of
variance (ANOVA); a p-value < 0.05 was considered significant.

Vaccine 42 (2024) 3365-3373
3. Results
3.1. Human cohort description

Thirty-nine different serum samples were obtained from human
donors before seasonal vaccination (pre-vaccination sera). Fourteen
serum samples were obtained before the 2021-2022 season, while 25
serum samples were obtained before the 2022-2023 season (Sup.
Table S1). These individuals are a small group of patients who are part of
the Stop Flu NYU cohort study (clinical study identifier: $21-01215),
which is a longitudinal study focused on the analysis of the human
antibody response to influenza viruses by collecting blood from human
donors for up to seven years [16]. The average age of the 39 participants
in this cohort was 43.7 years, with a standard deviation (SD) of 16.9
years (Table 1). In terms of sex, the cohort was composed of 20 female
donors (51 %) and 19 male donors (49 %) (Table 1 and Sup. Table S1).
Although it was not possible to know the previous influenza virus
infection exposure of the participants, 26 participants (67 %) reported
that they had received the influenza vaccine at least 5 years in a row
(Repeated vaccination), while 13 (33 %) of them had received the
vaccine sporadically (Non-repeated vaccination) (Table 1 and Sup.
Table S1).

3.2. Analysis of the inmunodominance profile of pre-vaccination sera
towards H1 hemagglutinin

To evaluate the immunodominance profile of the people in this
cohort, we followed the same strategy described by Liu et al. [11] and
Sanchez-de Prada et al. [12]. This strategy was based on an HI assay
using a panel of mutant H1 viruses expressing the HA protein of the A/
Michigan/45/2015 strain [11,12]. For each mutant virus, one antigenic
site was replaced with a heterologous antigenic site from either H5 or
H13 HAs (Sup. Fig. S1). To evaluate the importance of each antigenic
site, we compared the serum HI titers to the wild-type (Wt) H1 virus that
has all antigenic sites (H1-Wt) versus the HI titers to the mutant viruses
that lack one site. In this analysis, a significant reduction in HI titers
against a specific mutant virus compared to the H1-Wt would indicate a
loss of activity and therefore the presence of antibodies targeting that
antigenic site. The HI titers against the mutants lacking the sites Sb (H1-
ASDb) or Ca2 (H1-ACa2) were significantly lower than the H1-Wt (Fig. 2a
and Sup. Fig. 52), suggesting that Sb and Ca2 were the most immuno-
dominant antigenic sites. On the other hand, the HI titers against the H1-
Wt virus were similar to those against mutants lacking the sites Sa (H1-
ASa), Cal (H1-ACal), and Cb (H1-ACb), indicating that these three sites
did not show immunodominance (Fig. 2a and Sup. Fig. S2). To rule out
the possible contribution of anti-H5 antibodies to the HI activity, we also
used a chimeric virus (cH5/1 HA and N1 NA virus) in which the com-
plete head domain of the A/Michigan/45/2015 strain was replaced by
the head domain of H5, to which humans are typically naive. None of the
serum samples from the cohort showed HI activity against the chimeric
cH5/1 virus (Fig. 2a), suggesting that antibodies against the head
domain of the A/Michigan/45/2015 strain did not cross-react with the
H5 head domain. Finally, to analyze the influence of non-classical HA-
head epitopes on the overall HI activity, we also used a mosaic virus in

Table 1

Summary of the demographics of human donors.
N 39
Age (mean + SD) 43.7 + 16.9
Female (n, %) 20,51 %
Male (n, %) 19, 49 %
Repeated vaccination (n, %) 26, 67 %
Non-repeated vaccination (n, %) 13,33 %

Percentages were calculated using the total N of the cohort. SD: Standard
deviation
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Fig. 2. HI titers and immunodominance profile of donors in the Stop Flu NYU cohort. a) HI titers of serum samples from 39 adult donors were quantified against a
panel of H1 viruses. Geometric mean titers and geometric SD are shown for each virus. Circles represent the averaged HI titers of a single donor. Experiments were
performed in technical duplicates. The statistical significance between the different viruses was determined using a Kruskal-Wallis one-way ANOVA. Asterisks
indicate the significance level, with ** = p-value < 0.01, *** = p-value < 0.001, and **** = p-value < 0.0001. LoD: Limit of detection. b) HI immunodominance
index for the H1 mutants: H1-ASa, H1-ASb, H1-ACal, H1-ACa2, and H1-ACb. The HI immunodominance index was calculated for individual donors using the HI
titers from a in equation (1) (Section 2.3 of Methods). The solid line represents averaged HI dominance indices, and shading shows SD.

which all antigenic sites were replaced with the sequences of H5 (mH5/
1 HA and N1 NA virus), we discovered that the HI activity against this
virus was mostly eliminated (Fig. 2a), indicating that the immunodo-
minant sites were successfully removed in this virus.

