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IMMUNE IMPRINTING IN INFLUENZA: CELLULAR MECHANISMS,
CLINICAL SIGNIFICANCE, AND PROSPECTS FOR NEXT -
GENERATION VACCINE DEVELOPMENT

Influenza viruses remain a major cause of seasonal morbidity and mortality worldwide, while the effectiveness of current influenza vaccines
depends not only on the antigenic match between vaccine and circulating strains but also on an individual’s immunological history. One of the
key mechanisms shaping both infection- and vaccine-induced immunity is immune imprinting, historically described as Original Antigenic Sin
(OAS). The aim of this review was to summarize current knowledge on the cellular and molecular mechanisms of immune imprinting in influenza,
evaluate its clinical and epidemiological significance, and discuss its implications for the development of next-generation influenza vaccines. This
narrative review was based on publications retrieved from the PubMed, Scopus, and Web of Science databases. Particular attention was paid
to the roles of memory B cells, long-lived plasma cells, germinal centers, and T follicular helper cells in the establishment and maintenance of
immunological memory. The review also examines the influence of antigenic distance between sequential influenza strains on the effectiveness of
naturally acquired and vaccine-induced immunity and highlights recent advances in antigen engineering aimed at reshaping pre-existing immune
memory. Current evidence indicates that immune imprinting is a fundamental property of adaptive immunity that may either enhance broad
cross-protective immunity or restrict the generation of novel immune specificities, depending on the antigenic context. Recent developments in
vaccine engineering, systems immunology, and high-throughput immune profiling provide new opportunities for the design of universal influenza
vaccines capable of rationally modulating immunological memory while inducing durable and broadly protective immune responses.

Key words: influenza, immune imprinting, Original Antigenic Sin, adaptive immunity, memory B cells, universal influenza vaccine,
vaccination.
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Anmywesa Temana leaniena, kanouoam 6ion02iuHUX HAYK, CMAPWUL HAYKOBULL CRiGpodimHuK 1abopamopii éipycrux ingexyiti YV
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IMYHHUW IMOPUHTHUHT IIPU I'PUIIL: KJIITUHHI MEXAHI3MHA, KJITHIYHE
3HAYEHHSA TA HIEPCIIEKTHUBHU CTBOPEHHSA BAKIIMH HOBOT'O TIOKOJIITHHA

