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Current licensed influenza vaccines primarily protect by eliciting antibodies

against the viral hemagglutinin (HA) glycoprotein, thereby blocking viral attach-

ment and fusion with host cells. Unlike most vaccines, influenza vaccines must be

administered annually because circulating viruses undergo continuous antigenic

drift and population antibody titers wane over time. Despite yearly reformulation,

influenza vaccine effectiveness remains highly variable, often below 45%, largely

due to antigenic mismatches. Thesemismatches arise from ongoing HA evolution

following strain selection and from egg-adaptation during production or prop-

agation in animal cell cultures, which can alter key HA epitopes relative to

circulating strains. Even when an antigenic match is favorable, repeated annual

vaccination may elicit immunological phenomena that attenuate protective

responses. Serial vaccination in young and older adults can increase regulatory

T-cell activation, reducing vaccine-induced antibody titers. In older adults, this

may be compounded by age-associated CD4+ T-cell memory populations that

have reduced capacity to activate HA-specific B cells. While natural influenza

infection induces durable memory B cells, conventional vaccination does not

reliably generate such long-lived memory, suggesting a fundamental limitation of

current vaccine platforms. Collectively, these observations underscore the need

to re-evaluate influenza vaccination strategies, particularly to improve protection

in high-risk groups such as older adults. Reducing antigenic mismatch remains

essential and can be facilitated by improving the vaccine selection process and

expanding the use of recombinant protein and mRNA vaccine production

platforms that do not rely on egg- or animal-cell culture technologies. In parallel,

the rational selection and development of adjuvants that minimize T-regulatory

cell induction while enhancing durable memory B-cell formation and long-lived

plasma cells may help overcome the immunological constraints associated with

repeated annual vaccination. Beyond active immunization, complementary

countermeasures are critical for mitigating severe outcomes, including hospital-

izations and deaths. Antiviral drugs and monoclonal antibodies, especially those
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engineered for extended in vivo half-life, represent important adjuncts for

protecting vulnerable populations such as the elderly, young children, and

immunocompromised individuals. Strengthening and advancing these modali-

ties should be prioritized as part of an integrated strategy to improve influenza

control and reduce the global burden of disease.
KEYWORDS

annual vaccination, antigenic seniority, influenza antiviral drugs, influenza vaccines,

low effectiveness, manufacture in eggs, monoclonal antibodies, non-egg-based
influenza vaccines
1 Introduction

Except for safe water, vaccines have been the most effective

public health intervention in reducing mortality and morbidity due

to many infectious diseases (1). One of the deadliest diseases in the

history of mankind, smallpox, has been eradicated by universal

vaccination with the smallpox vaccine (2). Poliomyelitis has been

eliminated from the Western Hemisphere through effective vacci-

nation campaigns (3). While measles was nearly eliminated, im-

ported cases still pose a threat to unvaccinated individuals and those

who are immunocompromised (4). Vaccines have also controlled

many other diseases with high morbidity and mortality, including

tetanus, diphtheria, pertussis, typhoid, mumps, rubella, chickenpox,

shingles, yellow fever, diseases caused by hepatitis B, hepatitis A,

human papillomavirus, Pneumococci, Meningococci, and

Haemophilus influenzae type b. Vaccines benefit people of all

ages, protecting the elderly and vulnerable individuals from infec-

tious diseases and preventing infection-related cancers (5). They

also reduce the risk of antimicrobial resistance (AMR) and the risk

of transmitting disease to others in the community, thereby

providing herd immunity.

Despite the broad success of vaccines and the Centers for

Disease Control and Prevention (CDC)’s recommendation for

annual vaccination for all adults and children (6), influenza vaccines

show low and variable effectiveness (7–11) (Figure 1). Developed in

the mid-1930s, the first commercial influenza vaccines were ap-

proved in the United States in 1945 (12). Until the 2011–2012

influenza season, trivalent vaccines (covering two A subtypes,

H1N1 and H3N2, and one B strain from either Victoria or

Yamagata lineages) were used in the US. Due to frequent lineage

mismatches between the B strain in the vaccine and circulating

strains, which reduced the effectiveness of the trivalent vaccine

against B viruses (13, 14), the World Health Organization (WHO)

recommended adding strains from both B-lineage viruses for the

2012–13 influenza season. Following the apparent disappearance of

the B/Yamagata lineage since 2020 (15, 16) due to lockdowns, social

distancing, and other behavioral measures during the COVID-19

pandemic, the WHO recommended removing this component,

leading to a global transition back to trivalent vaccines beginning

in the 2024–2025 season (17).

Current trivalent inactivated influenza vaccines contain strains

of two influenza A subtypes (H1N1 and H3N2) and an influenza B

virus from the Victoria lineage and are given annually by parenteral

intramuscular injection except for Flumist, which is given by
02
intranasal spray. Influenza vaccines are administered annually

due to waning antibody levels and the need to match the vaccine

HA antigen to circulating wild-type strains, which evolve through

seasonal antigenic drift driven by genetic changes. Since influenza

viruses exhibit continual antigenic drift, the WHO recommends

specific strains for annual seasonal vaccines in February for the

Northern Hemisphere, subsequently approved by the US Food and

Drug Administration (FDA) for the US influenza vaccine, and in

September for the Southern Hemisphere (18–20). The WHO’s

recommendations for strains depend on global viral surveillance

data from the previous 5 to 8 months and occur 6 to 9 months

before vaccine deployment (10, 18–20). Current vaccines are not

very effective (18, 19, 21, 22), and a new virus strain often emerges

that is not part of the seasonal vaccine (mismatch), significantly

reducing the vaccine’s effectiveness during the annual influenza

season. Since the 2004–05 season, adjusted influenza vaccine

effectiveness has fluctuated between 10% and 60%, with 12 of

these 19 years below 45% (Figure 1), and an even lower 95%

confidence interval of protection (21). This uncertain vaccine

effectiveness contributes to low public acceptance; in the 2023–24

season, vaccination coverage in the US was 55.4% among children

(6 months–17 years old) and 44.9% among adults (≥18 years old)

(22). The questionable effectiveness of influenza vaccines contrib-

utes to vaccine hesitancy and affects the public’s uptake of

other vaccines.

This article aims to explore the immunological mechanisms

underlying vaccine-induced protection, examine the factors con-

tributing to the relatively low effectiveness of influenza vaccines

(Table 1), and offer strategic recommendations to improve the

control of influenza disease.
2 Immune response to vaccines

Understanding the mechanisms by which vaccines confer

protection is essential for enhancing their effectiveness. The mech-

anism of protection by vaccines is complex. However, licensed

vaccines, except for Bacille Calmette-Guerin and adenovirus vac-

cines, primarily confer protective immunity by eliciting serum IgG

antibodies (23) against virulence factors of pathogens, including

toxins secreted by pathogens, receptors that bind to host cells to

initiate infection, and capsular polysaccharides that help evade

phagocytosis. Known mechanisms by which antibodies confer
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protection include facilitating complement-mediated lysis or

opsonophagocytosis of invading microorganisms, blocking patho-

gen-host cell binding or cell entry, neutralizing toxin activity (23),

and mediating antibody-dependent cellular cytotoxicity (ADCC)

against large parasites and pathogen-infected cells. Other potential

protective mechanisms include cytotoxic CD8+ T lymphocytes,

which recognize and destroy infected cells, thereby limiting the
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spread of infectious agents, and CD4+ T-helper (Th) lymphocytes,

which contribute to protection by secreting specific antiviral cyto-

kines and supporting the generation and maintenance of B-cell and

CD8+ T-cell responses (24). Mucosal immunity, including IgA

antibodies, also plays a role in protecting against infections and in

preventing the transmission of infectious diseases. However, the

mechanisms of mucosal immunity in protection are not fully

understood, and there are challenges in developing strategies and

methods to stimulate and measure it effectively (25–27).
2.1 Humoral immune response

Since all currently licensed influenza vaccines, except Flumist,

are administered by intramuscular injection to provide protection

primarily by stimulating hemagglutinin (HA) specific antibodies, it

is important to review how the vaccine antigens are processed

immunologically after injection. Such an understanding is impor-

tant to devise vaccine formulations that could improve

their effectiveness.

When a protein or other antigen is injected, it reaches the

lymph nodes or spleen, where B cells bind to it through B cell

antigen receptors (i.e., surface immunoglobulins), which get acti-

vated and differentiate into plasma cells, producing antibodies

within 7–14 days of immunization. This initial extrafollicular

response results in the rapid appearance of low-affinity IgM and

low IgG antibodies (Figure 2) (24, 28), which are short-lived

because these plasma cells have a short lifespan; antibody levels

decline rapidly and eventually return to baseline. Simultaneously,

the pathogen-associated patterns in the injected vaccine antigens

attract circulating dendritic cells (DCs), macrophages, monocytes,

and neutrophils, activating these through “danger signals” (24).

This activation alters their surface receptor expression, including
TABLE 1 Factors for low effectiveness of influenza vaccines.

Factor Comments

Antigenic Drift
Small number of mutations in the Hemagglutinin (HA)
and Neuraminidase (NA) antigenic sites

Antigenic Shift
Major changes in the antigenic types of HA and NA
expressed due to genetic exchange in the segmented
genome of influenza viruses

Design of Seasonal
Influenza Vaccine

Estimation from circulating strains from the previous
influenza season

Manufacturing
Process

Effect of Egg adaptation, isolation, and passage or
propagation in animal cell cultures on the receptor-
binding site of vaccine strains

Original Antigenic
Sin/Antigenic
Seniority

Annual repeated vaccination

Repeated
Vaccination

Low protection, lower antibody response, due to the
generation of regulatory T-cells

Antigen used in
Serological Methods

Use of egg-grown virus in hemagglutination inhibition
(HAI)

Vaccination
Complacency
measures

False sense of protection avoiding preventive behavioral

Immune Response
to Infection and
Vaccination

Influenza infection elicits long-term memory B-cells,
while no such response with vaccines
FIGURE 1

Adjusted effectiveness estimates of the annual influenza vaccine in the United States. Data from the Centers for Disease Control and Prevention
(CDC). https://www.cdc.gov/flu-vaccines-work/php/effectiveness-studies/?CDC_AAref_Val=https://www.cdc.gov/flu/vaccines-work/effectiveness-
studies.htm. Influenza vaccine effectiveness was not estimated for 2020–21 because of low influenza virus circulations during that season due to
behavioral measures, such as social distancing and mask wearing for the COVID pandemic.
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major histocompatibility complex (MHC) molecules, and induces

their migration to the draining lymph nodes, where T and B

lymphocytes are activated. Antigen-specific CD4+ helper T cells,

activated by antigen-presenting DCs, induce antigen-specific B cells

to migrate towards follicular dendritic cells (FDCs), initiating the

germinal center (GC) reaction, a transient microenvironment that

lasts for a couple of weeks post-antigen exposure (Figure 2) (29, 30).

