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Abstract

This review highlights the significant sex-based differences in immune responses to influenza infection and
vaccination. Men are generally more susceptible to severe influenza outcomes, while women often mount
stronger immune responses but experience more adverse effects. These disparities are influenced by
biological factors, including sex hormones and genes, as well as gender-related social and environmental
conditions. Evidence from both human and animal studies reveals sex-specific variations in antibody
production, vaccine effectiveness, and clinical outcomes. Age, hormonal status, and stress further modulate
these differences. Understanding these complex interactions is essential for developing tailored and
equitable vaccination and treatment strategies.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic has heightened awareness of sex-specific differences
in immune responses to severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Indeed,
substantial evidence supports a sex-biased susceptibility to viral infections, with males generally exhibiting
increased incidence and severity, whereas females more frequently develop immunopathology-driven
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complications [1]. Influenza also represents a global public health problem that affects human populations
through seasonal epidemics and pandemics; infections in humans are caused by influenza A viruses (IAVs)
(H1N1 and H3N2 subtypes) and influenza B viruses (IBVs) (Victoria and Yamagata lineages) [2, 3]. The
incidence, severity, and case fatality rates associated with influenza vary between men and women [4]. This
observation is far from unexpected, as numerous studies on infectious diseases in males and females
consistently demonstrate a clear pattern of sex-related disparities. Such variations are primarily driven by
inherent biological elements, notably genetic material situated on the sex chromosomes and hormonal
influences [5-8]. Nonetheless, as stated in this review, socially constructed gender roles and environmental
conditions also exert a considerable impact. An overview of the fundamental pathways by which sex
hormones modulate immune function is provided in references [6, 7, 9] and in Table 1, whereas the effects
of the X chromosome are discussed in the next paragraph.

Table 1. Sex hormones regulate immune response [6, 7, 10, 11].

Hormone Mechanism of action General immunological effect

Oestrogen Increases B cell proliferation, class switching to immunoglobulin (19)G, T Immune-enhancing; promotes
helper (Th)2, and T regulatory (Treg) cell responses; modulates Treg humoral responses
transcriptional programs

Progesterone Induces anti-inflammatory molecules; inhibits Th1 and Th17 pathways; Immunosuppressive; anti-
modulates antigen presenting cells (APCs) activation inflammatory

Testosterone Reduces pro-inflammatory cytokines [interleukin (IL)-183, IL-6, tumour necrosis Immunosuppressive; anti-
factor (TNF)]; increases IL-10; inhibits T cell proliferation; suppresses B cells  inflammatory
and natural killer cytotoxicity

Prolactin Promotes B cell activation and antibody production; upregulates costimulatory Immune-enhancing
molecules on APCs; modulates Th1/Th2 cytokines

Oestrogens are potent immunomodulators that exert context-, dose-, and receptor-dependent effects
on the immune system. At low to moderate concentrations, typical of reproductive age and specific phases
of the menstrual cycle, oestrogens enhance both innate and adaptive immune responses. Under these
conditions, they promote increased production of pro-inflammatory cytokines, including interleukin (IL)-
13, IL-6, tumour necrosis factor (TNF)-q, and type [ interferon (IFN). These effects are mediated, at least in
part, by the upregulation of toll-like receptor (TLR)7 and TLR9, heightened activation of plasmacytoid
dendritic cells (DCs), and stimulation of B-cell survival and differentiation, as well as T helper (Th)17
polarization [12]. In contrast, during pregnancy, oestrogen levels rise markedly, fostering a shift toward
Th2- and T regulatory (Treg)-dominant immune responses, enhancing FOXP3 expression, and favouring the
production of anti-inflammatory cytokines such as IL-10 and transforming growth factor-f3, thereby
contributing to immune tolerance at the maternal-foetal interface [13]. An additional layer of complexity
arises from differential oestrogen receptor (ER) signalling. Activation of ERa is more frequently associated
with pro-inflammatory pathways, whereas ERP predominantly mediates anti-inflammatory effects. The
ERa/ERP expression ratio varies across immune cell subsets, tissues, and across the life course, thereby
shaping both the qualitative and quantitative features of immune responses [14, 15]. Collectively, these
mechanisms suggest that oestrogens enhance immune activation during the early phases of immune
responses to facilitate pathogen clearance, while subsequently promoting regulatory pathways that
restrain excessive or chronic inflammation. Disruption of this finely tuned balance may contribute to the
heightened susceptibility of females to inflammatory and immune-mediated diseases.

Chromosome X and sexual hormones in the immune response

Biological sex is defined by chromosomal composition: females possess two X chromosomes (XX), whereas
males carry one X and one Y chromosome (XY). The X chromosome contains several hundred protein-
coding genes, in stark contrast to the much smaller Y chromosome, which harbours only a limited set of
functional genes. Whereas the Y chromosome is not required for survival, at least one X chromosome is
indispensable. However, the presence of two X chromosomes in females creates a potential risk of excessive
expression of X-linked genes unless stringent regulatory mechanisms are in place [6, 7, 9, 16]. Most genes
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involved in immune processes are located on autosomes, yet a considerable proportion of immune-related
genes reside on the X chromosome, where they play key roles in pathogen sensing, antigen presentation,
lymphocyte activation, and immune regulation. To balance gene dosage between the sexes, female cells
initiate X-chromosome inactivation (XCI) early during embryonic development, transcriptionally silencing
one X chromosome through epigenetic mechanisms [16]. These processes compact the inactive X (Xi) into
heterochromatin, thereby repressing the expression of most genes. Importantly, XCI is not complete.
Approximately 15-30% of genes on the Xi can escape silencing to varying extents, influenced by cell type,
age, and individual genetic background. While certain genes consistently evade inactivation, others do so in
a variable and context-dependent manner. This partial escape from XCI has been proposed to contribute to
enhanced immune reactivity in females. Indeed, growing evidence indicates that in specific immune cell
subsets, particularly activated B and T lymphocytes, the regulatory machinery governing XCI may be
loosened or disrupted, allowing selective reactivation of X-linked genes. Among the most functionally
relevant immune genes that escape XCI are TLR7 and TLR8, which are highly expressed in human
plasmacytoid DCs and critically influence CD8" T-cell responses, Th1 and Th17 differentiation, and B-cell
activation. Another key X-linked gene is FOXP3, the master transcriptional regulator of Treg cell
development and function, which is essential for the maintenance of immune tolerance. Consequently,
variations in X-chromosome dosage and inactivation patterns may further shape Treg-cell biology in
females [17, 18].

Nevertheless, an exclusive focus on X-linked genes and their epigenetic regulation does not fully
account for sex-related differences in immune responses. This limitation is highlighted by evidence showing
that the expression and functional impact of many X-linked immune genes are themselves influenced by
circulating sex hormones [9]. Rather than acting independently, sex hormones and sex chromosomes
interact to generate immune dimorphism. Table 1 summarizes the main effects of sex hormones on immune
responses.

A central unresolved issue is whether chromosomal sex, through gene dosage and X-linked effects, or
hormonal milieu, exerts the dominant influence, or whether their contributions are intrinsically
interdependent and context-specific. In this regard, a recent study [19] provides compelling in vivo
evidence for a functional interaction between sex chromosomes and oestradiol in the regulation of memory
B cells. After puberty, cisgender women (female at birth) exhibit higher frequencies of memory B cells,
critical mediators of long-term immunological memory and antibody production, than age-matched
cisgender men. This advantage disappears after menopause, underscoring the importance of female sex
hormones. Consistently, postmenopausal women receiving hormone replacement therapy show higher
memory B-cell levels than untreated women. In transgender men with an XX chromosomal complement,
pharmacological suppression of endogenous oestrogens leads to a marked reduction in memory B-cell
frequencies. In contrast, oestrogen supplementation in transgender women with an XY background does
not increase memory B-cell numbers. By integrating comparisons across prepubertal, post-pubertal,
postmenopausal, cisgender, and transgender individuals undergoing gender-affirming hormone therapy,
this work disentangles the relative in vivo contributions of hormonal exposure and chromosomal
complement. The observed synergy between sex hormones and sex chromosomes offers a mechanistic
explanation for the female bias in antibody-mediated immune responses.

Figure 1 illustrates some of these mechanisms in the context of influenza infection.

Response to influenza infection

Most of the studies about the sex-related response to influenza infection have been conducted in mouse
models. Although mice are not natural hosts for human influenza viruses, they represent an indispensable
and cost-effective experimental system for influenza research. Mouse models enable detailed investigation
of disease mechanisms, evaluation of vaccines, and analysis of host immune responses, particularly through
the use of powerful genetic and molecular tools. The practical advantages of mice, including their small
body size, low maintenance costs, ease of breeding, and the availability of extensive genetic resources, make
them especially suitable for large-scale studies of influenza pathogenesis and immune regulation. At the
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Figure 1. Immunological mechanisms underlying enhanced female responses to influenza infection with respect to
male responses. The figure illustrates innate viral recognition and the activation of antiviral programs that are enhanced in
females due to a higher TLR7 gene dosage, an X-linked receptor with biallelic expression. This leads to increased interferon
production by DCs in response to TLRY7 stimulation. DC responses are regulated in a sex-dependent manner and subsequently
promote a more efficient adaptive immune response [20], exemplified in the figure by enhanced CD8* T cell activity [21]. TLR:
toll-like receptor; DCs: dendritic cells. Created in BioRender. Calabrod, A. (2026) https://BioRender.com/eqazsoy.

same time, researchers must remain mindful of important species-specific differences from human
influenza infection [22].