3.3. The immunodominance profiles of donors in the cohort can be
grouped into three types

To better represent the importance of the antigenic sites for each
donor, we calculated the HI immunodominance index of the antigenic
sites, as described previously [11]. The HI immunodominance index is a
parameter that represents the reduction of HI titers for each mutant with
respect to the Wt virus. For each donor, we divided the HI titer to the H1-
Wt by the HI titer to the respective mutant (Equation (1), Section 2.3 of
Methods). Hence, higher indices indicate a higher immunodominance of
the mutated site. When we averaged the HI immunodominance index of
the 39 donors of the cohort for every antigenic site, we found the Sb site
exhibited the highest HI immunodominance index, followed by Ca2, and
then the remainder of the antigenic sites (Sa, Cal, and Cb) (Fig. 2b). A
closer look at the different HI immunodominance profiles displayed by
each donor in the cohort (Sup. Fig. S3) showed that according to the HI
immunodominance indices of Sb and Ca2, it was possible to classify the
different donors according to three main profiles. Twenty-two donors
(Donors: 3,4,5,7,9,11,12, 18,19, 20, 21, 22, 24, 27, 28, 31, 32, 33, 34,
35, 36, and 39) displayed an immunodominance profile dominated by
Sb, followed by Ca2 (Sb > Ca2 profile), and then the rest of the antigenic
sites (Sup. Fig. S3). Thirteen donors (Donors: 1, 2, 6, 8, 13, 14, 15, 23,
25, 29, 30, 37, and 38) presented an immunodominance profile in which
Sb and Ca2 showed the same HI immunodominance index (Sb = Ca2
profile) (Sup. Fig. S3). Two donors (Donors: 10 and 17) exhibited an
immunodominance profile dominated by the Ca2 site (Sb < Ca2 profile)
(Sup. Fig. S3). Because there were only two donors displaying an Sb <
Ca2 profile, they were not included in the analyses described in the next
sections. In addition, since donors 16 and 26 did not show HI activity
against any of the virus tested (Sup. Fig. 52), these two individuals were
also not included for the next analyses.
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3.4. Individuals with high HI titers against the H1-Wt virus show a higher
probability of displaying an Sb > Ca2 profile

To examine the influence of antibody titer level on displaying either
an Sb > Ca2 profile or an Sb = Ca2 profile, we performed a simple lo-
gistic regression using the log of the HI titers against the H1-Wt virus to
measure the probability of displaying an Sb > Ca2 profile or an Sb = Ca2
profile. The model obtained from this analysis exhibited a p-value of
0.019 for a likelihood-ratio test, and a receiver operating characteristic
curve (ROC) of 0.7308. Based on this model, it was discovered that
donors exhibited greater probabilities of displaying an Sb > Ca2 profile
as the HI titers against the H1-Wt increased (blue line in Fig. 3a). While
low titers were associated with a higher probability of exhibiting the Sb
= Ca2 profile (red line in Fig. 3a). On the other hand, the odds ratio
calculated by the logistic regression model showed that for every log of
the HI titer against the H1-Wt virus increased, the donors were ~10
times more likely to display an Sb > Ca2 profile (Fig. 3b). In line with
this finding, the odds of displaying an Sb = Ca2 profile declined ~10
times for every log of the HI titer against the H1-Wt increased (Fig. 3b).

