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Abstract

Post-COVID-19, influenza A(H3N2) has re-emerged with accelerated genetic diversification.
The rise in antigenically drifted subclades raises concerns regarding immune escape and
vaccine mismatch. To synthesize the available evidence on the post-pandemic evolution of
influenza A(H3N2), with particular attention to emerging subclades and their potential pub-
lic health implications, a scoping review (PRISMA-ScR) was conducted across six databases
in January 2026, including studies on genomic surveillance, antigenic characterization, and
vaccine effectiveness (VE). Twenty studies were included. While clade 2a.3a.1 (J lineage)
predominated, reports highlighted the rapid emergence of the antigenically distinct K
subclade (formerly J.2.4.1). Genetic and laboratory assays (HI/neutralization) confirmed
immune escape and reduced vaccine match. Observational estimates indicated diminished
VE against drifted strains, though no consistent increase in clinical severity was observed.
Post-pandemic A(H3N2) is defined by rapid drift and diversification. Emerging variants
like the K subclade challenge vaccine selection and seasonal preparedness. Integrated
surveillance remains vital for timely vaccine updates and mitigating public health impact.

Keywords: Influenza A(H3N2); antigenic drift; viral evolution; immune escape; vaccine
mismatch; genomic surveillance; public health

1. Introduction

The circulation of influenza A(H3N2) viruses remains a persistent global public health
challenge due to their high evolutionary rate, pronounced antigenic drift, and recurrent
association with reduced vaccine effectiveness compared with other seasonal influenza
subtypes. Seasonal epidemics dominated by influenza A(H3N2) have historically been as-
sociated with greater clinical severity, higher hospitalization rates, and increased mortality
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compared with other influenza subtypes, particularly among older adults and vulnera-
ble populations. These characteristics have made A(H3N2) one of the most challenging
influenza viruses for surveillance and vaccine strain selection. Among influenza A viruses,
A(H3N2) has historically demonstrated the greatest capacity for rapid antigenic change,
driven by accumulation of mutations in the hemagglutinin (HA) gene that alter antigenic
sites and facilitate immune escape [1,2]. Although seasonal influenza activity was markedly
suppressed during the early phases of the COVID-19 pandemic, the subsequent relaxation
of non-pharmaceutical interventions (NPIs) has been followed by an atypical resurgence of
influenza worldwide, characterized by altered seasonality, increased genetic diversity, and
the emergence of drifted viral variants [3,4].

Post-pandemic influenza dynamics have differed substantially from pre-2020 pat-
terns. Several regions have reported delayed or prolonged influenza seasons, off-season
epidemics, and shifts in subtype dominance, with influenza A(H3N2) re-emerging as
a major contributor to disease burden in multiple settings [5,6]. These epidemiological
changes have occurred in the context of population-level “immunity gaps” resulting from
reduced viral circulation during the pandemic, waning vaccine-induced immunity, and
heterogeneous vaccination coverage across age groups and regions [7,8]. Together, these
factors have created ecological conditions conducive to the rapid selection and expansion
of antigenically drifted influenza viruses.

Genomic surveillance has played a central role in documenting the accelerated evolu-
tion of influenza A(H3N2) in the post-COVID era. High-throughput sequencing and global
data-sharing platforms, such as GISAID and WHO FluNet, have enabled near-real-time
tracking of emerging clades and subclades, revealing substantial diversification within the
HA phylogeny [9,10]. Recent reports have highlighted the global circulation of clade 2a.3a.1
(J lineage) viruses and the subsequent emergence of antigenically distinct descendants,
including variants later designated as subclade K (J.2.4.1), which have shown evidence of
reduced antigenic similarity to contemporaneous vaccine strains [11,12]. Such evolutionary
trajectories raise concerns regarding immune escape, vaccine mismatch, and the adequacy
of existing strain-selection processes.