Within GCs, B cells receive further signals from follicular helper T

cells (Tfh), leading to extensive clonal expansion of antigen-specific

B cells, antibody class switching (from IgM to IgG, IgA, or IgE),

affinity maturation, and differentiation into memory B cells and

plasma cells that secrete high amounts of antigen-specific antibod-

ies, typically peaking around 4 weeks post-immunization (24). The

magnitude and quality of vaccine-induced humoral immunity are
Frontiers in Immunology 04
determined within the GC through iterative interactions between B

cells and Tfh cells (31).

Another subset of T cells that plays a role in regulating the

immune response is regulatory T cells (Tregs) (32–34), which are

essential for maintaining self-tolerance and preventing autoimmu-

nity, with the majority originating in the thymus as tTregs. Within

the GC, a specialized subset of Tregs, known as T follicular

regulatory (Tfr) cells, which differentiate from these Tregs precur-

sors, specifically modulate the magnitude and quality of the

antibody response. Tfh and Tfr cells act as opposing forces within

GCs to control antibody responses. In essence, Tfh and Tfr cells

form a balanced system in the GC, where Tfh cells provide “help”

and Tfr cells provide “control, “ ensuring a high-affinity yet

regulated antibody response (35).
FIGURE 2

Humoral response in humans after the injection of vaccines. ① Extrafollicular Response. Upon antigen injection, it migrates to lymph nodes or the
spleen, where it binds to the B cell antigen receptor. Upon antigen recognition, the B cells undergo brisk activation and differentiate into plasma

cells that produce low-affinity and short-lived antibodies, IgM ± IgG/IgA, at low levels in the serum within a few days after immunization. ② Germinal
Center (GC) Response. Simultaneously, following the injection of an antigen, pathogen-associated molecular patterns (PAMPs) in the antigen attract
antigen-presenting cells (APCs), including dendritic cells (DCs), macrophages (MPs), monocytes (MCs), and neutrophils (NPs), that patrol the body.
MCs can further differentiate into MPs or DCs. These APCs engulf the antigen, get activated through “danger signals” from PAMPs, and migrate to

the draining lymph nodes and/or spleen ③, where the activation of T and B lymphocytes takes place. Antigen-specific T-helper (Th) cells are

activated by antigen-bearing DCs, triggering antigen-specific B cells and initiating the GC reaction ④. In GCs, B cells receive additional signals from

follicular T cells (Tfh) ⑤ and undergo clonal proliferation; switch from IgM to IgG, IgA, or IgE antibodies and affinity maturation; and differentiate into
plasma cells secreting large amounts of high-affinity antigen-specific antibodies. A few plasma cells exit lymph nodes and/or spleen and migrate to
the bone marrow, for long-term memory (years to decades). On leaving GC, some B cells, instead of differentiating into antibody-secreting plasma
cells, differentiate into memory B cells that transiently migrate through the blood toward the extrafollicular areas of spleen and lymph nodes. These

memory cells persist there as resting cells until re-exposed to their specific antigens. ⑥ On re-exposure to the specific antigen, either by antigen
secreted by the pathogen infecting the person, or by booster doses, memory B cells rapidly proliferate and differentiate into plasma cells secreting

large amounts of high-affinity antibodies within a few days after infection or the booster dose, clearing the infection in the person, ⑦ or maintaining

high levels of circulating antibodies, as for tetanus and diphtheria vaccines. ⑧ Within the GC, a specialized subset of Tregs, known as T follicular
regulatory (Tfr) cells modulate the magnitude and quality of the antibody response. In essence, Tfh and Tfr cells form a balanced system in the GC,
where Tfh cells provide “help” and Tfr cells provide “control, “ ensuring a high-affinity yet regulated antibody response. Created in BioRender. Gupta,
R. (2026) https://BioRender.com/085abl7.
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2.2 Importance of memory B cell response

Memory B cells, generated in response to T cell-dependent

antigens during the GC reaction alongside plasma cells, do not

immediately differentiate into antibody-secreting cells upon leaving

GCs (24, 29, 36). These memory B cells transiently migrate through

the blood to the extrafollicular areas of the spleen and lymph nodes

(Figure 2), where they remain as resting cells until they re-

encounter their specific antigens. Typically, a single immunization

results in a sub-optimal immune response. However, during a

secondary immune response, for example, following a booster

dose or an encounter with the antigens produced by the pathogen

on infection, reactivation of antigen-specific memory B cells results

in rapid proliferation and differentiation into long-lived plasma

cells, secreting large amounts of high-affinity antibodies that are

detectable in serum within days of antigen exposure (24). While

short-lived plasma cells generated by extrafollicular response main-

tain peak antibody levels for a few weeks before declining rapidly,

the long-lived plasma cells generated by follicular response (GC

response) reside in bone marrow survival niches and continue to

produce antigen-specific antibodies, albeit with a slower de-

cline (24).

Circulating antibodies and memory B-cells elicited by prior

infection or vaccination are crucial for protection against infectious

diseases. IgG has a half-life of 21 days; to maintain sufficient and

durable levels needed for protection, it needs to be produced

continuously. Over time, antibody levels decline, sometimes falling

below the estimated protective levels, likely due to a reduction in

memory B cells and plasma cells. The protective levels of circulating

antibodies are unknown for most diseases. Despite low circulating

antibody levels for extended periods, most vaccines provide long-

term or lifelong protection without the need for booster doses,

except for toxin-mediated diseases such as tetanus and diphtheria.

Protection against most diseases is not necessarily achieved by

maintaining high circulating antibody levels. Instead, it is through

the rapid deployment of the immune system after infection, which

activates memory B cells in response to antigens expressed by

invading pathogens (Figure 2). However, maintaining protective

antibody levels is crucial for preventing toxin-mediated diseases

such as tetanus and diphtheria. This is achieved through periodic

booster doses of tetanus-diphtheria (Td) or tetanus-diphtheria-

pertussis (TdaP) vaccines to adults every 10 years.

2.3 Importance of cellular immune
responses

Following uptake of antigens by professional antigen-presenting

cells, such as DCs, the antigens are processed into small peptides

and displayed on their cell surface in MHC molecules for presen-

tation to T cells (24, 37). CD4+ T cells, with an antigen-specific T

cell receptor (TCR) and matching MHC II-peptide specificity, are

activated, providing further activation signals to DCs and differen-

tiating into effector cells that primarily produce Th1 or Th2

cytokines, which shape B cell and other cell-mediated immune

responses. For example, annual influenza vaccination can generate

populations of Tregs (38), specifically Tfr cells, in all age groups (39)
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and CD4+ memory T cells in the elderly, which can diminish

protective antibody responses by downregulating B cell activation

(40). CD8+ T cells recognize MHC class I-peptide complexes and

differentiate into cytotoxic effector cells capable of directly killing

infected cells by releasing cytotoxic granules into the infected cell.
3 Immune responses to influenza
vaccines

Influenza infection and vaccines primarily elicit antibodies

against the major surface glycoproteins, hemagglutinin (HA) and

neuraminidase (NA) (41). Antibodies targeting HA and NA play

crucial roles in mediating protection against reinfection. Since most

influenza vaccines primarily contain the HA antigen with traces of

NA, the immune response after vaccination is predominantly

directed against HA (41). HA antibodies from infected and recov-

ered individuals, as well as hyperimmune equine antiserum, have

been used to treat influenza patients. During the 1918 influenza

pandemic, convalescent human serum transfer reduced the absolute

risk of death in patients from 26% to 8% when administered within

4 days of symptom onset (12), demonstrating the role of HA

antibodies in protection against influenza. Crowe (42) suggested

using antibodies, particularly a combination of monoclonal anti-

bodies, as biological drugs to prevent or treat influenza infection.

The potential use of specific monoclonal antibodies to control

influenza is discussed in section 5.3 below.

Regulatory agencies recognize Hemagglutination Inhibition

(HAI) titers as the primary correlate of protection for influenza

vaccine efficacy and use this data to approve influenza vaccines (42).

HAI titers >1:40 are traditionally associated with a 50% protection

rate (43). However, other studies have shown that these target titers

are not accurate predictors of protection, particularly in children

and the elderly, and often overestimate the level of protection (44–

46). HAI titers >1:40 as a correlate of protection against influenza

are fundamentally flawed for live-attenuated influenza vaccine,

FluMist (47), and non-egg-based influenza vaccines. It is important

that appropriate HAI titers and/or other correlates of protection,

such as virus neutralization titers or anti-NA immunity, be consid-

ered based on the population (children or elderly) and vaccine

platform to evaluate the effectiveness of influenza vaccines. Further

comments on the use of the HAI serological assays and the role of

anti-NA immunity in protection against influenza are presented in

section 4.6 below.

Typically, circulating serum antibodies to viral and vaccine

antigens persist for varying durations, ranging from years to

decades. Antibody responses following viral infections or live

vaccines have half-lives of 50 years or more, while responses to

nonreplicating protein antigens (tetanus and diphtheria) are lower,

with estimated half-lives ranging from 11 to 19 years (48). The

persistence of influenza-specific antibodies is short-lived after

vaccination (42, 49–52), which justifies the need for annual vacci-

nation, in addition to the evolution of new influenza strains driven

by antigenic drift, which is discussed in more detail in sections 4.1

and 4.2 below.
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Vaccination with the same strain is recommended in consecu-

tive influenza seasons when circulating viruses show no meaningful

antigenic change. There have been several instances of the same

influenza strain in more than one influenza season, notably A

(H1N1) pdm09. Following its emergence in 2009, the H1N1 vaccine

component remained unchanged for several years (A/California/7/

2009 and immediate successors) until 2017, when antigenic drift in

the 6B lineage prompted a change to A/Michigan/45/2015 (53).