Bipycu rpuny 3aiuIIaroThCs OAHIEI0 3 MPOBIAHUX MPUYMH CE30HHOI 3aXBOPIOBAHOCTI Ta CMEPTHOCTI Y CBIiTi, TOAI SK e(EKTUBHICTH
CyYacHHX BAaKIMH 3HAYHOIO MIpOIO 3aIeKHUTh HE JIMIIE BiJ aHTUTEHHOI BIANOBIJHOCTI BaKIMHHHX 1 IMPKYIIOOYMX MITaMiB, ane # Bix
1H/IMBITyaJIbHOTO IMYHOIOTIYHOTO TOCBiay. OMHUM i3 KIIOUOBHX MEXaHI3MiB, 10 BU3HAYAE XapaKTep MOCTIHPEKIIHHOT Ta MOCTBAKIIMHAIBHOT
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iMyHHOT Bi/IIIOBIli, € IMyHHHIT IMIIPHHTHHI, BiIOMHU# TAKOXK y KIacH4HiH Jiteparypi sk peromen Original Antigenic Sin. Metoto po6otu 6yino
y3araJbHEHHS Cy4acHHX YSBJICHb IPO KIITUHHI H MOJEKY/ISpHI MeXaHi3MHU IMYHHOTO IMIIPUHTYBAHHS NPH TPHITi, aHAJI3 HOTO KIIHIYHOTO
Ta CMiJeMiONOTIYHOTO 3HAYEHHS, a TAKOXK OIIHKA MEepPCHEeKTUB BUKOPUCTAHHS IIi€1 KOHIEMIIl y CTBOPEHHI BaKIMH HOBOTO TOKONiHHS.
PoGoty BuKOHAHO y (hopmaTi HAPATHBHOIO OISy CYYaCHOI HAyKOBOI JIITepaTypy 3 BHKOPHUCTAHHSIM MIKHAPOIHHX HAayKOMETPHYHHX 0a3
nannx PubMed, Scopus i Web of Science. [IpoanaiizoBano pois B-KiTiTHH maM’siTi, JOBroOXXMBYYHX IUTa3MaTHYHUX KIITHH, TePMiHATHBHUX
1eHTpiB i T-pomikynsapHux xenmepiB y popMyBaHHI IMyHOJIOTTIHOT ITaM SITi, BUCBITICHO BIUIMB aHTUTEHHOI AMUCTAHIIIi MK TTOCITITOBHUMHA
[TaMaMy Bipycy Ha e(EKTHBHICTh MPHUPOJHOrO Ta BAKIMHAIBHOIO IMYHITETY, a TaKOX PO3IISTHYTO CydacHi MiIXOAM 10 aHTHICHHOI
imKeHepil, cnpsMoBaHi Ha Moaudikario Bxe chopMoBaHOi iMyHHOI mam’sti. [TokazaHo, M0 iIMyHHUH IMIPHHTHHT € (yHIaMEHTAIbHOIO
BIIACTUBICTIO AJIANITUBHOTO IMYHITETY, KA 3aJI€KHO BiJ aHTUTEHHOTO KOHTEKCTY MOXe 3a0e3MedyBaTh K IMPOKUH MEPEeXPEeCHUH 3aXUCT,
Tak i oOMexyBatH (pOopMyBaHHS HOBHX IMyHHHX creuudiyHocTell. Bukopucrants cyyacHux miardopM BaKIMHHOI iHXKeHepil, CHCTeMHOT
IMyHOJIOTi Ta BHCOKONPOAYKTUBHUX TEXHOJIOTIH BiJIKpPHBA€E MEPCICKTHBU [UIsi CTBOPCHHS YHIBEPCAIBHUX BAKIMH IPOTH TPHILY, 3AaTHUX
patioHanbHO MO IKYBaTH IMyHOJIOTIYHY MTaM STk 1 3a0€31euyBaT! TPHBAIHI MUPOKUIT 3aXUCHUN IMYHITET.

Kurouogi cioBa: rpur, imynunii imopuntusr, Original Antigenic Sin, agantuBHUHN iMyHiTeT, B-kiiTiHN nam’sTi, yHiBepcaibHa BaKI[MHA,

LICIIJICHHS.

Introduction. Influenza viruses remain among the
most important respiratory pathogens affecting humans,
causing substantial morbidity, hospitalization, and mor-
tality worldwide each year. Despite the widespread use
of seasonal influenza vaccines for decades, vaccine
effectiveness varies considerably depending on circu-
lating viral strains, age, previous immunological expe-
rience, and other host — related factors. For many years,
this variability was primarily attributed to the continuous
antigenic drift of the viral surface glycoproteins-hemag-
glutinin (HA) and neuraminidase (NA)-which results
in the emergence of novel antigenic variants capable of
partially or completely escaping pre — existing immune
responses [ 1-3].

However, accumulating experimental and clinical
evidence indicates that viral antigenic variability is not
the sole determinant of naturally acquired or vaccine —
induced immunity. Increasing evidence suggests that
the quality and magnitude of the immune response are
strongly influenced by an individual’s history of previous
encounters with influenza viruses or their antigens. In par-
ticular, the first antigenic exposure establishes long — last-
ing immunological memory that shapes both the speci-
ficity and magnitude of immune responses to subsequent
influenza infections or vaccinations [2, 4, 5].

This phenomenon, now widely referred to as immune
imprinting, was originally described by Thomas Francis
Jr. as the concept of Original Antigenic Sin (OAS), which
refers to the preferential recall of immune responses
directed against antigens encountered during the first
exposure to influenza virus. Although initially regarded as
an undesirable fixation of the primary immune response,
the concept has evolved substantially over recent dec-
ades. Immune imprinting is now recognized as a funda-
mental property of adaptive immunity that can provide
rapid cross — protection against antigenically related viral
variants while simultaneously limiting the development
of effective immune responses to antigenically distinct
strains [4, 6, 7].