In this regard, findings of sex-based differences in immune response and protective effects following
infection with or vaccination against the A(HIN1)pdm2009 influenza strain indicated that female mice
generated higher levels and more effective virus-specific antibodies than males, a response seemingly
driven by higher TLR7 expression in female B cells (see previous paragraph) [23]. Furthermore, after
infection, female mice displayed greater numbers of antibody-producing B cells in the lungs and germinal
centre B cells in lymph nodes than their male counterparts. However, the total B cell and follicular Th cell
populations in the lungs and associated lymph nodes were similar between sexes, indicating that the key
differences lie in the B cells actively producing the antibodies. Females also had larger germinal centres
than males. Since germinal centre B cells are essential for the production of high-affinity antibodies, these
findings suggest that larger germinal centres in females contribute to their heightened antibody responses.

In contrast with these findings, a study by Avitsur et al. [24] investigated the role of sex and stress in
modulating the response to influenza A/PR8 viral infection, considering that males and females respond
differently to stress, with a greater response in men compared to women. In that study, male and female
mice were subjected to repeated cycles of restraint (RST) (i.e., alternating periods of restriction/stress and
release/reward), followed by A/PR8 viral infection. The results demonstrated that RST altered the
response to infection in a sex-dependent manner. Specifically, RST increased the expression of pro-
inflammatory cytokines such as IL-6 in the lungs of both infected males and females, but with a more
pronounced effect in the latter. Additionally, RST resulted in elevated lung IL-1a and IL-1f expression in

Explor Immunol. 2026;6:1003244 | https://doi.org/10.37349/€i.2026.1003244 Page 4


https://BioRender.com/eqazsoy
https://BioRender.com/eqazsoy
https://BioRender.com/eqazsoy

infected females, but not in males. Interestingly, RST did not affect circulating corticosterone levels in
influenza-infected animals. These findings suggest that males exhibit stronger immune and behavioural
responses to influenza viral infection than females, and that stress amplifies these responses in both sexes.
Other studies have demonstrated that chronic stress significantly alters the pathophysiology of influenza
viral infection, resulting in enhanced viral replication in the lungs of infected mice [24].

Interestingly, reports indicated that men and women also differ in their physiological response to
stress [25]. This raises the possibility that sex-related differences in the nature of the physiological
response to stress may modulate sex-specific differences in responses to infection.

In human studies, researchers have also compared male and female responses after deliberate
exposure of healthy volunteers to the A/California/04/2009 (H1N1) virus, focusing on antibody responses
to haemagglutinin (HA) and neuraminidase (NA), the virus’s primary surface glycoproteins. The study
found that women were more likely to develop symptoms and experience a more severe clinical course,
even though HA antibody titres were similar between sexes. Notably, men exhibited significantly higher NA
antibody titres post-challenge, despite similar levels of viral shedding, and were 16% less likely to report
symptoms. These findings suggest that NA antibodies may serve as indicators of clinical outcomes following
influenza infection, highlighting their important role in symptom mitigation and disease attenuation. This
also implies that anti-NA responses may contribute to sex-based differences in influenza outcomes [26].
Nonetheless, caution is warranted, as experimental infection in volunteers does not fully replicate the
complexity of natural infections in real-world settings.

In the context of seasonal outbreaks, males across all age groups consistently exhibit higher
hospitalization rates compared to females, with this difference being particularly evident worldwide among
young children and older people, as shown in studies conducted, for example, in Canada [27]. Evidence
from Denmark indicates that the likelihood of hospitalization shifts with puberty: boys are more frequently
hospitalized before puberty, whereas girls are more often affected after puberty [28]. Advancing age is the
most prominent risk factor for mortality linked to seasonal influenza, with approximately 90% of deaths
occurring in individuals older than 65 years [29]. Additionally, age influences influenza infection outcomes,
as noted above.

The 2009 influenza pandemic offered a rare opportunity to analyse morbidity patterns across sex and
age groups without the confounding effects of herd immunity, since the vast majority of the population
lacked prior immunity to the novel virus strain. A retrospective study analysing 2,024,367
A(H1IN1)pdmZ2009 cases in Japan revealed that males under the age of 20 and those over 80 were more
frequently affected than females, whereas in the 20 to 79 age brackets, the trend was reversed [30]. A
possible explanation for the higher incidence in younger boys could be their relatively immature immune
systems compared to girls [31]. In contrast, the trend among adults may reflect a greater number of
asymptomatic or mild cases in men, or potentially lower healthcare-seeking behaviour in males relative to
females of similar ages [30]. Two other studies on the 2009 influenza pandemic reported a higher
proportion of severely infected women compared to men [32, 33], finding that infected females were more
likely to be hospitalized with severe respiratory disease than their male counterparts. As discussed in the
section addressing the role of gender, these differences may also be attributed to gender-related patterns of
exposure and health-seeking behaviour. Moreover, increased morbidity and mortality among pregnant
women were documented during the 2009 H1IN1 pandemic, with pregnant women representing a
disproportionately high percentage of severe cases and exhibiting a four- to ten-fold increased risk
compared with the general population [34]. Age-specific mortality during the 1918 influenza pandemic
followed a W-shaped curve characterized by high mortality in infants and young children, as well as in
older people, with a third peak of mortality in individuals aged 15 to 30 years. Those over the age of thirty
could have been protected by pre-existing cross-immunity, likely due to an H1 flu virus that was in
circulation in 1889. However, the 1918 Spanish Flu disproportionately harmed pregnant women, leading to
significantly higher risks of severe disease, hospitalization, premature birth, stillbirth, and maternal death,
often due to secondary pneumonia [35, 36].
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Another investigation [37] observed that the likelihood of testing positive for laboratory-confirmed
A(H1IN1)pdm2009 decreased with advancing age. However, from approximately age 45 to 50, the decline
plateaued or even reversed slightly before dropping significantly again in the late 50s. This pattern was
especially notable among hospitalized individuals and among women, independent of geographical
location. These findings point to sex-specific variation in influenza susceptibility with ageing, potentially
linked to immune system changes associated with menopause. This phenomenon is unlikely to be exclusive
to the 2009 outbreak and could be further explored using data from regular seasonal influenza waves.
Additionally, a study by Wong et al. [38] explored how age and sex interacted in laboratory-confirmed
influenza notifications by subtypes across Australia between 2009 and 2015. The data showed elevated
notification rates among women aged 15-69 for influenza A subtypes, and among women aged 20-74 for
[BVs. In contrast, males aged 0-4 had significantly higher rates regardless of virus type or subtype. For
[AVs, A(H1IN1)pdm2009, and IBVs, higher notification rates were also seen in males aged 0-14 and those
older than 85, confirming the data on male predominance in cases at the youngest and oldest ages, while
women were more represented in adult age groups, according to hormonal phases. This highlights a
potentially important age-by-sex interaction in vulnerability to infection, which appears to be influenced by
the virus subtype and by reproductive or menopausal state.

Mortality differences associated with avian influenza and other respiratory infections vary by sex, age,
geographic location, and social factors. Global data suggest that the influenza A(H5N1) virus is associated
with higher fatality rates in women [39], while in Europe, excess mortality during seasonal influenza peaks
and during the COVID-19 pandemic was higher in men (see below) [40]. Similar patterns were also
observed during the initial wave of human H7N9 infections, where the incidence was generally higher in
males than in females; but when mortality was evaluated relative to incidence, the female-to-male death
ratio was notably elevated, reaching 1.2 among women of reproductive age (15 to 49 years). This suggests
that females in this age group were more likely to die from H7N9 influenza than their male counterparts
[41]. Recent research also shows elevated mortality rates in rural areas, particularly among older adults,
women, and individuals identifying as white [42]. These patterns are consistent with previous findings
indicating increased pneumonia-related mortality in women [43], likely due to hormonal factors,
comorbidities, and disparities in healthcare access, highlighting the complex interaction of biological, social,
and systemic determinants of infectious disease outcomes.

Lastly, as previously mentioned, an analysis of mortality data from 27 European countries, based on
Eurostat death counts and excess mortality estimates generated using the EuroMOMO model, a European
mortality monitoring activity, aiming to detect and measure excess deaths that may be related to seasonal
infections, extreme weather events, and other public health threats, on time, consistently demonstrated
higher excess mortality among males than females during periods of increased mortality, including those
associated with seasonal influenza circulation across the 2016/17 to 2019/20 seasons. In all seasons
characterized by excess mortality, incidence rates were systematically higher in males, with a linear
relationship observed between overall excess mortality and sex differences, corresponding to
approximately 40 additional male deaths per 100 excess deaths per 100,000 population and an overall
female-to-male mortality incidence ratio of about 0.7. These findings indicate that periods of excess
mortality related to the winter circulation of respiratory pathogens are associated with a
disproportionately greater increase in mortality among males. Importantly, the magnitude of this sex
disparity was comparable across influenza seasons and during the SARS-CoV-2 pandemic, suggesting that
male excess mortality represents a general phenomenon that is largely independent of the specific
respiratory pathogen involved [40].