Further antigenic evolution led to subsequent updates (notably A/

Brisbane/02/2018, A/Victoria, and A/Wisconsin lineage picks) to

address reduced vaccine effectiveness against emerging subclades, as

documented by laboratory serology and real-world vaccine effec-

tiveness studies (54, 55). Despite the continued use of H1N1 and

related strains in annual influenza vaccines for over 15 years, the A

(H1N1)pdm09 strain and its new subclades have remained widely

circulating. It remains unclear whether repeated annual vaccination

with antigenically similar A(H1N1)pdm09 strains provides sub-

stantial protection against the disease, as A(H1N1)pdm09 infec-

tions continued in subsequent years. During the 2015–2016

influenza season, an increased prevalence of A(H1N1)pdm09

influenza virus infection was observed in Israel (56). More recently,

A(H1N1)pdm09 was the predominant influenza A virus circulating

in the United States during both the 2023–2024 and 2024–2025

seasons (57, 58), again raising questions about the degree of

protection conferred by the vaccine component. This may be due

to changes in the HA-binding site of strains grown in eggs and/or to

repeated annual vaccination triggering Tfr cell-induced immuno-

logical tolerance mechanisms, as referenced and discussed in this

article in section 4.5.

Furthermore, these observations suggest that repeated annual

vaccination with the H1N1 strain for over 15 years does not induce

a long-lived circulating memory B-cell response. In contrast,

memory B cells following natural influenza infection are known

to be remarkably long-lived. In 2007, Crowe and investigators

isolated B cells from nearly 100-year-old subjects that neutralized

the 1918 H1N1 and related early 20th-century H1N1 influenza

viruses, including those that had not circulated in the human

population for approximately 5 decades (59–62). This persistence

of B cell memory exhibited unexpected protection during the 2009

H1N1 pandemic, which contained antigenic elements of the 1918

virus, in the elderly compared to those without prior exposure to

early 20th-century H1 viruses (63–65). The same type of immunity

has been observed with H3 viruses in humans exposed to older

influenza strains that entered the human population in 1968 (42).

From these observations, it appears that memory B cells often

remain in circulation for decades (or even a lifetime) following

influenza infection, protecting against related strains encountered

many years later in life, but probably not against those induced

by vaccination.

Cellular immune responses have been shown to play a crucial

role in protection against influenza, and current inactivated split-

virus vaccines do not elicit or stimulate robust cellular immunity

(66). Cytotoxic T-cell immunity was found to be more broadly

cross-reactive against related influenza strains than humoral im-

munity (67). It is possible that future influenza vaccines that

stimulate viral neutralizing antibodies to HA and NA, in addition
Frontiers in Immunology 06
to stimulating cytotoxic T-cells to conserved viral proteins ex-

pressed on the surface of infected cells, will provide much improved

effectiveness compared to currently used vaccines.

As discussed in sections 4.1 and 4.2 below, protective epitopes

on HA and NA in circulating strains are highly variable due to

antigenic drift and antigenic shift. Studies using human monoclonal

antibodies, followed by structural and functional characterization,

revealed conserved antigenic sites recognized by broadly cross-

reactive antibodies (42). HA has two major structural domains with

protective antigen sites: the head and the stem. The design of

“headless” stem antigens has served as the basis for several current

“universal influenza” candidate vaccine programs (42), but with

limited success. Nonetheless, stem antibodies showed broad cross-

reactivity, including recognition of groups 1 and 2 influenza A

viruses, as seen with the stem antibody FI6 (68). Many stem

antibodies demonstrated lower potency in virus-neutralization

tests than head-domain antibodies, and the protective and thera-

peutic effects of many stem antibodies in preclinical animal models

have been associated with antibody-dependent cellular cytotoxicity

(ADCC) activity (69). Even if HA stem-cell-based vaccines may

stimulate ADCC activity, the inability to elicit strong viral neutral-

izing antibodies suggests that they would be insufficient as

standalone prophylactic or therapeutic vaccines.

Antibodies targeting the globular head domain of HA, partic-

ularly those directed against the receptor-binding site (RBS), exhibit

the most neutralizing or HAI activity against influenza viruses. RBS

is the immunodominant region of the HA head domain because its

structural elements are highly exposed on the virion surface and

readily accessible to B-cell receptors, thereby facilitating antibody

recognition (42). RBS is a structural domain comprising a shallow

pocket surrounded by hypervariable loops and helices. Many of the

amino acids at this site are highly conserved to maintain the sialic

acid receptor-binding site that binds to human cells to initiate

infection. Several key residues that interact with sialic acid are

conserved across influenza A and B HAs (70). However, four

features surrounding the RBS, including the 130-loop, 150-loop,

190-helix, and 220-loop, which are designated by their relative

positions in the HA amino acid sequence, are hypervariable. This

mutability is responsible for the antigenic drift observed over time

in influenza.

A highly effective immune response, both humoral and cellular,

may not be elicited by current influenza vaccines due to repeated

vaccinations (see section 4.5), the phenomenon of original antigenic

sin (OAS) or antigenic seniority (see section 4.5.1), and mismatches

between the HA of the vaccine and circulating strains. In addition to

antigenic drift, the selection procedure of influenza strains for

manufacture and isolation (see sections 4.2 and 4.4), as well as

the growth of influenza viruses in eggs (sections 4.3) and perhaps in

animal cell culture (section 4.4), contribute to mismatches between

the HA of vaccine and circulating strains. In addition to eliciting

antibodies to conserved epitopes through OAS or antigenic senior-

ity, repeated vaccination can induce immune tolerance and increase

the number of HA-specific Tfr cells, which are a specialized subset

of Tregs defined by co-expression of FOXP3 and CXCR5, enabling

their migration into B cell follicles where they co-localize with GC B

cells (33, 71, 72). Within this niche, Tfr cells impose multilayered
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control over GC dynamics through both contact-dependent and

cytokine-mediated mechanisms, including CTLA-4–dependent

modulation of co-stimulatory signals and suppression of Tfh cell

help, as well as the production of immunoregulatory cytokines such

as IL-10 and TGF-b (73–76). Through these mechanisms, Tfr cells

constrain GC magnitude, regulate somatic hypermutation and

affinity maturation, and limit plasma cell differentiation and anti-

body output (74–79). Emerging evidence from immunization

models further indicates that the magnitude and timing of the Tfr

response critically shape vaccine-induced humoral immunity, such

that early or excessive engagement, such as repeated immunization

of this regulatory axis, can dampen GC responses and reduce the

magnitude and durability of antibody production (79–81).

Collectively, these findings provide a mechanistic framework sup-

porting the concept of vaccine “blunting, “ or “attenuated magni-

tude”, wherein heightened Tfr activity attenuates the breadth,

magnitude, and persistence of antigen-specific antibody responses.

As discussed in section 4.5, repeated annual vaccination gener-

ates Tregs, specifically Tfr cells, in all age groups (39, 82) and CD4+

memory T cells in the elderly, which can diminish protective

antibody responses (40). These cells can suppress the immune

system’s ability to fight off influenza infections, affecting both

humoral and cellular responses, including the failure to elicit

memory B cells, which are primarily responsible for the long-

term protection provided by vaccines. Moritzky et al. (83) observed

a negative association between preexisting HA-specific antibodies

and postvaccination antibody levels. Furthermore, preexisting

CD4+ T cell levels were negatively correlated with vaccine-induced

CD4+ T cell expansion. Thus, although memory CD4+ T cells and

serum antibodies consist of components that can enhance vaccine

responses, the accumulated immunity specific to influenza A H1

and H3 proteins is associated with diminished future re-

sponses (83).
4 Factors for low effectiveness of
influenza vaccines

4.1 Antigenic drift and shift

The major challenge in preventing influenza is the development

of strain-specific vaccines. The high rates of mutations (antigenic

drift) and genetic reassortment (antigenic shift) in influenza viruses

are vital to the virus’s ability to cause seasonal epidemics and

occasional pandemics, respectively. Influenza viruses continually

evolve to evade recognition by the host immune system, acquiring

mutations in the antigenic sites of HA and NA. This process is

referred to as “antigenic drift”, which is the primary reason for

annual influenza vaccination, in contrast to other vaccines, except

the COVID-19 vaccine, where annual boosters are not typically

required after completing the primary vaccination series.

The influenza virus genome is segmented, which allows genetic

material to be exchanged when two strains of influenza A virus

infect the same host cell in human or animal reservoirs, including

birds, pigs, horses, and bats (84–87). This exchange alters the
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transcribed HA and/or NA antigens, potentially producing a new

influenza A virus subtype to which humans are not immune (86).

This process, known as antigenic shift, has led to influenza pan-

demics. Continuous antigenic variation, whether through antigenic

drift or antigenic shift, is a significant limitation in developing a

broadly protective, universal influenza vaccine.

4.2 Antigenic drift and vaccine design
timelines contribute to annual seasonal
influenza vaccine mismatch

Antigenic drift refers to the virus’s ability to evade pre-existing

immunity. Antigenic drift is the slow, gradual accumulation of

small genetic mutations in a virus, such as influenza, that change its

surface proteins (antigens), making it harder for the immune

system to recognize it and leading to seasonal epidemics and the

need for annual influenza vaccines. Antibodies to an influenza

variant in the population, whether acquired through vaccination

or infection, eliminate that variant, allowing new antigenic variants

to become predominant (12). When antibodies to the latest variant

are elicited, yet another antigenic variant emerges in the population,

and the cycle continues. This ongoing process of antigenic drift

ensures a continually renewed pool of new variants infecting

susceptible hosts, even among those who are vaccinated.