Despite considerable advances in understanding the
cellular and molecular basis of immunological mem-
ory, many aspects of immune imprinting remain incom-
pletely understood. In particular, the coordinated interac-
tions among memory B cells, long — lived plasma cells,
germinal centers, and T follicular helper (Tfh) cells dur-
ing the establishment and maintenance of long — term
humoral immunity continue to be actively investigated.
Furthermore, the influence of antigenic distance between

primary and subsequent influenza strains on the strength
of immune imprinting, vaccine effectiveness, and the
level of natural protection remains an area of ongoing
research [5-8].

Recent advances in systems immunology, single — cell
sequencing, structural vaccinology, and bioinformatics
have substantially expanded current knowledge of the
mechanisms underlying immune imprinting. The integra-
tion of findings from fundamental and clinical studies has
provided new insights into the role of previous immune
experience in shaping protective immunity and has opened
promising avenues for the development of universal or
broadly protective influenza vaccines capable of minimiz-
ing the unfavorable consequences of pre — existing immu-
nological memory [3, 7-9].

The aim of this review is to summarize current knowl-
edge of the cellular and molecular mechanisms underlying
immune imprinting in influenza, analyze its immunolog-
ical, clinical, and epidemiological implications, and eval-
uate its significance for the development of next — gen-
eration influenza vaccines and future strategies toward
universal influenza vaccination.

Methodology and Research Methods. This study
was conducted as a narrative review of the scientific lit-
erature on immune imprinting in influenza, its cellular
and molecular mechanisms, clinical and epidemiolog-
ical implications, and relevance to the development of
next-generation influenza vaccines.

The literature search was performed using the inter-
national bibliographic databases PubMed, Scopus, and
Web of Science, supplemented by relevant World Health
Organization (WHO) recommendations and documents
concerning influenza prevention and vaccination. The
search covered publications from 1960 to 2025, including
seminal studies that established the concept of Original
Antigenic Sin as well as recent experimental, clinical, epi-
demiological, and review studies addressing contemporary
concepts of immune imprinting.

The search strategy included combinations of the
following keywords and their related terms: “influ-
enza”, “immune imprinting”, “Original Antigenic Sin”,
“immunological memory”, “memory B cells”, “germi-
nal centers”, “T follicular helper cells”, “antigenic drift”,
“influenza vaccine effectiveness”, ‘“universal influenza
vaccine”, and “antigen engineering”.

Priority was given to peer-reviewed systematic
reviews, meta-analyses, experimental and clinical studies,
epidemiological investigations, and authoritative scientific
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reviews directly addressing the mechanisms or conse-
quences of immune imprinting in influenza. Seminal pub-
lications were additionally included when they provided
the conceptual or historical basis for understanding Orig-
inal Antigenic Sin and immune imprinting.

Studies were selected according to their relevance to
the objectives of the review, scientific significance, meth-
odological quality, and contribution to understanding the
cellular and molecular mechanisms of immune imprint-
ing, its effects on influenza susceptibility and vaccine-in-
duced immunity, and approaches to modulation of pre-ex-
isting immune memory. Publications that did not directly
address the subject of the review or lacked sufficient sci-
entific relevance were excluded.

The retrieved literature was analyzed using compara-
tive, analytical, and synthesis approaches. The findings
were integrated to provide a comprehensive overview of
current understanding of immune imprinting and its impli-
cations for influenza prevention and vaccine development.

Presentation of the main research findings. General
Principles of Immune Imprinting in Adaptive Immunity.
Immune imprinting is a fundamental property of the adap-
tive immune system whereby the first encounter with an
antigen establishes a long — lasting immunological memory
pattern that shapes subsequent immune responses to anti-
genically related variants of the same pathogen. In influ-
enza, this phenomenon is of particular importance because
of the continuous antigenic drift of the viral surface gly-
coproteins-hemagglutinin (HA) and neuraminidase (NA)-
which drives the emergence of sequential yet immunologi-
cally distinct viral variants [2, 10].

Rather than serving as a passive repository of infor-
mation about previous infections, the adaptive immune
system functions as a highly organized and dynamic net-
work in which early antigenic encounters determine the
subsequent selection and dominance of specific lympho-
cyte clones. This hierarchical organization is maintained
through coordinated interactions among memory B cells,
long — lived plasma cells, germinal centers, and anti-
gen-specific T-cell populations, enabling the rapid restora-
tion of protective immune responses upon re — exposure to
related antigens [5, 6].