3.5. Donors displaying an Sb > Ca2 profile exhibit higher total IgG titers
than donors with an Sb = CaZ2 profile

When we compared the total serum IgG titers against the recombi-
nant HA protein of the H1-Wt virus for the donors displaying either an
Sb > Ca2 or an Sb = Ca2 profile, we discovered that, similar to the re-
sults with the HI titers, donors displaying an Sb > Ca2 profile exhibited
significantly higher total IgG titers against the HA protein of the H1-Wt
virus than the donors displaying an Sb = Ca2 profile (Fig. 4a). Moreover,
we found that 77 % of the donors displaying an Sb > Ca2 profile had a
repeated vaccination history, while 23 % had a non-repeated vaccina-
tion history (Fig. 4b). Similar to this distribution, 69 % of donors with an
Sb = Ca2 profile had a repeated vaccination history, while 31 %
exhibited a non-repeated vaccination history (Fig. 4b).
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Fig. 3. Probability distribution and odds of displaying an Sb > Ca2 or Sb = Ca2 profile based on the log of HI titers against the H1-Wt virus. a) Probability dis-
tribution of displaying an Sb > Ca2 profile (blue) or an Sb = Ca2 profile (red) based on the log of the HI titers against the H1-Wt. The probability was calculated
through a simple logistic regression analysis using the log of HI titers from individuals displaying either an Sb > Ca2 or an Sb = Ca2 profile (total n = 35). Donors
with no HI activity or displaying an Sb < Ca2 profile were not considered for this analysis. Solid lines represent the mean probability, and shading shows the 95 %
confidence interval (CI). b) Odds of displaying an Sb > Ca2 profile or an Sb = Ca2 profile calculated from the simple logistic regression shown in a. The odds ratio and
the 95 % CI are depicted. Asterisks indicate the significance level, with * = p-value < 0.05. (For interpretation of the references to colour in this figure legend, the
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Fig. 4. IgG titers and vaccination history of donors displaying either an Sb >
Ca2 or Sb = Ca2 profile. a) Total IgG titers against the HA protein of the H1-Wt
virus from donors displaying an Sb > Ca2 profile or an Sb = Ca2 profile.
Endpoint geometric mean titers and geometric SD are shown for each profile.
Dots represent the averaged endpoint IgG titers of a single donor. The experi-
ment was performed in technical duplicates. The statistical significance be-
tween the different profiles was determined by a Mann-Whitney-Wilcoxon test.
Asterisks indicate the significance level, with ** = p-value < 0.01. b) Vacci-
nation history of donors displaying an Sb > Ca2 profile or an Sb = Ca2 profile.
Repeated vaccination was defined as donors who received the influenza vaccine
for at least 5 years in a row. Non-repeated vaccination was defined as donors
who received the vaccine sporadically.

3.6. The age on the odds of displaying an Sb > CaZ2 profile

We first compared the age of the individuals in the cohort with the
specific HI titers against the H1-Wt virus. For this analysis, we grouped
the donors in the cohort according to three age categories: young adults
(20-39 years old), middle-aged adults (40-59 years old), and old adults
(>60 years old). The average age of the groups was: 28.9 years + 4.9 for
young adults, 49.1 years + 6 for middle-aged adults, and 68.4 years +
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5.3 for old adults (Fig. 5a). The difference in average age among the
different age groups was demonstrated to be statistically significant by a
Kruskal-Wallis one-way ANOVA. When we compared the HI titers
against the H1-Wt virus for the different groups, we found that although
there is a downward trend in the HI titers as the age of the group in-
creases (Fig. 5b), this decline in the HI titers was not statistically sig-
nificant. Given that the HI titers seemed to be independent of the age of
individuals in the cohort, we compared the ages of donors displaying an
Sb > Ca2 versus an Sb = Ca2 profile. The mean age of the donors with an
Sb > Ca2 profile (38.9 years + 15.6) was significantly lower than that of
the donors displaying an Sb = Ca2 profile (51.7 years + 16.7) (Fig. 5c).
Next, we performed a simple logistic regression to assess the precise
influence of age on displaying an Sb > Ca2 profile or an Sb = Ca2 profile.
This analysis produced a model with a p-value of 0.0267 for a likelihood
ratio test, and an ROC of 0.7028. According to this model, as age
increased, the probability of displaying an Sb > Ca2 profile declined
(blue line in Fig. 6a), while the probability of exhibiting an Sb = Ca2
profile increased (red line in Fig. 6a). The odds ratios calculated from
this model indicated that for every year that age increased, there was a
slight but significant increase in the odds of displaying an Sb = Ca2
profile, while at the same time there was a slight but significant decrease
in the odds of displaying an Sb > Ca2 profile for every year that age
increased (Fig. 6b).