However, as suggested by several lines of evidence discussed above, the female survival advantage is
context-dependent and may, under certain conditions, translate into increased disease severity and
mortality. Heightened antiviral responses in females, characterized by robust type I IFN production and
enhanced pro-inflammatory cytokine release, can promote more efficient viral clearance but may also
increase the risk of immune-mediated tissue damage and pulmonary immunopathology, which are major
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determinants of severe influenza outcomes [44]. Hormonal status further modulates these effects across
the life course: oestrogens, depending on circulating levels, can amplify antiviral immunity while
simultaneously enhancing inflammatory cascades. Pregnancy represents a well-established high-risk state,
due to sustained high levels of oestrogens and progesterone, as documented during both seasonal and
pandemic influenza outbreaks, including the 1918 Spanish influenza pandemic [45, 46]. Furthermore, as
previously mentioned (and discussed in the section addressing the role of gender), beyond biological sex,
gender-related factors, including caregiving roles, differential exposure to infection, delayed access to
healthcare, and disparities in treatment, may further contribute to worse outcomes in women in specific
socio-cultural contexts [34]. Finally, sex differences in influenza morbidity and mortality vary according to
viral subtype, pandemic versus seasonal settings, and population age structure, with pregnant women and
younger adult females disproportionately affected in several pandemics, underscoring the need for sex- and
gender-informed analyses in influenza research and public health strategies.

Response to influenza vaccines

Vaccination remains the most reliable approach for managing seasonal influenza outbreaks and is a
cornerstone strategy in pandemic prevention. The murine model remains the primary choice for initial
influenza vaccine evaluation due to its cost-effectiveness, scalability, and the availability of specialized
genetic and immunological tools. Different formulations of the influenza vaccine are currently in use,
including adjuvanted, high-dose, and trivalent types, though direct comparative data on their relative
vaccine effectiveness (VE) remain limited. One study investigated the influence of biological sex on the
development of humoral immune responses to seasonal trivalent whole inactivated virus (WIV) and split
virus (SV) influenza vaccines using a Swiss mouse model [47]. The results showed that sex differences in
total IgG and neutralizing antibody titres are not only influenza strain-specific but also depend on the type
of vaccine administered. Furthermore, the study revealed that the IgG subclass profile is specific to the
vaccine type. Specifically, the WIV vaccine promoted IgG2a responses in both male and female mice, with a
shift in the IgG2a/IgG1 titre ratio due to a weaker IgG1 response in females. In contrast, mice immunized
with the SV vaccine exhibited nearly equal levels of I[gG2a and IgG1 isotypes across both sexes.

The VE is influenced by numerous variables. It tends to be reduced in older adults compared to
younger individuals, likely due to age-associated immune decline and poorer general health, as commonly
reported [48]. Sex-based differences in vaccine responses are a growing area of research focus. Given the
historical underrepresentation of women in clinical studies [10], investigations that stratify data by both
sex and age are necessary [49].

However, existing findings do reveal distinctions in immune responses to seasonal influenza vaccines
between men and women. Some double-blind, randomized trials across diverse populations have shown
consistently stronger antibody responses post-vaccination in both adult and older women when compared
to men of similar ages [50, 51]. A Canadian study spanning 7 influenza seasons (from 2010-2011 to
2016-2017) examined the interaction between sex and VE against medically attended, laboratory-
confirmed influenza disease [52]. The study also explored whether sex-related differences in VE varied by
influenza subtype/lineage, age group, or season. Results showed a modest sex-related effect on VE across
most outcomes and seasons, with females typically demonstrating higher VE estimates. These sex-based
effects were age-dependent, being more pronounced in older adults aged 50 years and above, compared to
younger groups (< 20 years and 20-49 years), though variation existed depending on the subtype or
lineage. The largest sex differences were observed for influenza A(H3N2) and B(Victoria) viruses,
compared to A(HIN1)pdm2009 and B(Yamagata).

One retrospective analysis, involving 2,243 participants stratified by sex and age (15-64 and 2
65 years), examined influenza vaccine responses across 13 consecutive flu seasons (2006-2018) [53]. The
authors observed no significant sex-based differences in baseline immunity or seroprotection rate (SPR;
antibody titres > 40) before vaccination in either age cohort. Interestingly, a higher SPR was reported in
younger men (57.7%) versus younger women (42.9%) for classical A(H1N1) strains [53]. This discrepancy
was hypothesized to stem from a higher median age within the male cohort, possibly increasing the
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frequency of prior exposure to A(H1IN1) strains (pre-1957 and post-1977), compared to women who may
have only encountered post-1977 strains. Post-vaccination, older women exhibited significantly stronger
antibody responses than older men to classical A(HIN1), A(HIN1)pdm2009 viruses, and B/Victoria
lineage, as measured by seroconversion rates (defined as a fourfold rise in antibody titres). No sex-based
difference was noted for A(H3N2) [53]. Notably, older women in this study were of a higher median age
than men. These results indicate a more robust vaccine-induced humoral response in older women.

Other reports confirm enhanced immune responses in older women [54, 55], though this does not
appear to extend to antibody avidity, the strength of antibody-antigen binding, which reflects immune
response quality and VE [56]. In one study, an inactivated 2009 H1N1 pandemic vaccine triggered tenfold
higher antibody levels in older than younger adults [57]. Despite elevated antibody titres in older women,
avidity was significantly greater in older men, implying superior antibody quality in males. Another
investigation evaluated neutralizing antibody responses to a trivalent inactivated influenza vaccine across
young and older adults and explored potential peripheral blood biomarkers underlying sex-based immune
differences [58]. Women exhibited stronger responses to H3N2 and, to a lesser degree, to influenza B, while
no sex-related differences were seen for HIN1, though age played a significant role. A cluster of lipid
metabolism-related genes, likely regulated by testosterone, was associated with lower vaccine
responsiveness in men. Those with higher testosterone levels and elevated expression of these genes had
markedly lower vaccine-induced neutralizing antibody production. These findings further support the
immunosuppressive role of testosterone, which likely acts by downregulating immune activation
transcription factors, creating a feedback loop through repression of lipid metabolism genes. In another
study [59], testosterone levels were found to be significantly lower in older than in younger men 42 days
post-vaccination. A negative relationship was found between testosterone and seroconversion in adult, but
not older, men. Oestrogen levels were also significantly lower in older versus younger women, and higher
oestrogen concentrations correlated with stronger neutralizing antibody responses, especially in older
women. These patterns suggest that oestrogen enhances, while testosterone suppresses, vaccine-induced
antibody generation. While sex hormone levels influence immune responses in both sexes, the
immunological effects of ageing appear more pronounced in women [59].

Real-world evidence concerning the effects of co-administration of influenza vaccines together with
pneumococcal and/or COVID-19 vaccines is still sparse. During the 2023-2024 influenza season, a
retrospective cohort analysis was performed encompassing the entire older population of an Italian
province (43.9% of the population aged = 60 years received an influenza vaccine, i.e., n = 46,355/105,527).
The objective was to assess the VE of the quadrivalent influenza vaccine, administered either on its own or
in combination with other recommended immunizations. Among the older adult population in this
province, all administered inactivated quadrivalent influenza vaccines were associated with a marked and
statistically significant reduction in the risk of hospitalization or death linked to influenza and/or
pneumonia. Moreover, the simultaneous administration of pneumococcal and/or COVID-19 vaccines
conferred additional protection against both outcomes. No significant differences in VE were detected
across sex, age, or between enhanced versus standard formulations [60].

Recently, a comprehensive meta-analysis was conducted using phase 3 randomized controlled trial
data collected between 2010 and 2018 to investigate sex-specific differences in responses to seasonal
influenza vaccination [61]. Haemagglutination inhibition antibody titres were used to quantify strain-
specific immune responses, and sex-based differences in geometric mean ratios (GMRs) were estimated. In
addition, pooled risk ratios for seroconversion were calculated for females and males using random-effects
models, and VE against laboratory-confirmed influenza was evaluated. Analyses were stratified by age
group (18-64 years and = 65 years). Overall, immunogenicity data from 33,092 healthy adults across 19
trials were included, while VE estimates were derived from 6,740 participants in a single study. No
significant sex-related differences in immunogenicity were observed among adults younger than 65 years;
however, among older adults, females exhibited a significantly higher likelihood of seroconversion for all
influenza strains compared with males. Consistently, GMRs were higher in older females across all strains,
and vaccine efficacy was also greater in older females than in older males. This investigation represents the
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first meta-analysis integrating both individual participant data and aggregate trial data to specifically
evaluate sex differences in the immunogenicity and effectiveness of seasonal influenza vaccines. Although
evidence on vaccine efficacy remains limited, the findings provide robust support for sex-based disparities
in vaccine-induced immune responses. By leveraging data from phase 3 randomized trials, the study
addressed critical gaps in understanding the influence of sex on post-vaccination immunity. While the use
of randomized trial data minimizes bias relative to observational designs, the absence of sex-stratified
analyses in the original trials limits the inferential strength of randomization [61]. Nevertheless, these
results challenge the adequacy of a uniform vaccination strategy and reinforce the growing recognition that
vaccine dosing and evaluation should incorporate sex-specific considerations. Accordingly, the systematic
collection and reporting of sex-disaggregated vaccination outcomes should be regarded as a research and
public health priority (see below) [62].