Accordingly, immune imprinting should not be viewed
as a passive “imprint” of the primary immune response
but rather as an active regulatory mechanism of adaptive
immunity that determines lymphocyte activation thresh-
olds, epitope immunodominance, and the overall direction
of humoral immune responses [5].

Memory B cells play a central role in the establish-
ment and maintenance of immune imprinting because of
their capacity for rapid reactivation following repeated
antigen exposure. Following primary infection or vaccina-
tion, a population of long — lived memory B cells is gen-
erated, predominantly recognizing the immunodominant
epitopes of the influenza strain that initially elicited the
immune response [4, 11].

Upon subsequent infection or vaccination with anti-
genically related influenza viruses, these memory B cells
are reactivated much more rapidly than naive B cells
owing to their lower activation threshold, higher B — cell
receptor affinity, and enhanced proliferative capacity. Con-

sequently, the humoral immune response develops more
rapidly but becomes functionally biased toward conserved
epitopes shared with the primary influenza strain [4, 12].

At the same time, the preferential activation of mem-
ory B cells suppresses the recruitment of naive B cells that
could otherwise recognize novel or substantially altered
epitopes. As a result, the antibody repertoire remains
focused on the antigenic characteristics of the original
virus, potentially limiting the effectiveness of immune
responses against antigenically divergent influenza vari-
ants [7, 11].

Long — lived plasma cells, located primarily in the
bone marrow, also play an essential role in maintaining
immune imprinting. These cells continuously secrete anti-
bodies for many years, or even decades, thereby sustain-
ing a stable serological profile that reflects an individual’s
primary antigenic exposure [13, 14].

Antibodies produced by long — lived plasma cells can
further shape subsequent immune responses by masking
specific epitopes and reducing antigen availability for
naive B cells. This process further favors the reactivation
of pre — existing memory B — cell clones, thereby reinforc-
ing the effects of immune imprinting [4, 5].

Another critical component of immune imprinting is
the germinal center reaction occurring within secondary
lymphoid organs, particularly the lymph nodes and spleen.
Germinal centers provide the microenvironment in which
somatic hypermutation, affinity maturation, and affinity —
based selection of B — cell clones take place. These pro-
cesses are tightly regulated by T follicular helper (Tth)
cells, which deliver essential signals for B — cell survival,
proliferation, and differentiation [6, 15].

In addition to T follicular helper cells, other memory
T — cell populations contribute to the establishment of
immune imprinting. In particular, CD4" T cells coordinate
humoral immune responses and support germinal center
activity, whereas CD8" cytotoxic T lymphocytes recognize
more conserved internal viral proteins and can provide
cross — reactive cellular immunity despite substantial anti-
genic variation in viral surface glycoproteins [6-8].

Previous antigenic experience profoundly alters
the functional organization of germinal centers. Upon
re — exposure to antigenically related influenza viruses,
Tth cells preferentially support pre — existing memory
B — cell clones, whereas the participation of naive B cells
in generating novel antigen specificities is substantially
reduced. This selective support represents one of the prin-
cipal cellular mechanisms underlying immune imprint-
ing [5, 7].

At the cellular level, immune imprinting is mediated
through clonal competition. Compared with naive B lym-
phocytes, memory B cells possess a substantial selective
advantage owing to their greater precursor frequency,
higher receptor affinity, and more rapid reactivation fol-
lowing repeated antigen exposure [5].

As a consequence of this competition, immune
responses become increasingly focused on epitopes shared
with the primary influenza strain. The magnitude of this
effect largely depends on the antigenic distance between
the primary strain and subsequent antigenically related
viruses. When antigenic differences are relatively small,
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immune imprinting promotes efficient cross — protection.
In contrast, increasing antigenic distance may limit the
generation of novel immune specificities, thereby reducing
the effectiveness of adaptive immune responses against
emerging influenza variants [7, 12, 16].

Clinical and Epidemiological Implications of Immune
Imprinting. One of the most striking manifestations of
immune imprinting is the emergence of birth cohort—spe-
cific differences in susceptibility to influenza virus infec-
tion. Individuals born during different periods of influenza
virus circulation exhibit distinct profiles of immune pro-
tection and infection risk, determined not only by subse-
quent viral exposures but, more importantly, by their pri-
mary antigenic encounter during early childhood [17, 18].
Consequently, cohort — specific heterogeneity of immunity
develops, whereby susceptibility to particular influenza
virus subtypes and strains is strongly influenced by the
year of birth and the epidemiological landscape at the time
of the initial infection [12].