Strains for annual influenza vaccines for the northern and

southern hemispheres are projected based on global surveillance

of circulating influenza strains from the prior influenza season in

the opposite hemisphere (Figure 3) (18–20). Strain selection and the

egg-based vaccine manufacturing process take 6–9 months.

However, antigenic drift continues in nature during this timeframe

and even after annual vaccinations begin, leading to a “mismatch”

between the vaccine and circulating strains (Figure 3). This signif-

icantly reduces vaccine effectiveness (10). For example, during the

2014–2015 influenza season in the United States, more than 80% of

the circulating influenza A (H3N2) viruses differed from the vaccine

virus, and vaccine effectiveness was only 13% against influenza A

(H3N2) (10); the 2017/18 trivalent vaccine which had a low

effectiveness of ∼25% in the UK was due to mismatch to the

predominant influenza A strain and to the circulating Yamagata

strain (85, 88), the latter was not in the 2017/18 trivalent vaccine.

The dominance of the A/H3N2 subclade K during the 2025–2026

season (89–92) and its absence from this season’s influenza vaccines

further demonstrated deficiencies in vaccine strain selection and

manufacturing processes for influenza vaccines, where the vaccine

strain was no longer optimally matched to the viruses circulating

during the 2025–2026 season, leading to low influenza vac-

cine effectiveness.

4.3 Role of manufacturing process – egg
adaptations of influenza viruses cause
antigenic differences between vaccine and
circulating influenza strains

Most influenza vaccines (approximately 80% or more) are

manufactured in embryonated eggs, with one vaccine, Flucelvax,

produced in cell culture using Madin-Darby canine kidney
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(MDCK) cells and another, Flublok, containing recombinant HA

produced in baculovirus-infected insect cells (12, 93). Influenza

virus strains for the manufacture of vaccines, both in eggs and cell

cultures, are isolated in embryonated chicken eggs (Figure 4) or

primary chick kidney cultures to provide a barrier to extraneous

agents that might originate in the clinical source material (12). One

of the reasons for isolating influenza viruses in embryonated eggs

was to prevent contamination of influenza vaccines with adventi-

tious or extraneous agents from clinical source material (94),

because extraneous agents do not propagate in eggs but do in

mammalian cells. This was particularly important due to the

abbreviated timelines for manufacturing annual influenza vaccines

and the lengthy testing required to detect extraneous agents. This

should not be a concern with advances in rapid detection of

extraneous agents in cell substrates used in the manufacture of

biological products (95), and if influenza vaccines are not given

annually, as recommended in this article.

Virus isolates are further passaged to adapt them for growth in

eggs, a process necessary for producing influenza vaccines made
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using egg-based technology (Figure 4). Thereafter, reassortants of

“high growth” influenza A viruses are generated for their maximal

replication in eggs, facilitating vaccine manufacture. These

reassortants combine the HA and NA from virus strains selected

for the annual seasonal influenza vaccine with the high growth

properties of the donor virus, A/Puerto Rico/8/34 (PR8), a strain

adapted to replication in eggs (96, 97).

This process of isolation, passage, and generation of reassortants

of virus strains in eggs results in critical amino acid substitutions,

leading to differences in key epitopes on HA between vaccine and

epidemic or circulating strains (98). There are differences in RBS on

HA between human and avian cells: the influenza virus HA RBS is a-
2, 6-linked sialic acid for human cells and a-2, 3-linked sialic acid for
avian cells found in eggs (Figure 4) (98–101). RBS-directed antibodies

elicited by influenza vaccines recognized the egg-adapted H1 strain,

but not the circulating 2009 pandemic virus (101). Egg-adaptation

mutations (e.g., T160K, L194P) create highly accessible decoy epi-

topes that establish an immunodominance hierarchy. These decoys

steer the B-cell response toward non-protective sites and away from
FIGURE 4

The manufacturing process of influenza vaccine in embryonated eggs with an adverse effect on the Hemagglutination (HA) binding site on the
vaccine strain as compared to the same circulating strain. Created in BioRender. Gupta, R. (2026) https://BioRender.com/cv2cqtx.
FIGURE 3

Design of annual influenza vaccine, with a hypothetical example for the 2025–26 influenza season for one of the three strains. For example, Strain A
is selected for the 2025–26 Influenza Season; during vaccine manufacturing, Strain A changes to Strain A1, resulting in a mismatch between the
vaccine and circulating influenza virus strains. Created in BioRender. Gupta, R. (2026) https://BioRender.com/2rgjunf.
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the functionally conserved RBS pocket. This redirection of antibody

specificity ultimately erodes vaccine effectiveness against circulating

wild-type strains (102–105).

Katz and Webster (106) reported that primary isolation of type A

influenza (H3N2) virus in mammalian cell cultures, including MDCK

cells, monkey kidney LLC-MK2 cells, human lung continuous cell line

MRC-5, and primary guinea-pig kidney cell culture, resulted in a virus

with HA identical to that of the virus replicating in the infected

individual. In contrast, similar isolation of the virus in the embryo-

nated eggs resulted in the selection of variants with amino acid

substitutions in the globular head region of the HA molecule (106).

Schild et al. (107) demonstrated that cultivating influenza B

viruses in eggs produced subpopulations antigenically distinct from

those grown in mammalian cell cultures. Consequently, the selec-

tive environment during the manufacturing of egg-derived influ-

enza vaccines leads to mutations in the HA protein, which may

elicit antibodies that do not bind to circulating influenza strains,

thereby reducing the effectiveness of the vaccines (101, 107–118).

For example, Zost et al. (119) demonstrated that the site B of H3N2

HA, T160 HA glycosylation mutation was missing in the 2016–2017

egg-propagated vaccine strain and present in the circulating wild

virus strain (49, 119). This change resulted in both ferrets and

humans exposed to the egg-adapted A/H3N2 vaccine strain pro-

ducing poorly neutralizing antibodies to the circulating A/H3N2

viruses during that season. A recombinant HA vaccine with the

T160 HA glycosylation was superior to the egg-adapted and

passaged H3N2 virus, and the observed probability of influenza-

like illness was 30% lower in subjects who received the recombinant

vaccine than in subjects who received the inactivated influenza

vaccine (49, 120). Thus, the lower efficacy of egg-adapted vaccine

viruses may have resulted from mutations or changes in the A/

Texas/50/2014 vaccine virus, leading to low vaccine effectiveness.

Another example of the mismatch between the circulating

strain and the egg-adapted vaccine strain is from the 2012/2013

influenza season, which resulted in only 46% efficacy in adults

aged18 through 49 years and 9% efficacy in people older than 65

years of age (121). In this case, the circulating strain prediction was

correct, but the mismatch was due to a mutation in the egg-adapted

seed virus (IVR-165) that was sent to vaccine manufacturers. The

mutation was not present in the WHO-recommended strain but

occurred during adaptation of the strain to grow in eggs. The lower

efficacy (9%) in older adults may also be due to age-related

reprogramming, leading to a functional Th2 cell bias in memory

T cells that has been linked to dysregulated B cell responses against

highly boosted antigens in influenza vaccines (40) and the gener-

ation of Tfrs after repeated vaccination (39, 82).

An extensive literature search and expert panel study (122)

concluded that there is a mechanistic basis for reduced vaccine

effectiveness resulting from variation in candidate influenza viruses

due to egg-based manufacturing. Overall, the study’s evidence

suggested that, despite being an established method for producing

influenza vaccines worldwide, egg-based manufacturing likely re-

duced vaccine effectiveness because the virus changed during

adaptation to eggs. This effect was believed to be particularly

pronounced against certain strains, such as the influenza A/H3N2

virus, possibly due to a higher mutation rate in this strain (123).
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As discussed, it is well documented that egg-based manufac-

turing can alter the gene and amino acid sequences of HA, resulting

in a mismatch between the HA protein in the vaccine and that in

circulating viral strains, and such mismatches are correlated with a

reduced effectiveness of annual influenza vaccination. However,

continuous drift in influenza viruses after selecting virus strains for

manufacture would still result in reduced effectiveness of non-egg-

based vaccines (discussed in section 4.2 and Figure 3).

4.4 Role of manufacturing process –
animal cell culture adaptations of influenza
viruses cause antigenic differences
between vaccine and circulating influenza
strains

Since clinical influenza vaccine strains can be amplified in cell

culture for strain selection and an influenza vaccine, Flucelvax, is

manufactured using animal cell culture, MDCK, it would be

important to determine whether growth in animal cell culture can

also result in genetic and antigenic changes in HA. As discussed

above, Katz and Webster (106) found that primary isolation of type

A influenza (H3N2) virus in mammalian cell cultures yielded a

virus with HA identical to that of the virus replicating in the

infected individual. However, in a recent study, Prasai et al. (124)

demonstrated genetic and antigenic changes in HA when A/H3N2

clinical strains were grown in a humanized MDCK cell line. They

evaluated the genetic sequence and antigenicity of HA from 45 A/

H3N2 clinical isolates using techniques (Next-Generation

Sequencing, NGS, and a Poly (lactic acid), PLA antigenicity assay)

that did not require prior expansion in eggs or cell culture before

analysis. These assays were then applied to the A/H3N2 strains after

growth in MDCK cells. The results showed that isolation of clinical

strains using MDCK cells yielded considerably different HA se-

quences and antigenic forms than those found in direct analyses of

circulating human strains. The authors concluded that, to improve

the selection of influenza vaccine strains for inclusion in annual

vaccination formulations, direct analysis of clinical isolates would

be preferable to analysis after cell culture expansion (124). This

would also apply to the use of eggs for isolation and passage in

vaccine strain selection.

Prasai et al. (124) did not evaluate the effects of serial passage of

A/H3N2 in MDCK cells, which is required for the manufacture of

commercial-scale annual vaccines. However, it is likely that such a

passage would further support the selection of strains with HA

antigenic forms different from those of clinically circulating A/

H3N2 strains. Also, the authors did not conduct experiments with

influenza strains other than A/H3N2. Still, these data are very

relevant to the design of annual influenza vaccines, as Flucelvax is

produced using MDCK cell culture and A/H3N2 strains have been

major circulating strains during recent influenza seasons, including

the 2025–26 season (89–92).