Thus, growing evidence shows that there are sex-based variations in the immune response to influenza
vaccines. However, the molecular mechanisms contributing to these variations remain unclear. Using
bioinformatics approaches, Wen et al. [63] analysed the genes that contribute to sex-specific differences in
response to influenza vaccination. Their findings revealed that, on day 1 post-vaccination, females exhibited
higher expression of genes related to the immune response compared to males, whereas males showed
higher expression of genes involved in calmodulin binding, a calcium-dependent regulatory process that
controls intracellular signalling pathways essential for immune cell activation. This pattern suggests that
females may mount a stronger immediate immune response to seasonal influenza vaccines within the first
24 hours, while males may preferentially engage calcium-mediated signalling mechanisms early after
vaccination. However, most of these sex-different genes displayed opposite expression patterns by day 3 or
day 14, suggesting that adult males might sustain longer-lasting immunity from the influenza vaccine
compared to adult females.

Multiple prospective, randomized, double-blind clinical trials conducted across different countries
have demonstrated that adult and older women experience more intense and frequent localized reactions,
such as inflammation and pain at the injection site, than their male counterparts [4, 50, 64, 65]. In older
populations, the method of vaccine delivery can influence the magnitude of sex-based variations in
antibody production [66]. Influenza vaccines are typically given via intramuscular injection, although
subcutaneous delivery is also used. In older women, intramuscular administration of the influenza vaccine
produced significantly stronger antibody responses against influenza A strains compared to subcutaneous
delivery, though no such difference was observed for B strains [50]. This finding underscores the
importance of using the intramuscular route in this demographic. Additionally, intramuscular injections
were associated with fewer local side effects in women compared to subcutaneous injections, an important
consideration, given that influenza vaccines are generally linked to a higher incidence of adverse reactions
in females [49].

Hence, adverse effects following vaccination may deter uptake across populations, with women
showing higher levels of vaccine hesitancy (see below) [62, 66]. This may be partly due to their typically
stronger immune responses, which are associated with a greater frequency of side effects [62]. Biological
factors, such as smaller deltoid muscles and thicker subcutaneous fat, may also contribute to the higher
incidence of side effects [67]. Moreover, gendered differences in symptom reporting could influence data
accuracy: women may be more likely to report discomfort, while men may underreport symptoms [67, 68].
A meta-analysis confirmed that local reactions were more common in females across all ages [65]. In one
study, women were three times more likely to report adverse events after influenza vaccination, with age-
related declines more pronounced in females [67]. Interestingly, in men, elevated oestrogen levels were
found to correlate with IL-6 and manifestations of adverse reactions, an effect not seen in women,
highlighting possible sex-specific immune regulation [67].

Regarding adverse events, Guillain-Barré Syndrome (GBS), an acute, immune-mediated
polyradiculoneuropathy, has been identified as one of the serious neurological complications after
vaccination. Evidence of a significantly increased incidence of GBS following the 1976 swine influenza
vaccination campaign in the USA led to a long-standing debate about a possible association between
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influenza vaccination and GBS. Prior to the COVID-19 pandemic, vaccine-associated GBS was most
frequently discussed in relation to influenza vaccines. Other vaccines, aside from influenza vaccines, that
were subjects of debate included those for meningococcus, measles/mumps/rubella, and human
papillomavirus; however, reported GBS cases following these vaccinations have been very limited, and the
speculative nature of this association persists, contributing to ongoing controversy. A recent study using
data from the World Health Organization global database of adverse event reports of medicines and
vaccines (from 1967 to 2023; total reports n = 131,255,418) investigated vaccine-associated GBS. Among
22,616 reports of all drug-associated GBS identified between 1978 and 2023, 15,377 cases were attributed
to vaccines, with 8,072 occurring in males (52.49%). Cumulative reports of vaccine-associated GBS
increased steadily over time, with a marked rise following the introduction of COVID-19 vaccines in 2020.
Importantly, age- and sex-stratified analyses revealed similar associations between males and females,
while the risk increased with advancing age. COVID-19 vaccines showed the lowest association with GBS
compared with other vaccines [69]. In a large nationwide retrospective epidemiological study conducted in
Denmark between 2002 and 2016, influenza vaccination preceded only 1.5% of all GBS cases, and
vaccination was associated with a 1.9-fold transient increase in GBS risk, confined to the first month
following immunization [70]. A case-control study conducted between October 2010 and May 2011 across
seven Italian Regions estimated an attributable risk from two to five GBS cases per 1,000,000 vaccinations
in adults [71]. Overall, evidence indicated that GBS occurs more frequently in males than females and that
the incidence increases with age. A systematic review of 63 studies estimated an annual GBS incidence
ranging from 1.1 to 1.8 per 100,000 per year, with a clear age-dependent increase [72]. However, the
biological basis for the higher incidence observed in males is still unknown. Taken together, data on the
association between GBS and seasonal flu vaccination are heterogeneous and vary across influenza seasons.
If there is an increased GBS risk following influenza vaccination, it is very small, estimated at approximately
one to two additional GBS cases per million doses of influenza vaccine administered [73]. The benefits of
influenza vaccination in preventing influenza-related morbidity and mortality far outweigh the potential
risk of GBS. These findings underscore the need for interdisciplinary research to improve understanding of
sex-based differences in vaccine response and to inform more equitable public health strategies.

Figure 2 illustrates the role of immunological mechanisms, particularly B-cell-mediated processes, in
the enhanced antibody response [19] to anti-influenza vaccination (and presumably to influenza infection).

Role of gender

Gender, shaped by sociocultural norms and assigned roles, also plays a part in modulating immune
responses and intersects with the exposome, the cumulative record of environmental influences from early
life onward [74]. Gender influences behaviours and living conditions, including diet quality, educational
attainment, and healthcare accessibility, all of which are critical determinants of immune health. For
instance, in certain cultural or regional settings, women may encounter limitations in accessing nutrient-
rich foods or medical services due to economic disparities or traditional gender expectations. Poor
nutritional status, particularly deficiencies in key micronutrients such as zinc and selenium, can impair
immune defences and increase susceptibility to infections. Nevertheless, beyond these biological
consequences, the most influential gender-linked determinants of anti-influenza immunity are social,
occupational, and behavioural in nature. Female household contacts were more likely to become infected,
consistent with caregiving roles that increase exposure risk. In addition, women constitute a substantial
proportion of healthcare personnel, further increasing gender-linked occupational exposure during the
influenza epidemics. All these factors shape patterns of viral exposure, tendencies to seek medical help,
utilization of healthcare resources, including vaccination services, and disease reporting behaviours [44,
75]. In conclusion, gendered responses to environmental factors are multifactorial and result in distinct
immune modulation and health outcomes, with women generally being more affected, often adversely, by
such influences.
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Figure 2. Immunological mechanisms underlying enhanced antibody responses to influenza vaccination. B cell
activation, differentiation into antibody-secreting plasma cells, and the generation of memory B cells contribute to female robust
humoral responses following anti-influenza vaccination and are likely to play a similar role during natural influenza infection.
Created in BioRender. Calabro, A. (2026) https://BioRender.com/eqazsoy.

Concerning vaccination, gender shapes the ways in which individuals engage with vaccination, and
these behaviours are in part influenced by underlying biological sex-related differences in immune
responses to vaccines. Worries about potential side effects, or prior negative experiences following
immunization, are closely associated with vaccine hesitancy [76], since, as previously discussed, females
tend to report a higher frequency and intensity of vaccine-related adverse events, a pattern that aligns with
the generally higher levels of vaccine hesitancy observed among women and girls relative to men and boys
[77]. In fact, vaccine side effects also appear to interfere more substantially with women’s everyday lives.
For example, studies examining adverse reactions to vaccines have shown that women are more likely than
men to report disruptions in daily functioning, including sleep disturbances and difficulties in caregiving
responsibilities. Women additionally report greater use of analgesics after vaccination and more often plan
their vaccination appointments around rest days, anticipating possible side effects [78]. Importantly, higher
levels of vaccine hesitancy among women do not necessarily translate into lower vaccination rates, since in
many settings, women demonstrate higher vaccine acceptance than men, although this pattern varies
across populations. For instance, lower uptake has been reported among women belonging to certain racial
and ethnic minority groups. Reduced vaccination in specific groups may reflect disparities in access to
healthcare, missed vaccination opportunities, attitudes and beliefs about vaccines, limited trust in
institutions, and broader socioeconomic constraints. These factors may also differ between high-income
and low- and middle-income countries, where variations in healthcare systems, educational attainment,
poverty, cultural norms, and historical as well as current public health policies can differentially shape
vaccination behaviours [79].