Immune imprinting influences not only susceptibil-
ity to infection but also the clinical course of influenza.
When the primary infecting strain and subsequently
encountered antigenically related viruses share sufficient
antigenic similarity, pre — existing immunity may pro-
vide partial cross — protection, resulting in reduced viral
load, shorter disease duration, and a lower risk of severe
clinical outcomes [5]. In contrast, substantial antigenic
distance between viral variants may favor the production
of cross — reactive but weakly neutralizing antibodies,
thereby limiting antiviral protection, promoting prolonged
viral persistence, and contributing to more severe disease
manifestations [7, 12].

One of the most important practical consequences of
immune imprinting is the variability in the effectiveness of
seasonal influenza vaccines. Because vaccination is usu-
ally administered in individuals with pre — existing immu-
nological memory, repeated antigen exposure frequently
reactivates established memory B-cell clones rather
than inducing de novo immune responses against newly
emerged viral variants [10, 11]. Consequently, the breadth
of the antibody response is reduced, leading to diminished
protection against antigenically drifted influenza strains,
particularly among older adults with a long history of nat-
ural infections and repeated vaccinations [19].

An additional factor that may further exacerbate the
effects of immune imprinting is the manufacturing process
used for conventional influenza vaccines. In particular,
adaptation of vaccine strains for propagation in embryo-
nated chicken eggs can introduce mutations in the hemag-
glutinin molecule, altering the antigenic properties of the
vaccine virus and reducing its antigenic match with circu-
lating influenza strains [20, 21].

At the population level, immune imprinting con-
tributes to the formation of a complex landscape of herd
immunity that is largely determined by the age structure
of the population, the historical circulation of influenza
viruses, and previous vaccination programs. Such immu-
nological heterogeneity considerably complicates the
prediction of epidemic dynamics and the modeling of
influenza transmission. Traditional epidemiological mod-
els, which generally assume a relatively homogeneous

immune status within the population, often fail to account
for the profound influence of primary antigenic exposure
on subsequent immune responses [17].

Incorporating parameters related to immune imprinting
into contemporary epidemiological models substantially
improves the prediction of age — specific, cohort — spe-
cific, and seasonal patterns of influenza incidence, while
also providing more accurate estimates of the potential
effectiveness of vaccination strategies. Nevertheless, the
application of such models requires large — scale seroep-
idemiological studies and detailed information regarding
previous influenza exposures within the population, which
remains one of the principal limitations to their wide-
spread implementation [17, 18].

Taken together, the clinical and epidemiological conse-
quences of immune imprinting demonstrate that previous
antigenic experience is one of the major determinants of
both naturally acquired and vaccine — induced immunity
against influenza. A comprehensive understanding of this
phenomenon is therefore essential for improving influenza
surveillance, enhancing the prediction of seasonal epi-
demics, and guiding the development of next — generation
influenza vaccines.

Controversies and the Dual Nature of Immune
Imprinting. The concept of Original Antigenic Sin (OAS)
was historically introduced to describe the phenomenon
whereby the first encounter with influenza virus estab-
lishes a persistent immunological bias that shapes sub-
sequent immune responses to antigenically related viral
variants. In its classical interpretation, OAS was viewed
primarily as a potentially detrimental feature of immuno-
logical memory that could limit the effectiveness of pro-
tective immune responses during subsequent infections or
following vaccination [10,11].

However, contemporary research has substantially
broadened our understanding of this phenomenon.
The term immune imprinting, now increasingly adopted in
the scientific literature, more accurately reflects the com-
plex, dynamic, and context — dependent nature of adap-
tive immunity. Within this framework, the primary anti-
genic exposure is no longer regarded as an “error” of the
immune system but rather as an evolutionarily conserved
mechanism that enables rapid recognition of antigenically
related pathogens and accelerates the development of pro-
tective immune responses [4, 5].