Antigenic drift in influenza A(H3N2) has important implications for vaccine perfor-
mance. Even in non-pandemic contexts, A(H3N2) vaccines have consistently demonstrated
lower effectiveness than vaccines targeting A(HIN1) pdm09 or influenza B viruses, partly
due to egg-adaptation effects and rapid antigenic change [13,14]. Post-pandemic surveil-
lance data suggest that antigenic divergence between circulating A(H3N2) strains and
vaccine reference viruses may be increasing, potentially contributing to reduced protec-
tion against infection and medically attended disease [15,16]. While reduced vaccine
effectiveness does not necessarily translate into increased clinical severity, it may amplify
transmission, healthcare utilization, and pressure on health systems during intense or
prolonged influenza seasons.

Beyond virological and immunological considerations, the emergence of drifted in-
fluenza A(H3N2) variants has broader public health implications. Early detection of novel
variants relies on integrated surveillance systems that combine genomic, epidemiological,
syndromic, and digital data streams [17,18]. In the post-COVID landscape, the importance
of early-warning public health intelligence has been increasingly recognized, particularly
for respiratory viruses with pandemic potential or high societal impact [19-21]. At the
same time, the communication of emerging variant signals poses challenges, as premature
or poorly contextualized messaging may contribute to misinformation, risk misperception,
or public fatigue following the COVID-19 infodemic [22,23].

Despite a rapidly expanding body of literature on post-pandemic influenza dynamics,
evidence related to emerging antigenically drifted A(H3N2) variants remains fragmented
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across disciplinary boundaries. Genomic studies, antigenic analyses, epidemiological re-
ports, vaccine effectiveness evaluations, and surveillance summaries are often published in
parallel, without integrated synthesis. Moreover, early signals of variant emergence may
appear in surveillance or preprint literature before formal nomenclature is established, com-
plicating retrieval and interpretation through conventional systematic review approaches.
In this context, a scoping review is particularly well-suited to map the breadth, nature, and
gaps of available evidence, without restricting inclusion to narrowly defined outcomes or
study designs [2,24].

Objectives and Review Questions

The objective of this scoping review is to systematically map current evidence on
emerging antigenic drift variants of influenza A(H3N2) in the post-COVID-19 era, with
particular attention to variants later designated as subclade K (J.2.4.1). Specifically, this
review aims to address the following review questions:

1. Virology and mutation: What genetic and antigenic characteristics distinguish emerg-
ing A(H3N2) variants, including subclade K, from previously circulating strains?

2. Transmission and epidemiology: What evidence exists regarding geographic spread,
growth advantage, and transmission dynamics of these variants?

3. Immune escape and vaccination: What is known about immune escape, vaccine
mismatch, and implications for vaccine effectiveness?

4.  Surveillance and early warning: How were these variants detected, and what role did
genomic, digital, and syndromic surveillance systems play?

5. Health system impact: What early evidence is available regarding clinical severity,
healthcare burden, and system preparedness?

6. Communication and infodemic: How has the emergence of these variants been
communicated in scientific and public channels, and what misinformation patterns
have been observed?

By addressing these questions, this scoping review seeks to support integrated pub-
lic health interpretation of emerging influenza A(H3N2) variants and to inform future
surveillance, vaccine strategy, and preparedness efforts.

2. Materials and Methods
2.1. Study Design and Reporting Framework

This scoping review was conducted in accordance with the methodological guidance
for scoping reviews provided by the Joanna Briggs Institute (JBI) [25]. The review followed
an evidence-mapping approach aimed at describing the extent, characteristics, and distribu-
tion of available evidence on emerging antigenic drift variants of influenza A(H3N2) in the
post-COVID-19 period. Reporting was guided by the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) [26]. The
study selection process was documented using the PRISMA 2020 flow diagram framework,
and the completed PRISMA checklist is provided in the Supplementary File S1 [27]. The
review protocol was prospectively registered on the Open Science Framework [28]. The
review was conducted between January and February 2026 by a multidisciplinary research
team. Two reviewers independently (SE and SQ) screened records and performed data
charting, with disagreements resolved through discussion and adjudication by a senior
reviewer (AC).