Figure 3 illustrates the role of gender in shaping immune responses to influenza infection and anti-
influenza vaccination.
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Figure 3. Role of gender-related determinants in shaping immune responses to influenza infection and vaccination.
Gender-associated factors modulate susceptibility to influenza, disease outcomes, and vaccine responsiveness. For example,
women represent a large proportion of the healthcare workforce and the vast majority of informal caregivers, which may
increase exposure and susceptibility to infection; however, female greater attention to personal health and preventive practices,
which can facilitate disease control and promote vaccine uptake [6, 7]. Other gender-related determinants, such as malnutrition
and pro-inflammatory lifestyle patterns, act more directly on the immune system, impairing responses to both influenza infection
and vaccination [80]. Together, these determinants, along with immunological pathways, contribute to inter-individual variability
in host responses to natural infection and anti-influenza vaccination. Created in BioRender. Calabro, A. (2026) https://
BioRender.com/n3000y4.

Conclusions

This review provides compelling evidence that males and females display markedly different
immunological responses to both influenza infection and vaccination. Recognizing such sex-specific
disparities is highly significant, as they may affect the trajectory of disease, the VE, and the frequency or
severity of side effects. Gaining deeper insight into these variations is crucial for informing the design of
more personalized, efficient, and fair approaches to prevention and therapy, ultimately contributing to
improved health outcomes across diverse demographic groups. Importantly, sex-specific immune and
inflammatory profiles also suggest that therapeutic responses to antiviral and immunomodulatory
treatments may differ between men and women, raising the possibility that sex-informed treatment
strategies could optimize clinical efficacy while minimizing adverse effects.

Future research should prioritize a more detailed characterization of sex-specific immune mechanisms
and address current limitations of influenza vaccines, including suboptimal immunogenicity in males and a
higher burden of adverse reactions in females. One major obstacle to accurately defining the relationship
between vaccination and side effects in women stems from persistent methodological biases. Women have
historically been underrepresented in drug and vaccine trials, often due to concerns regarding hormonal
fluctuations or potential risks during pregnancy. Consequently, much of the available evidence is derived
from studies conducted largely in male populations, limiting its generalizability. In addition to biological
and genetic determinants, gender-related factors, such as behavioural, social, and environmental influences,
should therefore be systematically incorporated into the evaluation of immune-based interventions. There
is a clear need for transparent reporting, explicit recognition of sex- and gender-specific effects, and the
integration of basic, clinical, and behavioural research to guide optimal vaccine development and
deployment. Incorporating sex and gender considerations into vaccine design, clinical recommendations,
and public health implementation represents a concrete step toward precision medicine. While vaccines
have traditionally been developed under a “one-size-fits-all” paradigm, accumulating evidence supports the
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feasibility and necessity of a more nuanced approach. Accounting for sex and gender in both vaccination
and treatment strategies has strong potential to enhance therapeutic effectiveness, reduce adverse events,
and improve overall health outcomes.

Abbreviations

COVID-19: coronavirus disease 2019
DCs: dendritic cells

ER: oestrogen receptor

GBS: Guillain-Barré Syndrome
GMRs: geometric mean ratios
HA: haemagglutinin

[AVs: influenza A viruses

[BVs: influenza B viruses

IFN: interferon

IL: interleukin

NA: neuraminidase

RST: repeated cycles of restraint
SARS-CoV-2: severe acute respiratory syndrome coronavirus-2
SPR: seroprotection rate

SV: split virus

Th: T helper

TLR: toll-like receptor

Treg: T regulatory

VE: vaccine effectiveness

WIV: whole inactivated virus
XCI: X chromosome inactivation

Xi: inactive X

Declarations
Author contributions

AC: Investigation, Writing—original draft, Writing—review & editing. AA: Writing—review & editing. EM:
Writing—review & editing. GP: Writing—review & editing. CMT: Conceptualization, Investigation,
Writing—original draft, Writing—review & editing, Supervision. CC: Conceptualization, Investigation,
Writing—original draft, Writing—review & editing, Supervision. All authors read and approved the
submitted version.

Conflicts of interest

Calogero Caruso, who is the Editor-in-Chief of Exploration of Immunology, had no involvement in the
decision-making or review process of this manuscript. Emanuele Montomoli is the founder and Chief
Scientific Officer of VisMederi srl. The other authors declare that they have no conflicts of interest.

Ethical approval
Not applicable.

Explor Immunol. 2026;6:1003244 | https://doi.org/10.37349/€i.2026.1003244 Page 13



Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

This research received no external funding.

Copyright
© The Author(s) 2026.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations

and maps. All opinions expressed in this article are the personal views of the author(s) and do not
represent the stance of the editorial team or the publisher.

References

1.

10.

11.

12.

Vadakedath S, Kandi V, Mohapatra RK, Pinnelli VBK, Yegurla RR, Shahapur PR, et al. Immunological
aspects and gender bias during respiratory viral infections including novel Coronavirus disease-19
(COVID-19): A scoping review. ] Med Virol. 2021;93:5295-309. [DOI] [PubMed] [PMC(C]

Rota PA, Wallis TR, Harmon MW, Rota ]S, Kendal AP, Nerome K. Cocirculation of two distinct
evolutionary lineages of influenza type B virus since 1983. Virology. 1990;175:59-68. [DOI] [PubMed]
Krammer F, Smith G]D, Fouchier RAM, Peiris M, Kedzierska K, Doherty PC, et al. Influenza. Nat Rev Dis
Primers. 2018;4:3. [DOI] [PubMed] [PMC]

Sex, gender and influenza [Internet]. World Health Organisation; [cited 2025 Jun 30]. Available from:
https://iris.who.int/server/api/core/bitstreams/d46ddb73-3578-42da-be23-510bal1f5deb/content
Agrawal S, Salazar ], Tran TM, Agrawal A. Sex-Related Differences in Innate and Adaptive Immune
Responses to SARS-CoV-2. Front Immunol. 2021;12:739757. [DOI] [PubMed] [PMC]

Calabro A, Pawelec G, Caruso C, Trombetta CM. Chapter 10 - Immune aging of men and women:
Different susceptibility to infectious diseases and different response to vaccines. In: Caruso C, editor.
Role of Sex and Gender in Aging and Longevity. Academic Press; 2025. pp.183-203. [DOI]

Calabro A, Accardi G, Aiello A, Caruso C, Candore G. Sex and gender affect immune aging. Front Aging.
2023;4:1272118. [DOI] [PubMed] [PMC]

Arakelyan NA, Kupriyanova DA, Vasilevska ], Rogaev El. Sexual dimorphism in immunity and
longevity among the oldest old. Front Immunol. 2025;16:1525948. [DOI] [PubMed] [PMC(]

Caruso C, Accardi G, Aiello A, Candore G. Immunity and Ageing. In: Kaye PM, editor. Encyclopedia of
Immunobiology. 2nd ed. Academic Press; 2025. pp. 774-85.

Candore G, Accardi G, Aiello A, Baggio G, Bellini T, Calabrese V, et al. Sex and Gender in Ageing and
Longevity: Highlights From an International Course. Transl Med UniSa. 2024;26:15-29. [DOI]
[PubMed] [PMC]

Sciarra F, Campolo F, Franceschini E, Carlomagno F, Venneri MA. Gender-Specific Impact of Sex
Hormones on the Immune System. Int ] Mol Sci. 2023;24:6302. [DOI] [PubMed] [PMC(]

Harding AT, Heaton NS. The Impact of Estrogens and Their Receptors on Immunity and Inflammation
during Infection. Cancers (Basel). 2022;14:909. [DOI] [PubMed] [PMC(]

Explor Immunol. 2026;6:1003244 | https://doi.org/10.37349/€i.2026.1003244 Page 14


https://dx.doi.org/10.1002/jmv.27081
http://www.ncbi.nlm.nih.gov/pubmed/33990972
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8242919
https://dx.doi.org/10.1016/0042-6822(90)90186-u
http://www.ncbi.nlm.nih.gov/pubmed/2309452
https://dx.doi.org/10.1038/s41572-018-0002-y
http://www.ncbi.nlm.nih.gov/pubmed/29955068
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7097467
https://iris.who.int/server/api/core/bitstreams/d46ddb73-3578-42da-be23-510ba11f5deb/content
https://dx.doi.org/10.3389/fimmu.2021.739757
http://www.ncbi.nlm.nih.gov/pubmed/34745109
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8563790
https://dx.doi.org/10.1016/B978-0-443-27398-8.00002-2
https://dx.doi.org/10.3389/fragi.2023.1272118
http://www.ncbi.nlm.nih.gov/pubmed/38088954
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10715058
https://dx.doi.org/10.3389/fimmu.2025.1525948
http://www.ncbi.nlm.nih.gov/pubmed/40034689
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11872714
https://dx.doi.org/10.37825/2239-9747.1049
http://www.ncbi.nlm.nih.gov/pubmed/38560614
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10980291
https://dx.doi.org/10.3390/ijms24076302
http://www.ncbi.nlm.nih.gov/pubmed/37047274
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10094624
https://dx.doi.org/10.3390/cancers14040909
http://www.ncbi.nlm.nih.gov/pubmed/35205657
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8870346