Accordingly, immune imprinting exhibits a dual
functional nature. When successive influenza virus
strains are moderately antigenically related, immune
imprinting promotes the rapid reactivation of memory
B cells, accelerates antibody production, and enhances
cross — protective immunity, thereby reducing the risk of
severe disease [5]. Conversely, when the antigenic dis-
tance between the primary and newly encountered viral
variants is substantial, immune responses may remain
predominantly focused on previously established anti-
genic specificities. Under these circumstances, the pro-
duction of cross — reactive but poorly neutralizing anti-
bodies predominates, potentially limiting viral clearance
and diminishing protective immunity [7, 12]. Therefore,
immune imprinting should be viewed as a dynamic
balance between the rapidity of secondary immune
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responses and their capacity to adapt to novel antigenic
variants.

The magnitude of immune imprinting varies consider-
ably among individuals. Its development is influenced by
multiple factors, including the age at primary exposure,
the nature of the initial infection, the antigenic distance
between sequential viral strains, host genetic background,
and the cumulative history of previous influenza infections
and vaccinations [6, 18]. Equally important is the quality
of the primary germinal center response. Efficient germi-
nal center formation and the generation of high — affinity
memory B — cell clones establish a stronger and more
dominant immunological imprint, whereas a less robust
primary response may preserve greater flexibility of the
adaptive immune system during subsequent antigenic
exposures [5].

Despite the traditional view that immune imprinting is
irreversible, accumulating evidence indicates that immu-
nological memory retains a certain degree of plasticity.
Repeated infections or vaccination with antigenically
updated influenza strains may progressively broaden the
antibody repertoire and reshape the overall architecture of
the immune response [7, 19].

Nevertheless, available experimental and clinical evi-
dence suggests that complete “reprogramming” of primary
immune imprinting is unlikely. Rather, immune imprinting
appears to represent a semi — stable immunological mem-
ory state that gradually adapts to new antigenic stimuli
while retaining key features established during the pri-
mary antigenic exposure throughout life. This persistent
imprint underlies both the protective potential and the
inherent limitations of adaptive immunity to influenza.

Taken together, the modern concept of immune
imprinting extends far beyond the classical notion of Orig-
inal Antigenic Sin. Accumulating experimental and clini-
cal evidence indicates that immune imprinting is an intrin-
sic property of adaptive immunity that, depending on the
antigenic context, may either enhance cross — protective
immunity or constrain the generation of novel immune
specificities. A deeper understanding of this dual nature is
essential for the rational design of vaccination strategies
and the development of universal influenza vaccines.

Prospects for Applying the Concept of Immune
Imprinting to the Development of Next — Generation
Influenza Vaccines. Immune imprinting is now recog-
nized as one of the major challenges in contemporary
influenza vaccinology, as previous antigenic experience
can profoundly influence both the quality and specificity
of vaccine — induced immune responses. In most individ-
uals, vaccination does not induce de novo generation of
new B — cell clones but instead preferentially reactivates
pre — existing memory B cells established during previous
influenza infections or vaccinations. As a consequence,
the breadth of the antibody response is reduced, limiting
protection against antigenically drifted influenza virus var-
iants [10, 11].

At the same time, current insights into immune
imprinting are reshaping strategies for influenza vaccine
development. Whereas earlier approaches focused pri-
marily on overcoming or minimizing the influence of
pre — existing immunological memory, increasing atten-

tion is now being directed toward its deliberate modula-
tion. Within this emerging framework, immune imprint-
ing is viewed not as an obstacle but as a potential tool
for vaccine engineering that can be exploited to redi-
rect immune responses toward conserved viral antigenic
determinants [4].

One of the most promising directions in contemporary
influenza vaccinology is the development of a univer-
sal influenza vaccine. This concept is based on eliciting
immune responses against highly conserved viral regions,
particularly the stem domain of hemagglutinin (HA),
which exhibits substantially greater sequence conserva-
tion than the immunodominant globular head domain. By
targeting these conserved epitopes, universal vaccines aim
to induce broad cross — protective immunity regardless of
seasonal antigenic drift [5, 12].

Nevertheless, translating this concept into effective
vaccines remains challenging. Pre — existing immuno-
logical memory frequently continues to direct immune
responses toward variable immunodominant epitopes,
even when these epitopes are partially modified or masked
within vaccine constructs. Consequently, the success of
universal influenza vaccines will largely depend on their
ability to reshape established immunological hierarchies
and recruit previously naive B — cell clones capable of
recognizing conserved antigenic determinants [7].