These limitations due to passage in cell culture and egg-based

vaccines can be overcome with new vaccine manufacturing tech-

nologies, especially recombinantly expressed purified proteins (93)

and mRNA vaccines (125–128). A recent study of health care

workers aged 21–49 years after receiving quadrivalent influenza
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vaccines (93), the recombinant Flublok vaccine, the cell-culture-

based Flucelvax, and the egg-based Fluarix during the 2022–2023

season found that the 14-day post-vaccination HAI titers against

cell-grown A/H3N2 were 2.9-fold higher for Flublok than for

Flucelvax and Fluarix. The HAI titers were not different between

Flucelvax and Fluarix. Nine of the total ten cases and all five A

(H3N2) cases were among vaccinees who received Flucelvax and

Fluarix (93). It is not clear whether the increased HAI titers and

better protection afforded by Flublok, compared with those ob-

tained for Flucelvax and Fluarix, were due to HA antigenic changes

in the wild-type circulating A/H3N2 strain during growth in cell

culture and eggs or a higher vaccine dose, 45 µg of HA for Flublok

versus 15 µg for Flucelvax and Fluarix. It is possible that the

immunological benefit of Flublok was due to its higher dose or to

its HA structure that might differ from that of Flucelvax and Fluarix,

which were modified during passage in MDCK cells and eggs.

Further, shorter manufacturing time for recombinantly ex-

pressed purified proteins and mRNA vaccines, 3–4 months and

2–3 months, respectively, compared with 6–8 months for current

egg- and cell culture-based vaccines, may help better predict the

strains that will be prevalent in the upcoming influenza season.

There are recent proposals supported by data (19) that using HA

genetic sequences from wild-type strains obtained closer (e.g., 3

months) to the start of the influenza disease season could provide a

better match between the vaccine HA strain and the circulating

strains for that season. This would be especially important for

strains like A/H3N2, which appear to have a higher mutation rate

(123). However, for current egg- and cell-culture-based vaccines,

strains need to be selected at least 6 months before the start of the

influenza season to ensure that commercial vaccine lots

are available.

4.5 Effect of annual vaccination (repeated
vaccination) on protection and antibody
response

Unlike other vaccines, for which annual booster doses are

typically not required after completing the primary vaccination

series, influenza vaccination is recommended annually. The need

for annual vaccination has been justified due to the evolution of

influenza viruses through antigenic drift and a reported decrease in

antibody levels (49–52). Circulating influenza viruses continuously

evolve in the human population and mutate under pressure from

antibodies to the HA (12), leading to antigenic drift. However,

vaccine effectiveness often decreases with repeated yearly influenza

vaccinations. There are numerous scientific reports on the reduc-

tion in influenza vaccine effectiveness after repeated vaccinations

(49, 120–122, 129–159), starting with a 1970s vaccine trial in an

English boarding school, which observed that infection rates were

higher among boys vaccinated in the current and previous seasons

than among those receiving their first vaccination (160). These

observations from three outbreaks of influenza A in a school

suggested that annual revaccination with inactivated influenza A

vaccine confers no long-term advantage (160). When the vaccine

strain for the annual influenza vaccine is not updated and the

circulating virus strain antigenically drifts away from it, negative
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interference associated with repeated vaccination appears to be

exacerbated (145).

Immune responses to the influenza vaccine also decline among

older adults due to immunosenescence (49). However, modeling

studies have suggested that poor vaccine effectiveness in older age

groups is better explained by repeated vaccination than by age-

associated immunosenescence (161). In a recent study, Gong et al.

(40) found that three annual vaccinations with quadrivalent vac-

cines containing the same influenza B strain (B/Phuket) since 2015

reduced HAI titer in a much higher percentage of 55 to 65-year-olds

than in younger adults aged 25 to 35 years. HAI titers to other

influenza strains were reported to be similar across age groups.

Reduction in HAI titers to the highly B/Phuket-boosted HA antigen

was associated with the generation of altered CD4+ memory T cells

in older adults with reduced ability to activate antibody-producing

B cells. Another important factor that could contribute to the low

effectiveness of influenza vaccines is that repeated annual vaccina-

tion can generate Tregs, specifically Tfrs, across all age groups (39,

82), which can diminish protective antibody responses. The pre-

sence and ability of Tfrs and CD4+ memory T-cells to diminish the

activation of antibody-producing B-cells could pose a challenge to

improving the effectiveness of annual influenza vaccines, especially

in adults >65 years old. This is important because it can occur even

when there are good antigenic matches between the vaccine and

circulating wild-type viruses.

Serological studies also showed reduced post-vaccination anti-

body levels in individuals who had received multiple annual

influenza vaccinations compared to those who received a single

influenza vaccination (162–169). Fox et al. (169) suggested that the

ability of yearly vaccination to update immunity against new

influenza viruses might be limited by pre-existing immunity.

Thompson et al. (166) found higher antibody titers against A

(H3N2) in participants who received a single vaccination than in

those who received repeated annual vaccinations. Significantly

lower antibody responses with repeat versus single vaccination

were observed up to 18 months, suggesting a prolonged, blunted

immune response beyond a single season (170). Sullivan et al. (171)

observed decreasing post-vaccination antibody titers with increas-

ing numbers of prior vaccinations in a cohort of Australian

healthcare workers vaccinated with southern hemisphere quadri-

valent vaccines in 2020 and 2021. The magnitude of the response to

immunization, measured as the absolute titer or the rise in titer, was

consistently higher in the group with no prior vaccination than in

the group with at least five prior vaccinations. Antibody responses

might increase upon encountering an antigenically distinct vaccine

antigen, but infection was more immunogenic than vaccination

(172). In a recent study (93), in health care workers aged 21–49

years during the 2022–2023 season, HAI titers in frequent vaccinees

(three or more annual vaccinations during the last 5 years) showed

lower HAI titers than those in infrequent vaccinees (zero or one

vaccination during the last 5 years) for Flucelvax and Fluarix

vaccines, but not for Flublok. Eight of the ten cases were detected

among frequent vaccinees, and all five A(H3N2) cases were among

frequent vaccinees who received Flucelvax and Fluarix.

The evidence discussed above suggests that repeated annual

vaccination with the same HA antigens can reduce vaccine
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effectiveness by diminishing B-cell activation and the production of

high-titer functional antibodies. Furthermore, the ‘immunological

pressure’ from frequent vaccination in young adults might acceler-

ate antigenic drift by promoting the emergence of vaccine-induced

antibody-resistant strains.

4.5.1 Repeated vaccination and the concept of
original antigenic sin or antigenic seniority

The concepts of OAS and antigenic seniority are central to

understanding immune imprinting in influenza and its implications

for vaccine performance after repeated vaccination. First articulated

by Thomas Francis Jr. colleagues (173, 174) in 1960, OAS describes

the propensity of the immune system to preferentially recall

antibody responses elicited by the first influenza exposure when

subsequently encountering antigenically drifted strains, thereby

biasing responses toward conserved epitopes and potentially limi-

ting the generation of de novo immunity to novel variants

(Figure 5). While this classical view emphasizes immune interfer-

ence, more recent work has refined the concept through the

framework of antigenic seniority, which posits a hierarchical and

cumulative pattern of antibody boosting in which responses to

earlier (“senior”) exposures are preferentially amplified over those

to later (“junior”) strains (175, 176). This model better reconciles

longitudinal sero-epidemiological data, suggesting that immune

history does not simply constrain responses but organizes them

in a graded manner that can confer both cross-protection and

variability in vaccine effectiveness across age cohorts.
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Together, these paradigms underscore that prior antigenic

exposures critically shape the magnitude, specificity, and breadth

of responses to influenza vaccination, with important implications

for strain selection, repeated vaccination strategies, and the design

of next-generation or universal influenza vaccines. The concept of

OAS suggests that prior infections have cumulative adverse effects

on responses to later strains, resulting in higher antibody levels

against strains encountered earlier in life (147). This is because

antigenic drift does not alter the entire molecular structure of the

HA or NA glycoprotein; cross-reactivity to non-drifted regions

remains. Therefore, memory B cells to original common epitopes

are preferentially upregulated over the generation of plasma cells

and memory B cells to new epitopes, thus providing little to no

protection against new variants (Figure 5). This process is believed

to cause narrower immune responses after repeated vaccinations to

tiny portions of the common antigen, leaving an individual with

limited or no immune response to new epitopes on the emerging

virus strain (52, 175, 177).

In a recent article, Zhang et al. (178) demonstrated that OAS

occurs because CD4+ T cell proliferation and regulation signals are

antigen-nonspecific. Rapidly responding memory CD4+ T cells

trigger regulatory Tfr responses, which prematurely suppress

naïve CD4+ T cell responses, leading to a similar OAS effect in

CD4+ T cells (Figure 5). These findings indicate that the immune

response is weakest at an intermediate level of cross-reactivity, a key

characteristic of OAS, and may also help explain the role of OAS in

antibody responses (178). Klenerman and Zinkernagel (179) dem-

onstrated that OAS impairs cytotoxic T lymphocyte (CTL)
FIGURE 5

Projected immune response to influenza infection and vaccines. The effects of re-infection and repeated vaccination on the immune response,
including the original antigenic sin phenomenon, the possibility of immune tolerance, the generation of T-follicular regulatory (Tfr) cells, and the
induction of antibody-dependent cellular cytotoxicity, all of which affect protection from vaccination. Gupta, R. (2026) https://BioRender.com/
5yhu0bp.
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responses to viruses bearing variant epitopes, thereby impairing the

clearance of variant viruses.

However, the OAS phenomenon can enhance influenza immu-

nity. During the 2009 pandemic, it was noted that older people had

lower rates of infection than the younger population due to

historical cross-immunity to conserved antigens from prior H1N1

viral infections (which were common in the late 1970s); thus, their

original antigenic exposure offered protection (63–65). Based on

these observations, it may be inferred that immune memory to

influenza infections is long-term, and that repeated vaccinations are

not beneficial in protecting against emerging strains.