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Huang M, Xu H. Genetic susceptibility to autoimmunity-Current status and challenges. Adv Immunol.
2022;156:25-54. [DOI] [PubMed]

Mohammad I, Starskaia I, Nagy T, Guo J, Yatkin E, Vddndnen K, et al. Estrogen receptor o contributes to
T cell-mediated autoimmune inflammation by promoting T cell activation and proliferation. Sci Signal.
2018;11:eaap9415. [DOI] [PubMed]

Goodman WA, Bedoyan SM, Havran HL, Richardson B, Cameron M], Pizarro TT. Impaired estrogen
signaling underlies regulatory T cell loss-of-function in the chronically inflamed intestine. Proc Natl
Acad Sci U S A. 2020;117:17166-76. [DOI] [PubMed] [PMC]

Sun Z, Fan J, Wang Y. X-Chromosome Inactivation and Related Diseases. Genet Res (Camb). 2022;
2022:1391807. [DOI] [PubMed] [PMC(]

Nie ], Li YY, Zheng SG, Tsun A, Li B. FOXP3(+) Treg Cells and Gender Bias in Autoimmune Diseases.
Front Immunol. 2015;6:493. [DOI] [PubMed] [PMC]

Feng Z, Liao M, Zhang L. Sex differences in disease: sex chromosome and immunity. ] Transl Med.
2024,;22:1150. [DOI] [PubMed] [PMC(C]

Peckham H, Radziszewska A, Sikora ], de Gruijter NM, Restuadi R, Kartawinata M, et al. Estrogen
influences class-switched memory B cell frequency only in humans with two X chromosomes. ] Exp
Med. 2025;222:€20241253. [DOI] [PubMed] [PMC(]

Laffont S, Seillet C, Guéry ]. Estrogen Receptor-Dependent Regulation of Dendritic Cell Development
and Function. Front Immunol. 2017;8:108. [DOI] [PubMed] [PMC]

Layug PJ], Vats H, Kannan K, Arsenio ]. Sex differences in CD8" T cell responses during adaptive
immunity. WIREs Mech Dis. 2024;16:e1645. [DOI] [PubMed]

Roubidoux EK, Schultz-Cherry S. Animal Models Utilized for the Development of Influenza Virus
Vaccines. Vaccines (Basel). 2021;9:787. [DOI] [PubMed] [PMC]

Good MR, Guthmiller J]. Female Antibodies Go the Distance against Influenza Viruses. mBio. 2022;13:
€0210622. [DOI] [PubMed] [PMC(]

Avitsur R, Mays JW, Sheridan JF. Sex differences in the response to influenza virus infection:
modulation by stress. Horm Behav. 2011;59:257-64. [DOI] [PubMed] [PMC]

Kajantie E, Phillips DIW. The effects of sex and hormonal status on the physiological response to acute
psychosocial stress. Psychoneuroendocrinology. 2006;31:151-78. [DOI] [PubMed]

Giurgea LT, Cervantes-Medina A, Walters K, Scherler K, Han A, Czajkowski LM, et al. Sex Differences in
Influenza: The Challenge Study Experience. ] Infect Dis. 2022;225:715-22. [DOI] [PubMed] [PMC(]
Crighton EJ, Elliott S], Moineddin R, Kanaroglou P, Upshur REG. An exploratory spatial analysis of
pneumonia and influenza hospitalizations in Ontario by age and gender. Epidemiol Infect. 2007;135:
253-61. [DOI] [PubMed] [PMC(]

Jensen-Fangel S, Mohey R, Johnsen SP, Andersen PL, Sgrensen HT, Ostergaard L. Gender differences in
hospitalization rates for respiratory tract infections in Danish youth. Scand ] Infect Dis. 2004;36:31-6.
[DOI] [PubMed]

Flu and people 65 years and older [Internet]. U.S. Centers for Disease Control and Prevention; [cited
2025 Jun 30]. Available from: https://www.cdc.gov/flu/highrisk/650ver.htm

Eshima N, Tokumaru O, Hara S, Bacal K, Korematsu S, Tabata M, et al. Sex- and age-related differences
in morbidity rates of 2009 pandemic influenza A HIN1 virus of swine origin in Japan. PLoS One. 2011;
6:€19409. [DOI] [PubMed] [PMC(]

Fink AL, Klein SL. The evolution of greater humoral immunity in females than males: implications for
vaccine efficacy. Curr Opin Physiol. 2018;6:16-20. [DOI] [PubMed] [PMC]

Chitnis AS, Truelove SA, Druckenmiller JK, Heffernan RT, Davis JP. Epidemiologic and clinical features
among patients hospitalized in Wisconsin with 2009 H1N1 influenza A virus infections, April to
August 2009. WMJ. 2010;109:201-8. [PubMed]

Explor Immunol. 2026;6:1003244 | https://doi.org/10.37349/e1.2026.1003244 Page 15


https://dx.doi.org/10.1016/bs.ai.2022.08.004
http://www.ncbi.nlm.nih.gov/pubmed/36410874
https://dx.doi.org/10.1126/scisignal.aap9415
http://www.ncbi.nlm.nih.gov/pubmed/29666308
https://dx.doi.org/10.1073/pnas.2002266117
http://www.ncbi.nlm.nih.gov/pubmed/32632016
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7382259
https://dx.doi.org/10.1155/2022/1391807
http://www.ncbi.nlm.nih.gov/pubmed/35387179
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8977309
https://dx.doi.org/10.3389/fimmu.2015.00493
http://www.ncbi.nlm.nih.gov/pubmed/26441996
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4585344
https://dx.doi.org/10.1186/s12967-024-05990-2
http://www.ncbi.nlm.nih.gov/pubmed/39731171
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11673612
https://dx.doi.org/10.1084/jem.20241253
http://www.ncbi.nlm.nih.gov/pubmed/40049222
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11893172
https://dx.doi.org/10.3389/fimmu.2017.00108
http://www.ncbi.nlm.nih.gov/pubmed/28239379
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5300975
https://dx.doi.org/10.1002/wsbm.1645
http://www.ncbi.nlm.nih.gov/pubmed/38581141
https://dx.doi.org/10.3390/vaccines9070787
http://www.ncbi.nlm.nih.gov/pubmed/34358203
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8310120
https://dx.doi.org/10.1128/mbio.02106-22
http://www.ncbi.nlm.nih.gov/pubmed/36094090
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9600282
https://dx.doi.org/10.1016/j.yhbeh.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21167165
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3040247
https://dx.doi.org/10.1016/j.psyneuen.2005.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16139959
https://dx.doi.org/10.1093/infdis/jiab422
http://www.ncbi.nlm.nih.gov/pubmed/34423369
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8844587
https://dx.doi.org/10.1017/S095026880600690X
http://www.ncbi.nlm.nih.gov/pubmed/16824252
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2870578
https://dx.doi.org/10.1080/00365540310017618
http://www.ncbi.nlm.nih.gov/pubmed/15000556
https://www.cdc.gov/flu/highrisk/65over.htm
https://dx.doi.org/10.1371/journal.pone.0019409
http://www.ncbi.nlm.nih.gov/pubmed/21559366
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3084848
https://dx.doi.org/10.1016/j.cophys.2018.03.010
http://www.ncbi.nlm.nih.gov/pubmed/30320243
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6181235
http://www.ncbi.nlm.nih.gov/pubmed/20945721

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Koegelenberg CF, Irusen EM, Cooper R, Diacon AH, Taljaard ]JJ, Mowlana A, et al. High mortality from
respiratory failure secondary to swine-origin influenza A (H1N1) in South Africa. QJM. 2010;103:
319-25. [DOI] [PubMed]

Klein SL, Passaretti C, Anker M, Olukoya P, Pekosz A. The impact of sex, gender and pregnancy on
2009 H1N1 disease. Biol Sex Differ. 2010;1:5. [DOI] [PubMed] [PMC(]

WOOLSTON WJ, CONLEY DO. EPIDEMIC PNEUMONIA (SPANISH INFLUENZA) IN PREGNANCY. JAMA.
1918;71:1898-99. [DOI]

Trombetta CM, Accardi G, Aiello A, Calabro A, Caruso C, Ligotti ME, et al. Centenarians, semi and
supercentenarians, COVID-19 and Spanish flu: a serological assessment to gain insight into the
resilience of older centenarians to COVID-19. Immun Ageing. 2024;21:44. [DOI] [PubMed] [PMC(]
Jacobs JH, Archer BN, Baker MG, Cowling B], Heffernan RT, Mercer G, et al. Searching for sharp drops
in the incidence of pandemic A/H1N1 influenza by single year of age. PLoS One. 2012;7:e42328. [DOI]
[PubMed] [PMC]