2.2. Review Question and Conceptual Framework

The scoping review was designed to address the following research question: What is
currently known about emerging antigenic drift variants of influenza A(H3N2), including
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the variant later designated as subclade K (J.2.4.1), in terms of epidemiological patterns,
immune escape, surveillance signals, and public health implications?

The question was operationalized using a Population-Exposure-Comparator-Outcome
(PECO) framework adapted for emergent strain reviews. The population comprised human
populations exposed to circulating influenza A(H3N2) viruses. The exposure was defined
as infection with emerging antigenically drifted H3N2 variants, including variants later clas-
sified as subclade K (J.2.4.1). A formal comparator was not applicable, given the exploratory
and descriptive nature of the review. Outcomes of interest encompassed epidemiological,
virological, immunological, surveillance-related, and public health domains.

2.3. Eligibility Criteria

Eligibility criteria were defined a priori in line with scoping review methodology. We
included primary research studies and surveillance-based reports that provided data on
influenza A(H3N2) and described emerging clades, subclades, variants, or antigenic drift
phenomena, with relevance to at least one of the outcomes of interest. Eligible records
were required to include epidemiological, virological, antigenic, clinical, vaccine-related, or
surveillance information and to be published between January 2024 and January 2026.

We excluded studies focusing exclusively on influenza B or non-H3N2 strains, animal-
only or in vitro studies without direct public health relevance, articles dealing solely with
historical influenza strains without linkage to contemporary circulation, editorials or opin-
ion pieces without original data, and publications not available in English.

2.4. Information Sources and Search Strategy

A comprehensive literature search was conducted across six electronic databases:
PubMed/MEDLINE, Scopus, Ovid, EBSCOhost, CINAHL, and the Cochrane Library. The
final search was executed in January 2026. The search strategy was designed to capture
both established and emerging terminology related to influenza A(H3N2) antigenic drift
and variant classification.

The search string was:

((“influenza A”[tiab] OR influenza[tiab]) AND (H3N2[tiab] OR “A(H3N2)”[tiab])
AND (clade*[tiab] OR subclade*[tiab] OR variant*[tiab] OR “antigenic drift”[tiab] OR
“immune escape”[tiab] OR “vaccine mismatch”[tiab]) AND (2024:2026[pdat]))

Equivalent search strategies were adapted for the remaining databases. The search ap-
proach was intentionally sensitive to early signals that might precede stable nomenclature,
consistent with the objectives of a scoping review focused on emerging variants.

Full electronic search strategies for all databases are reported in Supplementary File S2.

2.5. Study Selection Process

All records retrieved from the database searches were imported into the Zotero (ver-
sion 7.0, Roy Rosenzweig Center for History and New Media, George Mason University,
Fairfax, VA, USA), and duplicate records were removed prior to screening [29]. Two review-
ers independently screened titles and abstracts against the predefined eligibility criteria.
Full texts were obtained for all records deemed potentially relevant or where eligibility
could not be determined from the abstract alone.

Full-text articles were assessed independently by the same reviewers, and reasons for
exclusion at this stage were documented. Disagreements were resolved through discussion,
with arbitration by a senior reviewer when necessary. The overall study selection process is
summarized in the PRISMA flow diagram in Section 3 (Figure 1).
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Studies included in review
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Figure 1. Flow chart of the study selection process.

2.6. Outcomes of Interest

Outcomes of interest were defined a priori in alignment with the objectives of the
scoping review and an early-signal public health intelligence perspective. Outcomes were
conceptual rather than comparative and reflected the multidimensional nature of evidence
related to emerging influenza A(H3N2) variants.