Another concept, the “antigenic distance hypothesis, “ suggests

that repeated homologous annual influenza vaccination with the

same vaccine, despite increasing antigenic distance between an

epidemic strain and the original vaccine strain, can lead to lower

antibody levels and increased vaccine failure rates (51). This

phenomenon, along with the OAS, is a vital factor in vaccine failure

rates (51, 65).

4.6 Serological methods to evaluate
humoral immune response after influenza
vaccination

HAI and neutralization tests are commonly used to measure

levels of strain-specific antibodies (12). However, the HAI test is

most used to measure antibody response to influenza vaccines. In

the HAI test, antibodies in an immune serum compete with chicken

or turkey red blood cells (RBCs) in binding to the viral HA, thereby

inhibiting the virus from agglutinating the RBC. In the absence of

antibodies, viruses agglutinate red blood cells from chickens or

turkeys. The neutralization test measures functional antibodies

capable of neutralizing strain-specific influenza viruses and may

be more sensitive than the HAI test (12). The usefulness of these

methods in estimating the immune response to circulating influ-

enza viruses depends on how the virus used in the test was grown,

whether in eggs or cell cultures, so that the virus used in the method

has a similar HA to that of circulating viruses. Virus grown in eggs

is often used in the HAI test (43, 180–187), thus evaluating immune

response to the mutant HA with a different epitope than that on the

circulating influenza virus. In a study directly comparing HAI titers

using an egg-grown vaccine versus an MDCK-propagated HA

antigen, titers for 50% protection ranged from 203 to 437 for the

egg-grown vaccine HA antigen and from 22.4 to 44.7 for the

MDCK-propagated HA antigen, indicating a significant overesti-

mation of HAI titers with the egg-grown vaccine antigen (187).

Antibody responses determined to egg-grown antigens were higher

than those to the corresponding cell-grown antigens, even among

vaccine-naïve individuals (171). A strong response to egg-grown

antigens may not provide a reliable correlate of protection against

circulating viruses. Sullivan et al. (171) cautioned in interpreting

immunogenicity studies performed using egg-grown antigens for

the HAI test. The egg-grown virus in the HAI test measures HAI

antibodies to egg-based vaccines, which may not be protective,

rather than to circulating influenza viruses, reflecting protection. A

few studies growing the viruses in MDCK cells for the HAI test used

the original virus isolated and propagated in eggs.
Frontiers in Immunology 12
Anti-NA immunity also contributes significantly to protection

against influenza (188–191). However, to evaluate the effectiveness

of current influenza vaccines, neither anti-NA immunity nor the

NA content of these vaccines is measured during approval and

release. Eichelberger and Monto (191) described that NA is largely

ignored in the formulation and standardization of current influenza

vaccines, primarily due to the lack of an easily performed test to

measure NA antibodies. NA-specific immunity conferred broader

protection against antigenic drift variants or newly emerging viruses

that carry the same NA but a different HA subtype. Weiss et al (189)

also found that NA inhibition titers associated with protection had a

greater breadth of reactivity to drifted strains than virus neutrali-

zation titers (190). Targeting the immune response to both HA and

NA may be critical for achieving optimal protection, since HA and

NA elicit protective immunity through different mechanisms (188).
5 Recommendations for improving
the control of influenza

The persistent low effectiveness of annual influenza vaccination

necessitates a critical re-evaluation of current policy. This is

important due to deficiencies in current vaccines and vaccination

policies, supported by extensive scientific evidence, including the

adverse effects of original antigenic sin, the mismatch between the

vaccine and circulating strains resulting from the strain selection

process, from egg- and animal cell culture based manufacturing,

and the generation of HA-specific Treg or Tfr cells that can

suppress the immune system’s ability to produce HA-specific

protective antibodies. The vaccination strategy and policy for

influenza vaccines require significant changes, along with alterna-

tive methods to control influenza infections, including the use of

existing and development of improved antiviral drugs, passive

immunization of high-risk patients with a cocktail of monoclonal

antibodies, and the development of better vaccines capable of

eliciting memory B cells. New vaccine antigenic targets should be

selected from circulating human strains without prior amplification

in animal cell culture or eggs, as discussed in section 4.4, and the

vaccine antigens then produced using recombinant protein pro-

duction systems and/or mRNA methods. In addition to these

recommendations, behavioral measures that reduce exposure to

respiratory pathogens also need to be implemented and

better promoted.

5.1 Behavioral measures

Respiratory disease preventative behavioral measures that in-

clude mask-wearing, hand washing, and social distancing or contact

avoidance are also important to utilize as they will not only protect

against influenza but also against other respiratory viral diseases,

including COVID-19, respiratory syncytial virus infection, the

common cold, and emerging human metapneumovirus (hMPV)

infections. This was evident during the COVID-19 pandemic, with

lower influenza cases and a shorter annual influenza season (192–

194), as shown in Figure 1, when few cases of influenza occurred
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during the 2020–21 influenza season due to behavioral measures,

such as social distancing and mask-wearing, implemented during

the COVID-19 pandemic. Interestingly, after lockdowns and be-

havioral measures implemented during the COVID-19 pandemic,

the influenza B virus lineage Yamagata has not been detected since

2020, which is considered almost extinct, and has been removed

from annual influenza vaccines (15, 16).

To manage the current threat posed by the influenza A(H3N2)

Subclade K virus, nonpharmaceutical interventions, such as social

distancing, have been suggested to reduce the burden of this

season’s anticipated epidemic (89). Such measures should be

voluntary, not mandatory. Individuals with symptoms of respira-

tory illness, including sore throat, runny nose, fever, body aches,

etc., as well as their contacts, should practice behavioral measures to

prevent the spread of respiratory infections during the winter

months. The practice of such behavioral measures by healthy

individuals in crowded places and by healthcare professionals is

also recommended. Such behavior measures need to be better

promoted by public health institutions and societies.

5.2 Influenza antiviral medications

Antiviral medications active against influenza viruses are es-

sential in controlling influenza, particularly when influenza vaccines

are ineffective. The CDC recommends four FDA-approved antiviral

drugs for treating influenza infections (195), including Baloxavir,

which was approved in 2022 for pediatric use in children aged 5

years and older.

• Oseltamivir phosphate (available as a generic version or

under the trade name Tamiflu®)

• Zanamivir (trade name Relenza®)

• Peramivir (trade name Rapivab®)

• Baloxavir marboxil (trade name Xofluza®)

Antiviral medications are most effective when administered

within 1 to 2 days of the onset of influenza symptoms. Influenza

antiviral drugs can lessen symptoms and shorten the illness by

about a day. Antiviral treatment shortly after symptoms can also

help reduce some influenza complications. For adults hospitalized

with influenza, some studies have reported that early antiviral

treatment can reduce the duration of hospitalization and the risk

of death (154). A recent study demonstrated that influenza antiviral

treatment was underutilized among children and adolescents (196).

All hospitalized children and adolescents, as well as those at higher

risk for influenza complications in the outpatient setting, should

receive antiviral treatment as soon as possible for suspected or

confirmed influenza (196). Zambon and Haydon (89) emphasized

the timely use of currently available antivirals during the threat of

the influenza A(H3N2) Subclade K virus, for prophylaxis and

treatment, to reduce the burden of this season’s anticipated epi-

demic. They further emphasized that chemoprophylaxis with in-

fluenza antivirals is a highly effective strategy for preventing illness

and controlling outbreaks in both acute- and chronic-care facilities,

as supported by multiple studies (89, 197–200).
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There should also be a priority to fund research and develop-

ment of improved antiviral drugs for therapeutic and prophylactic

use in high-risk cohorts.

5.3 Monoclonal antibodies for influenza
treatment or prevention

Therapeutic monoclonal antibodies offer distinct clinical and

regulatory advantages over vaccines, particularly in the context of

risk–benefit assessment. Unlike vaccines, which are administered

broadly to healthy individuals for prophylaxis, monoclonal anti-

bodies are typically given to patients who are already infected or at

high risk of severe disease. This targeted use allows for a higher

tolerance of potential adverse effects, as the anticipated therapeutic

benefit outweighs the associated risks. In contrast, vaccines must

demonstrate an exceptionally favorable safety profile, since they are

administered to large, predominantly healthy populations with

minimal immediate clinical benefit. Monoclonal antibody therapy

also provides immediate passive immunity, delivering protection or

treatment without the lag period required for an adaptive immune

response to develop after vaccination. This is especially advanta-

geous in immunocompromised or elderly individuals who may

have a suboptimal response to vaccination. Moreover, therapeutic

monoclonal antibodies can be precisely tailored to neutralize

circulating viral strains, enabling rapid adaptation to antigenic

drift and potentially achieving greater efficacy against emerging

variants. Together, these attributes position therapeutic monoclonal

antibodies as a complementary and, in certain contexts, superior

intervention to vaccination, particularly for vulnerable or acutely

infected populations where rapid, targeted, and risk-justified

immune protection is required.

Passive immunotherapy, using hyperimmune sera or human

immunoglobulins, has been employed to treat infectious diseases

for over a century (201). As discussed above, during the 1918

influenza pandemic, administration of convalescent serum within

four days of symptom onset reduced the absolute risk of death from

26% to 8%, demonstrating the protective role of HA-specific

antibodies (12). Monoclonal antibodies are increasingly being

used as treatment options, particularly for cancer and autoimmune

diseases. More than 100 therapeutic biological drugs based on

monoclonal antibodies have been approved (202) since the first

approval of a monoclonal antibody product in 1986 (203). Crowe

(42) proposed using combinations of monoclonal antibodies as

influenza therapeutics or preventatives. However, challenges asso-

ciated with using monoclonal antibodies during the annual influ-

enza season for evolving new influenza strains include the cost and

time required to generate them. Advances in recombinant technol-

ogy, the development of Antibody Phage Display technology, and

the delivery of monoclonal antibodies via mRNA have now made it

possible to reduce the cost and time required to generate mono-

clonal antibodies for new strains of influenza viruses within 3–4

months (204). Since the development of Antibody Phage Display

technology in the 1990s (205–207), almost more than 100 phage–

derived antibodies have been evaluated in clinical studies, and

approximately 19 of them have been approved (208–210).
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Recent advances in mRNA-based delivery of monoclonal anti-

bodies can further support efforts to deliver strain-specific seasonal

influenza monoclonal antibodies. mRNA-encoded antibodies are an

emerging therapeutic platform that enables rapid in situ production

of potent neutralizing antibodies within the body (211, 212). Unlike

conventional monoclonal antibody therapies, which rely on labor-

intensive, time-consuming cell-culture manufacturing, mRNA ap-

proaches are faster, more easily scalable, and cell-free, eliminating

the need for protein purification (212). Further work is ongoing to

develop mRNA as a means of delivering monoclonal antibodies

against infectious diseases, including influenza (213, 214). This

could be an alternative to the need to purify monoclonal antibodies

for formulation and delivery to people via intravenous or intra-

muscular injection.