Wong KC, Luscombe GM, Hawke C. Influenza infections in Australia 2009-2015: is there a combined
effect of age and sex on susceptibility to virus subtypes? BMC Infect Dis. 2019;19:42. [DOI] [PubMed]
[PMC]

World Health Organization. Update: WHO-confirmed human cases of avian influenza A (H5N1)
infection, November 2003-May 2008. Wkly Epidemiol Rec. 2008;83:415-20. [PubMed]

Nielsen ], Ngrgaard SK, Lanzieri G, Vestergaard LS, Moelbak K. Sex-differences in COVID-19 associated
excess mortality is not exceptional for the COVID-19 pandemic. Sci Rep. 2021;11:20815. [DOI]
[PubMed] [PMC]

Hoffmann ], Otte A, Thiele S, Lotter H, Shu Y, Gabriel G. Sex differences in H7N9 influenza A virus
pathogenesis. Vaccine. 2015;33:6949-54. [DOI] [PubMed]

Barua O, Karnan N, Panayanthatta S, Mansour MK, Milano C. Evaluating Disparities in Urban Versus
Rural Mortality for Influenza and Pneumonia in the United States Using the CDC-WONDER Database
Over a 22-Year Period. Cureus. 2025;17:e77475. [DOI] [PubMed] [PMC]

Koerber MK, Agaoglu S, Bichmann A, Tafelski S, Nachtigall I. Female Patients with Pneumonia on
Intensive Care Unit Are under Risk of Fatal Outcome. Medicina (Kaunas). 2022;58:827. [DOI]
[PubMed] [PMC]

vom Steeg LG, Klein SL. SeXX Matters in Infectious Disease Pathogenesis. PLoS Pathog. 2016;12:
€1005374. [DOI] [PubMed] [PMC(]

Jamieson D], Honein MA, Rasmussen SA, Williams JL, Swerdlow DL, Biggerstaff MS, et al.; Novel
Influenza A (HIN1) Pregnancy Working Group. HIN1 2009 influenza virus infection during
pregnancy in the USA. Lancet. 2009;374:451-8. [DOI] [PubMed]

Klein SL, Hodgson A, Robinson DP. Mechanisms of sex disparities in influenza pathogenesis. ] Leukoc
Biol. 2012;92:67-73. [DOI] [PubMed] [PMC(]

Zivkovié¢ I, Petrovi¢ R, Arsenovié¢-Ranin N, Petru$i¢ V, Minié¢ R, Bufan B, et al. Sex bias in mouse
humoral immune response to influenza vaccine depends on the vaccine type. Biologicals. 2018;52:
18-24. [DOI]

Beyer WE, Palache AM, Baljet M, Masurel N. Antibody induction by influenza vaccines in the elderly: a
review of the literature. Vaccine. 1989;7:385-94. [DOI] [PubMed]

Tadount F, Doyon-Plourde P, Rafferty E, MacDonald S, Sadarangani M, Quach C. Is there a difference in
the immune response, efficacy, effectiveness and safety of seasonal influenza vaccine in males and
females? - A systematic review. Vaccine. 2020;38:444-59. [DOI] [PubMed]

Cook IF. Sexual dimorphism of humoral immunity with human vaccines. Vaccine. 2008;26:3551-5.
[DOI] [PubMed]

Engler RJM, Nelson MR, Klote MM, VanRaden M], Huang C, Cox NJ, et al. Half- vs full-dose trivalent
inactivated influenza vaccine (2004-2005): age, dose, and sex effects on immune responses. Arch
Intern Med. 2008;168:2405-14. [DOI] [PubMed]

Explor Immunol. 2026;6:1003244 | https://doi.org/10.37349/e1.2026.1003244 Page 16


https://dx.doi.org/10.1093/qjmed/hcq022
http://www.ncbi.nlm.nih.gov/pubmed/20219780
https://dx.doi.org/10.1186/2042-6410-1-5
http://www.ncbi.nlm.nih.gov/pubmed/21208468
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3010100
https://dx.doi.org/10.1001/jama.1918.02600490030008
https://dx.doi.org/10.1186/s12979-024-00450-3
http://www.ncbi.nlm.nih.gov/pubmed/38937774
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11210044
https://dx.doi.org/10.1371/journal.pone.0042328
http://www.ncbi.nlm.nih.gov/pubmed/22876316
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3410923
https://dx.doi.org/10.1186/s12879-019-3681-4
http://www.ncbi.nlm.nih.gov/pubmed/30630435
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6327581
http://www.ncbi.nlm.nih.gov/pubmed/19009716
https://dx.doi.org/10.1038/s41598-021-00213-w
http://www.ncbi.nlm.nih.gov/pubmed/34675280
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8531278
https://dx.doi.org/10.1016/j.vaccine.2015.08.044
http://www.ncbi.nlm.nih.gov/pubmed/26319064
https://dx.doi.org/10.7759/cureus.77475
http://www.ncbi.nlm.nih.gov/pubmed/39958075
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11827623
https://dx.doi.org/10.3390/medicina58060827
http://www.ncbi.nlm.nih.gov/pubmed/35744090
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9229246
https://dx.doi.org/10.1371/journal.ppat.1005374
http://www.ncbi.nlm.nih.gov/pubmed/26891052
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4759457
https://dx.doi.org/10.1016/S0140-6736(09)61304-0
http://www.ncbi.nlm.nih.gov/pubmed/19643469
https://dx.doi.org/10.1189/jlb.0811427
http://www.ncbi.nlm.nih.gov/pubmed/22131346
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4046247
https://dx.doi.org/10.1016/j.biologicals.2018.01.007
https://dx.doi.org/10.1016/0264-410x(89)90150-3
http://www.ncbi.nlm.nih.gov/pubmed/2683459
https://dx.doi.org/10.1016/j.vaccine.2019.10.091
http://www.ncbi.nlm.nih.gov/pubmed/31711676
https://dx.doi.org/10.1016/j.vaccine.2008.04.054
http://www.ncbi.nlm.nih.gov/pubmed/18524433
https://dx.doi.org/10.1001/archinternmed.2008.513
http://www.ncbi.nlm.nih.gov/pubmed/19064822

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Chambers C, Skowronski DM, Rose C, Serres GD, Winter A, Dickinson JA, et al. Should Sex Be
Considered an Effect Modifier in the Evaluation of Influenza Vaccine Effectiveness? Open Forum Infect
Dis. 2018;5:0fy211. [DOI] [PubMed] [PMC]

Sanchez-de Prada L, Ortiz de Lejarazu-Leonardo R, Castrodeza-Sanz ], Tamayo-Gémez E, Eiros-Bouza
JM, Sanz-Muifioz I. Do Vaccines Need a Gender Perspective? Influenza Says Yes! Front Immunol. 2021;
12:715688. [DOI] [PubMed] [PMC(]

Shapiro JR, Li H, Morgan R, Chen Y, Kuo H, Ning X, et al. Sex-specific effects of aging on humoral
immune responses to repeated influenza vaccination in older adults. NPJ Vaccines. 2021;6:147. [DOI]
[PubMed] [PMC]

Voigt EA, Ovsyannikova IG, Kennedy RB, Grill DE, Goergen KM, Schaid D], et al. Sex Differences in
Older Adults’ Immune Responses to Seasonal Influenza Vaccination. Front Immunol. 2019;10:180.
[DOI] [PubMed] [PMC(]

Dapporto F, Marchi S, Leonardi M, Piu P, Lovreglio P, Decaro N, et al. Antibody Avidity and
Neutralizing Response against SARS-CoV-2 Omicron Variant after Infection or Vaccination. ] Immunol
Res. 2022;2022:4813199. [DOI] [PubMed] [PMC(]

Khurana S, Verma N, Talaat KR, Karron RA, Golding H. Immune response following HIN1pdm09
vaccination: differences in antibody repertoire and avidity in young adults and elderly populations
stratified by age and gender. ] Infect Dis. 2012;205:610-20. [DOI] [PubMed]

Furman D, Hejblum BP, Simon N, Jojic V, Dekker CL, Thiébaut R, et al. Systems analysis of sex
differences reveals an immunosuppressive role for testosterone in the response to influenza
vaccination. Proc Natl Acad Sci U S A. 2014;111:869-74. [DOI] [PubMed] [PMC]

Potluri T, Fink AL, Sylvia KE, Dhakal S, Vermillion MS, Steeg LV, et al. Age-associated changes in the
impact of sex steroids on influenza vaccine responses in males and females. NP] Vaccines. 2019;4:29.
[DOI] [PubMed] [PMC]

Acuti Martellucci C, Rosso A, Zauli E, Bianconi A, Fiore M, Soldato G, et al. The Effectiveness of Four
Quadrivalent, Inactivated Influenza Vaccines Administered Alone or in Combination with
Pneumococcal and/or SARS-CoV-2 Vaccines: A Population-Wide Cohort Study. Vaccines (Basel). 2025;
13:309. [DOI] [PubMed] [PMC(]

Tadount F, Kiely M, Assi A, Rafferty E, Sadarangani M, MacDonald SE, et al. Sex Differences in the
Immunogenicity and Efficacy of Seasonal Influenza Vaccines: A Meta-analysis of Randomized
Controlled Trials. Open Forum Infect Dis. 2024;11:0fae222. [DOI] [PubMed] [PMC]