Specifically, outcomes included epidemiological patterns such as geographic spread,
temporal trends, and transmission dynamics; virological and antigenic characteristics,
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including genetic mutations, antigenic drift, and subclade designation; immune escape
and vaccine-related signals, such as evidence of antigenic mismatch or reduced vaccine
effectiveness; surveillance and detection indicators derived from genomic, sentinel, or
syndromic systems; and public health implications, including signals related to clinical
severity, healthcare burden, and preparedness. Outcomes were captured as reported by
study authors, without restriction to predefined quantitative metrics.

2.7. Data Charting and Management

A standardized data-charting framework was developed prior to data extraction
and pilot-tested on a subset of included studies to ensure consistency and clarity. Data
charting was conducted independently by two reviewers (SE and SQ), with iterative
refinement of variables to accommodate the heterogeneity of evidence typical of emerging
variant research.

Charted data included bibliographic information, study design and setting, popu-
lation characteristics, subtype and subclade classification, genomic and antigenic data
sources, key mutations, vaccine-related information, surveillance context, and reported
public health implications. Data integrity and consistency were monitored throughout the
process, and discrepancies were resolved through discussion and adjudication by the senior
reviewer (AC), consistent with good practice for reproducible evidence synthesis [25]. Data
were extracted using a standardized and piloted charting form developed a priori. The ex-
traction included bibliographic information, geographic setting, study design, data sources,
subclade classification, and outcome domains of interest. The complete data extraction
table, including study characteristics, subclade classification, data sources, and outcome
domains, is provided as Supplementary Table S3.

2.8. Data Synthesis and Analytical Approach

Data synthesis followed a descriptive and thematic approach, consistent with scoping
review methodology. Evidence was mapped across predefined thematic domains aligned
with the review question, allowing individual studies to contribute to multiple domains
where applicable. Results were summarized narratively and through tabular and graphical
representations to illustrate the distribution of evidence by geography, study design, data
source, and thematic focus.

Attention was given to the temporal sequencing of signals related to emerging H3N2
subclades, enabling linkage between early genomic or antigenic findings and subsequent
epidemiological, vaccine-related, or public health evidence.

To facilitate interpretation of heterogeneous evidence, included studies were grouped
according to their primary analytical focus, including genomic surveillance, antigenic char-
acterization, vaccine effectiveness assessment, and clinical or epidemiological outcomes.

Given the diversity of study designs and surveillance systems across geographic
regions, the evidence synthesis followed a descriptive and thematic mapping approach
rather than a quantitative comparison. Differences in methodology, surveillance context,
and laboratory approaches were considered during interpretation and are reflected in the
narrative synthesis.

2.9. Statistical Analysis

All data extracted from the included studies were analyzed descriptively. Proportions
were reported as n/N (%) and, where appropriate, accompanied by 95% confidence inter-
vals calculated using the Wilson method for descriptive purposes. Continuous variables
(such as sample sizes of human participants or genomic datasets) were summarized using
median and interquartile range [IQR] and, where reported, mean =+ standard deviation,
together with minimum and maximum values.
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No meta-analysis or quantitative pooling of effect estimates was performed, in ac-
cordance with the objectives and methodological framework of a scoping review. All
summaries were derived directly from the standardized data extraction tables using estab-
lished descriptive statistical formulas.

2.10. Critical Appraisal

In accordance with JBI guidance and PRISMA-ScR recommendations, a formal risk-
of-bias assessment was not performed. Given the heterogeneity of study designs and the
objective to map emerging evidence and early signals rather than to evaluate intervention
effects, study limitations reported by the original authors were charted and considered
narratively to contextualize the strength and applicability of the evidence.

2.11. Ethics and Dissemination

This study synthesized data from published and publicly available sources and did
not involve the collection of individual-level identifiable data; therefore, formal ethics
approval was not required. The reporting and dissemination of findings follow PRISMA-
ScR principles to ensure transparency and reproducibility, with protocol registration on the
Open Science Framework providing public documentation of the a priori methods [28].