3.7. Displaying a specific immunodominance profile (either an Sb > Ca2
profile or an Sb = CaZ2 profile) is not related to sex

Next, we compared the age, vaccination history, and HI titers against
the H1-Wt virus of females and males in the cohort. Females exhibited an
average age of 43 years + 18.7, while males had an average age of 44.5
years £ 15.5 (Fig. 7a). In terms of the vaccination history, we found that
in both females and males, a large part of the donors (65 % of females
and 68.5 % of males) had a repeated vaccination history, while only a
small part (35 % of females and 31.5 % of males) exhibited a non-
repeated vaccination history (Fig. 7b). In addition, the comparison of
HI titers against the H1-Wt virus revealed that females and males pre-
sented similar HI titers (Fig. 7c). Given that age, vaccination history, and
HI titers were similar between females and males, we were able to
analyze the direct effect of sex on displaying an immunodominance
profile without any bias caused by age, vaccination history, or HI titers.
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By looking at the distribution of the Sb > Ca2 profile and the Sb = Ca2 4. Discussion
profile in females and males, we found that 50 % of the female donors

displayed an Sb > Ca2 profile while 50 % exhibited an Sb = Ca2 profile The characterization of the immune response to influenza virus has
(Fig. 7d). However, in the case of males, we found that the larger part of revealed that the HA head domain plays a critical role in the antibody
male donors displayed an Sb > Ca2 profile (76 %) while only a small part responses elicited by infection and vaccination[5,6]. The importance of
(24 %) of male donors exhibited an Sb = Ca2 profile (Fig. 7d). To the HA head domain is related to the presence of immunodominant
validate if the sex of the individuals and their immunodominance profile antigenic sites located in this domain of the protein [7,8]. Given that
were related, we performed a Fisher’s exact test. The p-value calculated these antigenic sites are prone to rapid mutation [17], influenza vac-
by this test was 0.1642 (Fig. 7d), indicating that there was no statisti- cines need to be redesigned annually. The development of vaccines with
cally significant association between sex and displaying a specific increased breadth and duration of protection represents a formidable
immunodominance profile. challenge. A critical aspect of overcoming this problem is to better un-
derstand the antibody response to the different antigenic sites of the HA
protein.

Here, we studied the hierarchy of importance of the classical
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antigenic sites (Sa, Sb, Cal, Ca2, and Cb) of the H1 protein by evaluating
the HI activity of 39 human serum samples from the Stop Flu NYU cohort
(clinical study identifier: S$21-01215) against a panel of mutant viruses
lacking one of the antigenic sites (H1-ASa, H1-ASb, H1-ACal, H1-ACa2,
and H1-ACb). Our results indicated that for the HI activity of the human
serum samples, Sb and Ca2 are the most important antigenic sites, since
their deletion induced a significant reduction in HI titers against the Wt
influenza virus. To detect subtle shifts in HI dominance, we calculated
the HI immunodominance index exhibited by each antigenic sites[11].
Our results showed that on average, the individuals from the Stop Flu
NYU cohort study exhibited an immunodominance profile dominated by
Sb, followed by Ca2, and then the other sites (Sb > Ca2 > Sa, Cal, and
Cb). These results validate the immunodominance hierarchy reported by
Sanchez-de Prada et al. [12], and contrast with the results reported by
Liu et al. [11], who found that their cohorts displayed an immunodo-
minance profile where sites Sa and Sb were the most important. One
reason could be that, as compared to the work of Sanchez-de Prada et al
[12] and the present work, Liu et al. [11] experiments were performed
with different cohorts from different seasons. Additionally, Liuetal. [11]
used a small group of human donors (n = 18), making their study more
likely to have bigger margins of error that could account for the varia-
tion in the hierarchy of the antigenic sites. Another possibility is that,
due to the small number, the cohorts evaluated by Liu et al. [11] con-
tained an unknown bias related to specific demographic factors or
exposure histories of the donors. Of note, among the immunodominance
profiles reported in the cohort of Liu et al. [11], they also found cohorts
displaying an Sb > Ca2 profile.