Scully EP, Haverfield ], Ursin RL, Tannenbaum C, Klein SL. Considering how biological sex impacts
immune responses and COVID-19 outcomes. Nat Rev Immunol. 2020;20:442-7. [DOI] [PubMed]
[PMC]

Wen F, Guo ], Li Z, Huang S. Sex-specific patterns of gene expression following influenza vaccination.
Sci Rep. 2018;8:13517. [DOI] [PubMed] [PMC(]

Kiely M, Tadount F, Lo E, Sadarangani M, Wei SQ, Rafferty E, et al. Sex differences in adverse events
following seasonal influenza vaccines: a meta-analysis of randomised controlled trials. ] Epidemiol
Community Health. 2023;77:791-801. [DOI] [PubMed] [PMC(]

Beyer WEP, Palache AM, Kerstens R, Masurel N. Gender differences in local and systemic reactions to
inactivated influenza vaccine, established by a meta-analysis of fourteen independent studies. Eur ]
Clin Microbiol Infect Dis. 1996;15:65-70. [DOI]

Klein SL, Pekosz A. Sex-based biology and the rational design of influenza vaccination strategies. ]
Infect Dis. 2014;209:S114-9. [DOI] [PubMed] [PMC(]

hapiro JR, Seddu K, Park H, Lee ]S, Creisher PS, Yin A, et al. The intersection of biological sex and
gender in adverse events following seasonal influenza vaccination in older adults. Immun Ageing.
2023;20:43. [DOI] [PubMed] [PMC(]

Denly L. The effect of sex on responses to influenza vaccines. Hum Vaccin Immunother. 2021;17:
1396-402. [DOI] [PubMed] [PMC(]

Explor Immunol. 2026;6:1003244 | https://doi.org/10.37349/e1.2026.1003244 Page 17


https://dx.doi.org/10.1093/ofid/ofy211
http://www.ncbi.nlm.nih.gov/pubmed/30263903
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6143149
https://dx.doi.org/10.3389/fimmu.2021.715688
http://www.ncbi.nlm.nih.gov/pubmed/34290718
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8287332
https://dx.doi.org/10.1038/s41541-021-00412-6
http://www.ncbi.nlm.nih.gov/pubmed/34887436
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8660902
https://dx.doi.org/10.3389/fimmu.2019.00180
http://www.ncbi.nlm.nih.gov/pubmed/30873150
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6400991
https://dx.doi.org/10.1155/2022/4813199
http://www.ncbi.nlm.nih.gov/pubmed/36093434
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9453088
https://dx.doi.org/10.1093/infdis/jir791
http://www.ncbi.nlm.nih.gov/pubmed/22207649
https://dx.doi.org/10.1073/pnas.1321060111
http://www.ncbi.nlm.nih.gov/pubmed/24367114
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3896147
https://dx.doi.org/10.1038/s41541-019-0124-6
http://www.ncbi.nlm.nih.gov/pubmed/31312529
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6626024
https://dx.doi.org/10.3390/vaccines13030309
http://www.ncbi.nlm.nih.gov/pubmed/40266236
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11946095
https://dx.doi.org/10.1093/ofid/ofae222
http://www.ncbi.nlm.nih.gov/pubmed/38737434
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11088355
https://dx.doi.org/10.1038/s41577-020-0348-8
http://www.ncbi.nlm.nih.gov/pubmed/32528136
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7288618
https://dx.doi.org/10.1038/s41598-018-31999-x
http://www.ncbi.nlm.nih.gov/pubmed/30202120
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6131249
https://dx.doi.org/10.1136/jech-2023-220781
http://www.ncbi.nlm.nih.gov/pubmed/37734937
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10646905
https://dx.doi.org/10.1007/BF01586187
https://dx.doi.org/10.1093/infdis/jiu066
http://www.ncbi.nlm.nih.gov/pubmed/24966191
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4157517
https://dx.doi.org/10.1186/s12979-023-00367-3
http://www.ncbi.nlm.nih.gov/pubmed/37644610
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10463383
https://dx.doi.org/10.1080/21645515.2020.1830685
http://www.ncbi.nlm.nih.gov/pubmed/33180651
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8078729

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Jeong YD, Park S, Lee S, Jang W, Park ], Lee K, et al. Global burden of vaccine-associated Guillain-Barré
syndrome over 170 countries from 1967 to 2023. Sci Rep. 2024;14:24561. [DOI] [PubMed] [PMC]
Levison LS, Thomsen RW, Andersen H. Guillain-Barré syndrome following influenza vaccination: A 15-
year nationwide population-based case-control study. Eur ] Neurol. 2022;29:3389-94. [DOI]
[PubMed] [PMC]

Galeotti F, Massari M, D’Alessandro R, Beghi E, Chio A, Logroscino G, et al. Risk of Guillain-Barré
syndrome after 2010-2011 influenza vaccination. Eur ] Epidemiol. 2013;28:433-44. [DOI] [PubMed]
[PMC]

McGrogan A, Madle GC, Seaman HE, de Vries CS. The epidemiology of Guillain-Barré syndrome
worldwide. A systematic literature review. Neuroepidemiology. 2009;32:150-63. [DOI] [PubMed]
Guillain-Barré Syndrome and Flu Vaccine [Internet]. U.S. Centers for Disease Control and Prevention;
[cited 2026 Jan 19]. Available from: https://www.cdc.gov/flu/vaccine-safety/guillainbarre.html#
Aliberti SM, Capunzo M, Galimberti D, Accardi G, Aiello A, Calabro A, et al. Ageing Trajectories:
Exposome-Driven Pathobiological Mechanisms and Implications for Prevention from Blue Zones and
[talian Longevity Hotspots Such as Cilento and Sicilian Mountain Villages. Int ] Mol Sci. 2025;26:4796.
[DOI] [PubMed] [PMC(]

Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev Immunol. 2016;16:626-38.
[DOI] [PubMed]

Azarpanah H, Farhadloo M, Vahidov R, Pilote L. Vaccine hesitancy: evidence from an adverse events
following immunization database, and the role of cognitive biases. BMC Public Health. 2021;21:1686.
[DOI] [PubMed] [PMC(]

Srivastav A, Lu P, Amaya A, Dever JA, Stanley M, Franks JL, et al. Prevalence of influenza-specific
vaccination hesitancy among adults in the United States, 2018. Vaccine. 2023;41:2572-81. [DOI]
[PubMed] [PMC]

Yin A, Wang N, Shea PJ], Rosser EN, Kuo H, Shapiro JR, et al. Sex and gender differences in adverse
events following influenza and COVID-19 vaccination. Biol Sex Differ. 2024;15:50. [DOI] [PubMed]
[PMC]

Scully EP, Morgan R, Klein SL. Precision Vaccinology: Making Vaccines Work Better for Women and
Men. ] Infect Dis. 2025;232:756-9. [DOI] [PubMed]

Caruso C, Ligotti ME, Accardi G, Aiello A, Candore G. An immunologist’s guide to immunosenescence
and its treatment. Expert Rev Clin Immunol. 2022;18:961-81. [DOI] [PubMed]

Explor Immunol. 2026;6:1003244 | https://doi.org/10.37349/e1.2026.1003244 Page 18


https://dx.doi.org/10.1038/s41598-024-74729-2
http://www.ncbi.nlm.nih.gov/pubmed/39427003
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11490553
https://dx.doi.org/10.1111/ene.15516
http://www.ncbi.nlm.nih.gov/pubmed/35913431
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9804417
https://dx.doi.org/10.1007/s10654-013-9797-8
http://www.ncbi.nlm.nih.gov/pubmed/23543123
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3672511
https://dx.doi.org/10.1159/000184748
http://www.ncbi.nlm.nih.gov/pubmed/19088488
https://www.cdc.gov/flu/vaccine-safety/guillainbarre.html#
https://dx.doi.org/10.3390/ijms26104796
http://www.ncbi.nlm.nih.gov/pubmed/40429938
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12111857
https://dx.doi.org/10.1038/nri.2016.90
http://www.ncbi.nlm.nih.gov/pubmed/27546235
https://dx.doi.org/10.1186/s12889-021-11745-1
http://www.ncbi.nlm.nih.gov/pubmed/34530804
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8444164
https://dx.doi.org/10.1016/j.vaccine.2023.03.008
http://www.ncbi.nlm.nih.gov/pubmed/36907734
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10941755
https://dx.doi.org/10.1186/s13293-024-00625-z
http://www.ncbi.nlm.nih.gov/pubmed/38890702
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11184791
https://dx.doi.org/10.1093/infdis/jiaf397
http://www.ncbi.nlm.nih.gov/pubmed/40833848
https://dx.doi.org/10.1080/1744666X.2022.2106217
http://www.ncbi.nlm.nih.gov/pubmed/35876758

	Abstract
	Keywords
	Introduction
	Chromosome X and sexual hormones in the immune response
	Response to influenza infection
	Response to influenza vaccines
	Role of gender
	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