3. Results
3.1. Across the Databases Searched, a Total of Study Selection

818 records were identified (CINAHL: 7; Cochrane Library: 3; EBSCOhost: 174; Ovid:
217; PubMed: 216; Scopus: 201). After removal of 585 duplicate records, 233 unique records
remained and were screened at the title and abstract level.

Of these, 183 records were excluded (161 at title screening and 22 at abstract screening),
primarily because they did not address Influenza A(H3N2), focused on historical strains,
or lacked relevance to the research question.

A total of 50 full-text articles were retrieved and assessed for eligibility. Among these,
30 articles were excluded for predefined reasons: non-scientific article (n = 4), not Influenza
A(H3N2) (n = 1), not relevant to the review objectives (n = 11), absence of original data
(n = 1), methodological study only (n = 1), non-English language (n = 7), and full text not
available (n = 5).

Ultimately, 20 studies met the inclusion criteria and were included in the scoping
review. No additional exclusions occurred during data charting. The study selection
process is summarized in Figure 1.

3.2. Descriptive Overview of Included Studies

The 20 included studies, published between 2024 and 2026, comprised a heterogeneous
body of evidence addressing emerging antigenic drift variants of Influenza A(H3N2) from
epidemiological, virological, immunological, and surveillance perspectives.

3.3. Geographic Distribution

The included studies demonstrated a broad geographic distribution across multiple
world regions (Table 1). Europe accounted for the largest proportion of included studies
(6/20; 30.0%, 95% CI 14.5-51.9), reflecting a strong representation of national and regional
influenza surveillance systems. European evidence derived from Poland [30], Italy [31],
France [32], the United Kingdom [33], Bulgaria [34], and Romania [35], encompassing
genomic surveillance, epidemiological monitoring, and vaccine effectiveness analyses.
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Table 1. Geographic distribution of included studies (n = 20).
Region/Area n % 95% CI (Wilson)
Europe 6 30.0 14.5-51.9
East and Southeast Asia 5 25.0 11.2-46.9
South Asia 1 5.0 0.9-23.6
North America 3 15.0 5.2-36.0
Africa 1 5.0 0.9-23.6
Middle East 1 5.0 0.9-23.6
Oceania 1 5.0 0.9-23.6
Multi-region/Global 2 10.0 2.8-30.1

East and Southeast Asia represented the second most frequent geographic area (5/20;
25.0%, 95% CI 11.2-46.9). Studies originated from Hong Kong SAR [36,37] and mainland
China [38—40]. These investigations were primarily based on laboratory- or hospital-derived
surveillance data and focused on post-pandemic molecular and genomic characterization
of circulating influenza A(H3NZ2) viruses.

South Asia was represented by a single study (1/20; 5.0%, 95% CI 0.9-23.6), con-
ducted in Sri Lanka [41], which contributed hospital-based surveillance data from a
paediatric population.

North America accounted for 3/20 studies (15.0%, 95% CI 5.2-36.0), including investi-
gations from the United States [42,43] and Canada [44]. These studies addressed genomic
epidemiology, digital surveillance, and vaccine-related outcomes within healthcare and
community-based surveillance systems.

Africa, the Middle East, and Oceania were each represented by a single study (1/20;
5.0% each, 95% CI 0.9-23.6). African data derived from genomic surveillance conducted
in Cameroon [45], while the Middle East was represented by hospital-based surveillance
from Saudi Arabia [46]. Oceania contributed a large multinational surveillance study from
Australia and New Zealand [47], based on extensive virological sequencing datasets.

Finally, multi-region or global surveillance studies accounted for 2/20 publications
(10.0%, 95% CI 2.8-30.1). These included EU/EEA-wide influenza surveillance coordi-
nated across multiple countries [48] and an international genomic surveillance study
integrating data from the United States, Hong Kong SAR, and Japan [49], underscor-
ing the role of transnational monitoring networks in capturing post-pandemic influenza
A(H3N2) circulation.