Therapeutic monoclonal antibodies for seasonal influenza

strains can be developed more rapidly for emerging strains by

adopting a framework analogous to that of the annual influenza

vaccine, and under the Platform Technology Designation Program

of the 2022 “Prepare for and Respond to Existing Viruses, Emerging

New Threats”, PREVENT Pandemics Act, Section 506K of the

Federal Food, Drugs & Cosmetics Act (215, 216). This legal

framework enables the 12-week technical timeline to deliver a

distributed product by streamlining the review of “swapped”

mRNA or mAb sequences (215, 216). In its Guidance, FDA has

listed lipid nanoparticle (LNP) platforms for mRNA vaccine, gene

therapy, or other products, and monoclonal antibody platform

technologies that use the same cell substrate, expression construct,

upstream and downstream processing (216). This approach in-

volves submitting a Biologics License Application (BLA) for an LNP

incorporating specific monoclonal antibodies mRNA product or
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purified monoclonal antibodies product, and obtaining approval,

supported by comprehensive data demonstrating its safety and

efficacy in humans. Once the manufacturing process for such a

product has been approved under the initial BLA, subsequent

approvals for antibodies targeting newly emergent strains may be

pursued through BLA supplement filings, in a manner comparable

to the annual update of influenza vaccines.

Figure 6 presents an overview of the process for generating

recombinant monoclonal antibodies or LNP-mRNA for a specific

monoclonal antibody, based on the HA epitope structure of a novel

influenza strain. When new influenza strains are isolated from

patients in October/November, the viral genome will be sequenced,

and appropriate epitopes from the HA spike protein will be

designed, including the use of an in-silico epitope mapping and

artificial intelligence to screen HA structures and rapidly identify

potential epitopes for protective antibodies. Selected peptides with

conformational epitopes will be manufactured for bio-panning

using a commercial synthetic antibody phage display library or a

naïve antibody phage display library. Strain-specific HA monoclo-

nal antibodies or LNP-mRNA for a specific monoclonal antibody

can be generated in approximately 3–4 months, representing a

substantial reduction in development time relative to the six or

more months typically required for egg-based vaccine production

for predicted, rather than circulating strains. Tan et al. (204)

consistently implemented an innovative and accelerated cell line

development (CLD) workflow and an expedited chemistry, manu-

facturing, and control (CMC) strategy to develop multiple SARS‐

CoV‐2‐neutralizing monoclonal antibody programs. This resulted

in greatly reduced CMC timelines from DNA to Investigational

New Drug (IND) for these monoclonal antibodies. This strategy
FIGURE 6

Development and manufacturing process for therapeutic monoclonal antibodies, or lipid nanoparticles containing specific monoclonal antibody
mRNA, with timelines for controlling influenza after the emergence of new influenza strains. HAI - Hemagglutination Inhibition, HA
Hemagglutination, scFV/Fab - Single chain variable (FV) and antigen-binding (ab) fractions. Gupta, R. (2026) https://BioRender.com/0dvtbzm.
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enabled them to have clinical materials ready in as little as 3 months

to address the urgent, unmet medical needs during the COVID‐19

pandemic. The authors attributed the successful execution of this

expedited CMC strategy to a proven and robust platform process,

especially CLD, and effective collaboration among different func-

tions within the CMC areas (216).

New influenza strains generally appear in October or November

(57, 58). The A/H3N2 subclade K strain, which caused most

influenza cases during the 2025–26 season, was the dominant

circulating strain in many countries by May and November 2025,

and was reported by the CDC in August 2025 (89, 92). By leveraging

global surveillance data on circulating strains, monoclonal antibod-

ies against these variants could be developed by the end of January,

around the time influenza cases begin to peak. Until monoclonal

antibodies are manufactured, influenza cases should be treated with

antivirals, as discussed above. When monoclonal antibodies are

ready for use, they can be used for both the treatment of influenza

and prophylaxis in vulnerable populations, such as the elderly and

infants. The potential development and effective prophylactic use of

monoclonal antibodies against HA are supported by the successful

development of long-acting monoclonal antibodies to the F protein

of RSV (217–219). These antibodies can be administered via

intramuscular injection and have an extended half-life, providing

protection for up to 5 months. Development can be expedited by

using Southern Hemisphere data from global surveillance of circu-

lating influenza strains to start cell line development or mRNA

design in June. This proactive approach ensures that once specific

influenza strains emerge in October/November, the manufacture of

targe ted monoc lona l ant ibodies or LNP-mRNA can

begin immediately.

Recently published data suggested that an alternative would be

to develop a monoclonal cocktail targeting HA head regions,

conserved stalk HA regions, and conserved regions of the NA

(220). Hoy et al. (221) found that household contacts with high

levels of preexisting antibodies to the HA head and stalk and to NA

had reduced susceptibility to influenza infection. Momont et al.

(222) reported the development of a monoclonal antibody to NA

that exhibited viral-neutralizing activity against a wide variety of

influenza strains. Lei et al. (223) also reported three NA antibodies

conferring prophylactic and therapeutic protection in vivo, medi-

ated by both Fc effector functions and NA inhibition via steric

hindrance in mice. Clearly, the development of effective, broadly

neutralizing antibodies that could be delivered via intramuscular

injection and have an extended half-life would be ideal.

5.4 Influenza active vaccination strategy
and new vaccines

As discussed above, annual influenza vaccination has low and

variable effectiveness, not only because of antigenic drift that can

result in an HA antigenic mismatch with circulating clinical strains,

but also because it can stimulate immune tolerance, which can blunt

the production of functional antibodies to HA. Influenza vaccines

are not very effective, particularly at providing infection-blocking or

sterilizing immunity (preventing infection and transmission) with

diminishing immunological returns due to antigenic drift and
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repeated annual vaccination. From an immunodynamic perspec-

tive, infection-blocking immunity (antibody titers) is often immu-

nologically attenuating or wanes over time: antigenic drift can erode

epitope matching, leading to a decline in sterilizing protection.

Repeated antigenic exposures (via infection or vaccination) may

transiently restore this barrier, but gains are frequently subject to

diminishing returns, as successive boosts preferentially expand pre-

existing memory B-cell clones targeting conserved epitopes rather

than generating robust de novo responses to novel antigenic sites (a

pattern consistent with immune imprinting frameworks).

It is proposed that the annual influenza vaccination should be

reevaluated. New vaccines comprising HA from potential circulat-

ing strains should be developed using recombinant protein expres-

sion systems and mRNA vaccine technology rather than animal cell

culture or egg-based production. In addition, the targeted vaccine

HA antigens should be selected from viral sequences obtained

directly from clinical isolates, before passage in eggs or in cell

cultures, as these passages have been shown to alter the RBD of the

HA antigen (discussed in sections 4.3 and 4.4).

Vaccines that confer very long-term or lifelong protection are

primarily live attenuated vaccines, such as smallpox, MMR,

chickenpox, polio, and yellow fever. Antibody responses following

viral infections or live vaccines have half-lives of 50 years or more

(48). This could also be because the protection is primarily

mediated by cytotoxic CD8+ and CD4 cells specific to conserved

antigens. A live-attenuated flu vaccine, FluMist, has been approved

since 2003 (224). However, highly variable effectiveness across

seasons, including markedly reduced performance of the A

(H1N1)pdm09 component after 2009, highlighted fundamental

challenges in live attenuated influenza vaccine design, such as

restricted replicative fitness of certain reassortants, interference

among multivalent components, and the difficulty of achieving

balanced, stable attenuation while preserving robust immunogenic-

ity. Further, FluMist is grown in eggs and thus is subject to HA

antigenic changes from circulating wild-type strains, as discussed

above in section 4.3. Other options for a better live influenza vaccine

need to be explored.

The licensure of mRNA vaccines against SARS-CoV-2 in 2020–

2021 fundamentally altered the trajectory of vaccine development.

The unprecedented efficacy and rapid scalability of mRNA vaccines,

built on decades of work in nucleoside-modified mRNA and lipid

nanoparticle delivery, provided the first global demonstration that

mRNA vaccines can elicit safe, real-time responses to emerging viral

threats (225, 226). This success has naturally accelerated interest in

applying the platform to influenza (125–128, 227, 228). Recent

clinical studies of seasonal influenza mRNA candidates show strong

immunogenicity, greater efficacy than current licensed egg-based

vaccines, and acceptable reactogenicity (125–128), reinforcing the

platform’s potential public -health value (125). Advantages of

mRNA-based influenza vaccines over current vaccines include

HA antigens that match the sequences of circulating influenza

viruses, faster antigen updates, higher sequence fidelity, rapid

manufacturing scale-up, and the possibility of multivalent inclusion

of several hemagglutinin antigens or combined influenza–COVID-

19 constructs, broadening immunogenic potential beyond what

quadrivalent inactivated vaccines can deliver. Instead of developing
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mRNA vaccines from the strains selected in February (discussed in

Section 4.2), these vaccines, like monoclonal antibodies (discussed

in Section 5.3), can be developed from strains that begin circulating

in October or November or even earlier for use during peak

influenza season, starting in January/February of the following

year. As discussed, the sequence of the A/H3N2 subclade K

strain, which caused most influenza cases during the 2025–26

season (89–91), was available at the CDC in August 2025 (92).

The mRNA-based vaccine for this new subclade could have been

developed by the end of the year for use during the peak of the

2025–26 influenza season. However, these advantages of mRNA

vaccines are subject to diminishing returns due to constraints

imposed by immune imprinting via OAS, or antigenic superiority,

and antigenic drift.