To achieve this goal, several innovative antigen — engi-
neering strategies are currently being explored. Among
the most promising are chimeric hemagglutinins, sequen-
tial immunization strategies, nanoparticle — based antigen
delivery platforms, epitope — masking approaches, and
rational antigen design. Collectively, these approaches
seek to remodel immunodominance hierarchies, promote
the activation of novel B — cell clones, and broaden the
repertoire of broadly neutralizing antibodies [7, 22, 23].

Particular attention has recently been devoted to the
possibility of modulating immune imprinting through the
regulation of germinal center reactions. It has been pro-
posed that controlling B — cell selection and T follicular
helper (Tfh) cell — mediated interactions within germi-
nal centers may facilitate the recruitment of naive B cells
into ongoing immune responses, thereby progressively
expanding the repertoire of neutralizing antibodies beyond
the specificities established during primary antigenic
imprinting [5, 6].

Systems immunology is expected to play an increas-
ingly important role in advancing this field. High-through-
put technologies-including single-cell sequencing, B-cell
receptor repertoire analysis, antibody repertoire profiling,
and high-dimensional flow cytometry-now enable detailed
reconstruction of individual antigen exposure histories and
provide unprecedented insights into the lifelong evolu-
tion of immunological memory [6, 7]. These approaches
offer new opportunities to predict individual responses to
vaccination, optimize vaccine design and immunization
strategies, and improve the accuracy of epidemiological
models.

Taken together, accumulating experimental and clin-
ical evidence indicates that immune imprinting is not a
defect of adaptive immunity but rather one of its funda-
mental biological properties, ensuring the long — term
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maintenance of immunological memory while shaping
subsequent immune responses throughout life. A deeper
understanding of the molecular and cellular mechanisms
underlying this phenomenon will facilitate the develop-
ment of next — generation influenza vaccines capable not
only of inducing protective immunity but also of ration-
ally modulating pre — existing immunological memory.
Such an approach is likely to become one of the defining
directions of influenza vaccine research and development
in the coming decades.

Research findings. Immune imprinting is a funda-
mental property of adaptive immunity established during
the first encounter with an antigen, shaping both humoral
and cellular immune responses throughout life. Unlike
the classical concept of Original Antigenic Sin (OAS),
the contemporary understanding of immune imprinting
no longer regards it as a defect of the immune system but
rather as an evolutionarily conserved mechanism that may
either confer rapid cross — protection or limit the genera-
tion of novel immune specificities, depending on the anti-
genic context.

Accumulating experimental, clinical, and epidemio-
logical evidence indicates that immune imprinting is one
of the principal determinants of individual differences in
influenza susceptibility, disease severity, vaccine effective-
ness, and the heterogeneity of population immunity. Mem-
ory B cells, long-lived plasma cells, germinal centers, and
T follicular helper (Tfh) cells play central roles in this pro-
cess by establishing and maintaining stable immunologi-
cal hierarchies that shape subsequent immune responses.

At the same time, recent studies demonstrate that
immune imprinting is not an entirely immutable process.
Although primary immunological memory is remarkably
stable, repeated antigenic exposures can gradually broaden
the antibody repertoire and partially reshape immune
response profiles. These findings provide a scientific basis
for the rational modulation of immunological memory
through next-generation vaccine platforms.

These advances are particularly significant for the
development of universal influenza vaccines. Rational
antigen design, innovations in antigen engineering, sys-
tems immunology, and high-throughput immune profiling
technologies are creating new opportunities to develop
vaccines capable not only of inducing broad protective
immunity but also of selectively reshaping pre-existing
immunological memory.

In conclusion, the contemporary concept of immune
imprinting represents a new paradigm for understand-
ing the interactions between influenza viruses and
the human immune system. Further elucidation of the
molecular and cellular mechanisms underlying this phe-
nomenon will provide a critical foundation for improv-
ing influenza prevention strategies, enhancing the
effectiveness of both seasonal and universal influenza
vaccines, and advancing personalized approaches to
immunoprophylaxis.

Further research should focus on elucidating the mech-
anisms of immune imprinting and developing personal-
ized influenza vaccination strategies that take an individu-
al’s prior immunological history into account.
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