3.4. Subclade Focus and Virological Characterization

Most included studies focused on clade J-related lineages, including ] and J-
derived subclades (e.g., clade 2a.3a.1), reflecting their global predominance during the
post-pandemic period (15/20 studies; 75.0%, 95% CI 53.1-88.8). These studies con-
sistently reported widespread circulation of J-derived A(H3N2) viruses across Europe,
Asia, North America, and Oceania, based on genomic surveillance and phylogenetic
analyses [30—42,45,48].

Explicit reference to the K subclade (J.2.4.1) was reported in 4 studies (4/20; 20.0%,
95% CI 8.1-41.6), primarily in the context of late-season emergence, rapid expansion, and
potential antigenic drift. These included large-scale genomic surveillance and regional case
series documenting replacement of earlier J-derived variants [31,35,47,48].

Two studies (2/20; 10.0%, 95% CI 2.8-30.1) addressed other clades or subclades out-
side the J/K continuum or focused on broader evolutionary patterns without detailed
J/K attribution [46,49]. One study (1/20; 5.0%, 95% CI 0.9-23.6) did not report a spe-
cific clade or subclade designation, focusing instead on outbreak dynamics and clinical
characteristics [44].
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The distribution of subclade focus across included studies is summarised in Table 2.

Table 2. Subclade focus across included studies.

Subclade Category n % 95% CI (Wilson)
J/J-derived (incl. ].*) 15 75.0 53.1-88.8
K (J.2.4.1) 4 20.0 8.1-41.6
Other clades/subclades 2 10.0 2.8-30.1
Not reported 1 5.0 0.9-23.6

* J-derived includes all viruses classified within the J lineage and its descendant subclades.

3.5. Methodological Composition of Included Studies

The methodological composition of the included studies is summarised in Table 3.
Surveillance-based studies represented the predominant methodological design, account-
ing for 12 studies (12/20; 60.0%, 95% CI 38.7-78.1). These investigations were pri-
marily based on routine genomic surveillance, FluNet reporting, or national and re-
gional influenza monitoring systems and included studies from multiple geographic
settings [30-32,34,36-41,45,48].

Table 3. Methodological composition of included studies.

Study Design Category n % 95% CI (Wilson)
Surveillance/routine monitoring 12 60.0 38.7-78.1
Vaccine effectiveness 4 20.0 8.1-41.6
Computational/modeling 2 10.0 2.8-30.1
Clinical case series 1 5.0 0.9-23.6
Immunology /neutralization 1 5.0 0.9-23.6

Studies explicitly assessing vaccine effectiveness or vaccine-virus mismatch accounted
for 4 studies (4/20; 20.0%, 95% CI 8.1-41.6) [33,35,42,44]. These studies employed heteroge-
neous designs, including test-negative approaches, observational analyses, and outbreak
investigations, limiting direct quantitative comparability.

Computational or modeling-based studies represented 2 studies (2/20; 10.0%, 95% CI
2.8-30.1) and focused on integrating genomic and surveillance data to explore evolutionary
dynamics and post-pandemic circulation patterns [43,49].

Finally, clinical case series and immunological neutralization studies were each repre-
sented by a single publication (1/20; 5.0%, 95% CI 0.9-23.6). The clinical case series reported
virologically confirmed A(H3N2) infections with atypical clinical manifestations [47], while
the immunological study assessed neutralization profiles against circulating strains without
population-level surveillance data [46].

3.6. Evidence Mapping Across Outcome Domains

An evidence map was constructed to visualize the distribution of evidence across
predefined outcome domains, including genomic surveillance, antigenic characterization,
immune escape signals, vaccine effectiveness assessment, clinical outcomes, surveillance or
early warning signals, and policy relevance (Table 4).