A detailed analysis of the immunodominance profiles displayed by
each donor from the Stop Flu NYU cohort showed that according to the
HI immunodominance indices of Sb and Ca2, the immunodominance
profiles of the donors could be grouped into three main types: Sb > Ca2
profile, Sb = Ca2 profile, and Sb < Ca2 profile. We discovered that
donors with high HI titers against the H1-Wt virus exhibited a higher
probability of displaying an Sb > Ca2 profile. Moreover, the odds ratio
calculated through the simple logistic regression analysis confirmed that
the level of HI titers had a significant impact on displaying a specific
immunodominance profile, with the odds of displaying an Sb > Ca2
profile increasing ~10 times by each log that the HI titers increased.
Given that donors with an Sb > Ca2 profile also showed higher total IgG
titers towards the HA protein, it appears that at low titers, the immune
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responses towards the HA protein are able to recognize the antigenic
sites Sb and Ca2 to the same extent. However, as the antibody levels
towards the influenza virus increase, the immune responses shift to be
focused primarily on the Sb site, leaving the Ca2 site in a secondary role.
This discovery suggests that the hierarchy of the antigenic sites, rather
than being static, is very dynamic and can evolve as the antibody re-
sponses increase. On the other hand, since there were no differences in
the vaccination histories (repeated vs non-repeated vaccination) of the
individuals that displayed either an Sb > Ca2 profile or an Sb = Ca2
profile, it seems that vaccination history is not related to displaying a
specific immunodominance profile. When we evaluated the age of the
different donors, we found that donors displaying an Sb > Ca2 profile
were significantly younger than the donors displaying an Sb = Ca2
profile. In line with this finding, a detailed analysis of the influence of
age on displaying a specific profile revealed that younger donors had a
higher probability of displaying an Sb > Ca2 profile. Nevertheless, since
we found that the HI titers of the individuals were not affected by the age
of the donors, we can conclude that the influence of HI titers on dis-
playing a specific immunodominance profile is independent of age.

Although previous studies have reported that immune responses to
the influenza vaccine can differ between males and females [18-21],
here, we did not find that biological sex alone significantly influence the
immunodominance profile of the donors in the cohort based on a
Fisher’s exact test. Although our analysis shows a statistically significant
impact of age (and not sex or vaccination history on the human immu-
nodominance profile) future studies with higher sample numbers will be
needed to confirm and better evaluate the impact of different de-
mographic factors on the immune response to the classical antigenic
sites. In addition, it remains unknown how the interplay of biological sex
with different demographic factors could affect the immune response to
the classical antigenic sites. Moreover, our study also did not consider if
comorbidities associated with the individuals could impact the immu-
nodominance hierarchy of the antigenic sites of influenza virus HA.
Similar to these limitations, it is still unknown if the immunodominance
profile could be affected by the phenomenon of the original antigenic
sin, which refers to the concept that the first antigenic variant encoun-
tered early in life conditions lifelong immunity [22,23].

Furthermore, here we used the A/Michigan/2015 strain of the 6B.1
clade, which is the precursor of the currently circulating pdmH1N1
strains. Nevertheless, in order to precisely characterize antibody
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prevalence in more details, it will be necessary to construct the panel of
mutant viruses in the HA backbone of more recent pdmHI1N1 strains.

Finally, studies on the immunodominance of antigenic sites over
several years may identify specific epitopes that induce protective
antibody responses, which should be included in the design of more
effective vaccines.

5. Conclusion

Altogether, the results from this study demonstrate that in the Stop
Flu NYU cohort study, the hierarchy of the immunodominant antigenic
sites of H1 A/Michigan/45/2015 strain is dominated by the sites Sb and
Ca2. Interestingly, the immunodominance profile displayed by each
person (either Sb > Ca2 or Sb = Ca2) is strongly associated with the level
of HI titers against the A/Michigan/45/2015 strain. Moreover, although
biological sex does not appear to influence the hierarchy of the antigenic
sites, age seems to play a role in the probability of displaying a specific
immunodominance profile. Longitudinal studies with larger cohorts of
human donors would help to better evaluate whether one or a combi-
nation of different demographic and immune factors can correlate with
displaying a particular immunodominance profile of the H1 HA.
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