The more consequential issue with the mRNA vaccines lies in

the regulatory interface with the FDA’s Center for Biologics

Evaluation and Research (CBER). In 2026, the FDA issued a rare

Refusal-to-File (RTF) for Moderna’s Biologics License Application

(BLA) for mRNA-1010, not on the basis of safety or efficacy

concerns, but due to clinical trial design, specifically, the choice of

comparator vaccine. The agency argued that the use of a standard-

dose comparator in older adults failed to reflect the current

standard of care (i.e., high-dose or adjuvanted vaccines), thereby

undermining the interpretability of relative efficacy claims in the

most clinically relevant population. This is a non-trivial regulatory

signal: for influenza vaccines, licensure remains anchored in com-

parative effectiveness against licensed products rather than

immunobridging alone, and comparator selection is now a critical

determinant of BLA acceptability. The CBER quickly relented and

filed the BLA. Regulatory agility must keep pace with technological

speed and scientific advances to bring innovative products to

patients in a timely manner.

Other approaches could include further development of puri-

fied, recombinantly expressed HA and NA proteins from viral

sequences obtained directly from clinical isolates, using appropriate

host systems, such as insect cell culture, which has been successfully

used for different HAs in the licensed Flublok vaccine.

Recombinantly expressed chimeric proteins from conserved epi-

topes in the stem and head regions of HA and NA could also be

used to develop alternate vaccines. For more than 50 years, it has

been known that antibodies to NA protect against infection during

seasonal and pandemic influenza outbreaks (191). The inclusion of

NA antigens in potentially improved influenza vaccines is also

supported by recent findings (221–223) that monoclonal antibodies

to conserved NA epitopes exhibit cross-reactive viral-neutralizing

activity and from preclinical animal model data on the use of a

purified recombinant NA antigen. Vaccines containing optimal

levels of NA may be particularly useful when there is antigenic

drift or shift in the HA because NA immunity offers broad

protection (191).

An adjuvant that can help elicit memory B cells (229–232) may

improve the level and duration of the immune response with a

lower antigen dose with purified recombinant proteins, including

chimeric proteins, as influenza vaccines appear to elicit a weak B cell

memory response compared to the strong response observed after

influenza infection. Many types of adjuvants have been evaluated
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for inclusion in various influenza vaccine formulations (233).

However, the only annual influenza vaccine that contains an

adjuvant is Fluad, which is licensed for use in individuals 65 years

and older and contains MF59, an oil-in-water emulsion (233).

While this adjuvant can increase HAI antibody titers over non-

adjuvanted vaccines (233) and can provide improved protection

over standard non-adjuvanted vaccines in the elderly, the

adjuvanted and non-adjuvanted high-dose Fluzone vaccines were

very similar in the level of protection against symptomatic disease

(233, 234). An adjuvant that is now receiving considerable attention

for inclusion in both purified subunit and mRNA influenza vaccines

is the CpG oligonucleotide. This adjuvant enhances the immune

response in the licensed Hepatitis B subunit vaccine, HEPLISAV B

(235), and in preclinical animal models has enhanced the memory

B-cell and T-cell responses to a multivalent mRNA formulation

expressing different influenza HA antigens (236) and to a purified

recombinant influenza NA antigen (237). CpG may have additional

properties compared with other adjuvants for influenza vaccines, as

suggested by Kakh et al. (39), because it could reduce the stimula-

tion and expansion of antigen-specific T-reg cells, thereby enhanc-

ing vaccine effectiveness.

Newly developed recombinant protein and mRNA influenza

vaccines that elicit memory B cells should be evaluated as childhood

vaccines for primary immunization, particularly in young children

without a history of annual influenza vaccination, to avoid non-

response due to OAS or antigenic superiority and immune toler-

ance. As discussed in Section 4.5, there are numerous scientific

reports on the reduction in influenza vaccine effectiveness after

repeated vaccinations (49, 120–122, 129–159). Also, influenza

vaccination effectively reduced life-threatening influenza illness by

75% in critically ill children with acute respiratory infection during

a season predominated by B/Victoria viruses and A/H1N1pdm09

subclade viruses that were antigenically drifted from vaccine com-

ponents (238), when low protection was observed in adults during

the same season (239). Olson et al. (238) speculated that immune

responses and correlates of protection in children, who are more

likely to be immunologically naïve, differ from those in adults, who

are more likely to be boosted by repeated infections and vaccina-

tions (240). Children are important vectors of influenza in the

community due to their movement between schools and house-

holds (237, 241–244), and due to high viral loads that can extend the

viral shedding period for transmission of the virus to adult teachers,

parents, and grandparents. Tanner et al. (87) also suggested

vaccinating children as a possible way to protect against influenza.
6 Improvement of the effectiveness of
the influenza vaccine on broad public
health impact

Improving the effectiveness of influenza vaccines could not only

enhance influenza control but also strengthen control of other

respiratory pathogens by boosting public trust in other vaccines.

The low and variable year-to-year effectiveness of influenza vaccines

(Figure 1) presents a challenge to vaccine uptake, contributing to
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vaccine hesitancy, as individuals question the benefits and necessity

of vaccination when perceived protection is limited. When the

public hears that the influenza vaccine’s effectiveness was lower in a

particular previous influenza season and in the current season

(245), it leads to a perception that the vaccine “doesn’t work.”

This can be particularly damaging when individuals and their peers

who received the vaccine still get the disease, leading to a sense of

betrayal or futility. In an era of increased vaccination efforts (e.g.,

COVID-19), “vaccine fatigue” can set in (246). If the influenza

vaccine is seen as less effective, it might be the first one people

decide to skip.

Low effectiveness compounds existing fears about vaccine

safety, leading to skepticism about pharmaceutical companies and

public health recommendations, and fueling a lack of trust in health

authorities or the necessity of annual vaccines, impacting attitudes

toward influenza vaccination and potentially vaccines in general.

Studies have shown that perceptions of low vaccine effectiveness

correlate strongly with vaccine hesitancy and reduced uptake

(247–249).

Further, when vaccine effectiveness is low, public messaging

about the residual benefits (such as reduction in severe disease or

hospitalizations) is often insufficient to overcome reluctance, espe-

cially among those with limited trust in authorities or limited

knowledge of how vaccines work. In the 2024–2025 season, evi-

dence suggesting that the vaccine may have offered negligible or

even negative effectiveness in some populations may exacerbate this

effect (250). Healthcare workers, who are crucial in recommending

vaccination, may also experience reduced motivation to promote

the annual influenza vaccine if they perceive its effectiveness to

be low.

Improving the effectiveness of influenza vaccines could also be

important by diminishing the impact of reduced use of preventive

behavioral measures due to vaccination complacency. Preventive

behavioral measures during the winter months, such as mask-

wearing, handwashing, and social distancing or contact avoidance,

play a crucial role in controlling several seasonal respiratory

infections and diseases, including influenza, COVID-19, the

common cold, respiratory syncytial virus infections, and emerging

human metapneumovirus (hMPV) infections. Vaccinated individ-

uals, particularly those against influenza with uncertain effective-

ness, negatively influence preventive behavior among vaccinees due

to a perceived lower risk of infection (251). Preventive behavioral

measures, particularly contact avoidance, significantly reduce dis-

ease transmission (252–254), and the perceived risk of infection is

essential in practicing such behavioral responses (249). In general, it

has been observed that vaccinated individuals do not engage in

avoidance behavior to the same extent as unvaccinated individuals,

which may influence their level of engagement in such behavior

compared with unvaccinated individuals (250). Vilches et al. (255)

demonstrated that vaccination can lead to a larger epidemic size if

the avoidance level of vaccinated individuals is below that of

susceptible individuals. They also emphasized that seasonal influ-

enza immunization programs should enhance strategies to promote

preventive behavioral measures. Improved influenza vaccines that
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are more effective at preventing infection and/or transmission of the

virus in vaccinated individuals would help to mitigate the effects of

vaccination complacency.
7 Conclusion

While most vaccines confer long-lasting protection through

memory responses, annual influenza vaccination struggles with low

and variable effectiveness. This is attributed to factors such as

antigenic drift, mismatches between egg-adapted or cell-culture

passaged vaccine strains and circulating wild-type strains, repeated

vaccination, and the phenomenon of original antigenic sin. Repeated

annual influenza vaccination has been associated with a “blunting” of

the antibody response, particularly to new antigens on emerging

strains. The antibody blunting may be driven by the expansion and

enhanced regulatory activity of Tfr cells and/or antigenic seniority or

the OAS phenomenon. Contrary to the typical vaccine paradigm, we

argue that the current annual influenza vaccination policy is not very

effective due to the blunting of the production of viral neutralizing

antibodies to HA upon repeated immunization with the same

antigenic HA structures. A paradigm shift is needed, moving towards

alternative control strategies (improved antivirals, monoclonal anti-

bodies, and behavioral measures) alongside the development of

vaccines based on recombinant proteins and mRNA technology.

Improved vaccine designs can include formulations containing key

variable and conserved epitopes, along with adjuvants to modulate

Tfr responses, thereby enhancing activation of influenza-specific B

and T cells and promoting short-term and durable memory immu-

nity. For example, future multivalent vaccines based on purified,

recombinantly expressed proteins and mRNA vaccine technology

that stimulate viral-neutralizing and ADCC antibodies against HA

and NA, in addition to stimulating cytotoxic T-cells against con-

served viral proteins expressed on the surface of infected cells, could

be much more effective than currently used influenza vaccines.

Immunological insights, discussed in this article, suggest that vaccine

platforms and adjuvants should be optimized not only to enhance

Tfh responses but also to transiently limit early Tfr dominance.

Strategies that favor pro-Tfh cytokine environments (e.g., IL-6, IL-12)

during priming, while allowing delayed Tfr-mediated contraction,

may improve both the magnitude and durability of antibody

responses. Conversely, formulations that induce early IL-10/TGF-

b–rich environments risk attenuating GC initiation and thereby

blunting protective immunity.
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