Most included studies contributed evidence on genomic surveillance and antigenic
characterization, reflecting the central role of molecular epidemiology in post-pandemic
influenza monitoring. In contrast, immune escape signals and vaccine effectiveness out-
comes were addressed less consistently and often indirectly. Evidence related to clin-
ical outcomes, health system impact, and policy relevance was comparatively sparse
and unevenly distributed across studies, highlighting important gaps in the current
evidence base.
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Table 4. Coverage of outcome domains across included studies.
Outcome Domain Studies éddref Sme 95% CI (Wilson) Studies
Domain n (%)

Genomic surveillance 18 (90.0%) 69.9-97.2 [30-43,45,47-49]

Antigenic characterization 14 (70.0%) 48.1-85.5 [32-42,46,47 49]
Immune escape signals 10 (50.0%) 29.9-70.1 [32,33,35-37,39,40,46,47 ,49]
Vaccine effectiveness assessed 8 (40.0%) 21.9-61.3 [30,31,33,35,42-44,48]
Clinical outcomes reported 5 (25.0%) 11.2-46.9 [41,44-47]
Surveillance/early warning signal 6 (30.0%) 14.5-51.9 [36,37,40,45,48,49]
Policy relevance 4 (20.0%) 8.1-41.6 [30,33,35,48]

Overall, the evidence mapping illustrates substantial overlap across upstream surveil-
lance domains, while downstream clinical and policy-oriented outcomes remain under-
represented, a pattern consistent with the exploratory nature of scoping reviews.

Each row represents an individual study (n = 20), while columns correspond to
predefined outcome domains. Colored cells indicate the presence of data addressing the
respective domain within each study. The figure illustrates the heterogeneity and overlap
of evidence domains typical of scoping reviews.

3.7. Summary of Key Descriptive Findings

Overall, the included evidence highlights a rapidly evolving Influenza A(H3N2)
landscape in the post-COVID-19 period, characterized by the predominance of J-related
clades and the emergent detection of the K (J.2.4.1) subclade within global surveillance
systems. While genomic and antigenic data are increasingly available, evidence on immune
escape, vaccine mismatch, and downstream public health implications remains fragmented,
underscoring the importance of integrated early-warning surveillance approaches.

4. Discussion

This scoping review synthesized early post-pandemic evidence on the genomic and
antigenic evolution of influenza A(H3N2), with a specific focus on J-related lineages (in-
cluding 2a.3a.1/].*) and the subsequent emergence of the K subclade (J.2.4.1), integrating
epidemiological, virological, vaccine-related, and surveillance-relevant signals. Across the
20 included studies, the evidence base was dominated by genomic surveillance and molec-
ular epidemiology, with fewer contributions addressing clinical severity, immunological
correlations, or policy translation. This pattern is coherent with the “early-signal” intent of
the review: evolutionary transitions are typically detected first through sequence-based
monitoring and antigenic characterization, while clinical and health-system consequences
are documented later and often indirectly. The distribution of geographic settings and
the methodological predominance of surveillance designs (Tables 1-3) suggest that post-
pandemic H3N2 evolution is being observed primarily through countries and networks
with mature sequencing capacity and established influenza monitoring infrastructures, po-
tentially biasing early signal detection toward higher-resource contexts [32,33,36,40,42,48].

4.1. Virological and Antigenic Evolution: Why | Lineages Dominated and What “K” Adds

A central signal across studies is the sustained predominance of J-related
clades/subclades in the post-pandemic period (Table 2): Multiple datasets spanning Eu-
rope and Asia reported high proportions of clade 2a.3a.1/].* among sequenced H3N2
viruses, consistent with an evolutionary landscape in which antigenic drift continues to
occur within a broadly successful genetic backbone rather than via abrupt lineage replace-
ment [32,34-39,48].
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From a mechanistic perspective, the studies that reported amino acid substitutions
in HA repeatedly emphasized changes positioned in or near antigenic sites and receptor-
binding-adjacent regions, patterns consistent with incremental immune escape under
population immunity pressure [31,32,36,39,48]. Importantly, not all papers coupled genetic
findings with antigenic assays, and several inferred antigenic relevance from sequence
changes alone (a common but non-equivalent surrogate). This heterogeneity matters:
inferences based on HA substitutions can overestimate functional drift if compensatory or
context-dependent effects are not tested [31,38,39].

Within this broader J-dominant landscape, explicit K (J.2.4.1) labeling was limited
(Table 2); but the studies that did report or center K portrayed it as a recognizable drift step
with measurable antigenic consequences, rather than a purely nomenclatural relabeling.
The Australia-New Zealand analysis (explicitly framed around K) highlighted antigenic
divergence detected through haemagglutination inhibition approaches, supporting the
interpretation of K as an operationally meaningful drift variant [47]. Additional K-relevant
signals also emerged in multinational work spanning the USA, Hong Kong, and Japan,
suggesting that detection of the K drift step is not geographically isolated and may be
identifiable across diverse surveillance environments once the classification is applied [49].

The evidence suggests continuity (J-related lineages remain globally predominant)
coexisting with punctuated drift “events” within that background (K/]J.2.4.1 as a notable
antigenic step). This supports a practical message for surveillance: subclade naming alone
is insufficient—what matters is whether the subclade correlates with antigenic readouts, an
unusual growth advantage, or vaccine mismatch signals. The included studies document
that such a correlation is plausible for K, but the evidence base remains thin and uneven
across regions [47-49].

4.2. Transmission and Epidemiology: Spread Signals and Post-Pandemic Dynamics

Although the review targeted epidemiological patterns as an outcome, most stud-
ies approached epidemiology indirectly through sequencing-derived descriptors rather
than formal transmission modeling [33,36,38,39,48]. Where epidemiological context was
present, it often emphasized the post-pandemic rebound of influenza activity and the
re-expansion of H3N2 diversity following periods of reduced circulation during COVID-19
non-pharmaceutical interventions—an ecological setting that plausibly increases opportu-
nities for rapid drift when population immunity landscapes shift [32,33,36,48,50].

However, the absence of consistent growth-advantage estimation is notable: only a
minority of studies used computational approaches that could quantify relative fitness
or model-driven expansion, and even those typically relied on curated sequence datasets
rather than integrated epidemiological denominators [40,43,49]. This gap limits confident
inference about whether K’s emergence reflects intrinsic transmissibility, immune-driven
selection, founder effects, or surveillance intensity artifacts.

4.3. Immune Escape and Vaccine Mismatch: Evidence Strongest Where Antigenic Assays
Were Performed

The most actionable immune-escape signals were reported by studies combining
genomic change with antigenic characterization, because they link sequence drift to mea-
surable antigenic distance [32,36,47,48]. Across these studies, drift variants demonstrated
reduced recognition by antisera raised against prior vaccine strains, supporting the plausi-
bility of vaccine mismatch risk during drift transitions.

Evidence tied explicitly to vaccine effectiveness was present but not predominant
(Table 3). Studies evaluating VE used heterogeneous designs, limiting direct comparabil-
ity [33,42,44,48]. In addition, several studies referenced VE contextually without providing
variant-specific estimates, constraining causal interpretation [31,32,48].
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Interpretive synthesis. The evidence supports a cautious but operationally important
conclusion: antigenic drift signals—especially when aligned with K/J.2.4.1 classification—
may precede periods of reduced vaccine match. However, the literature does not consis-
tently quantify variant-specific VE or standardize how drift evidence informs vaccine strain
decisions or risk communication [33,47,48].

The emergence of the K subclade (J.2.4.1) has also raised important considerations
for vaccine strain selection. Influenza vaccine composition is updated annually through
the WHO Global Influenza Surveillance and Response System (GISRS), which integrates
genomic, antigenic, and epidemiological data to inform strain selection. Signals of antigenic
drift associated with newly emerging subclades, such as K, may contribute to discussions
on candidate vaccine viruses when antigenic divergence from existing vaccine strains
is observed.

However, the interpretation of reported reductions in vaccine effectiveness must
consider substantial heterogeneity across studies, including differences in geographic
circulation patterns, vaccination coverage, study design (e.g., test-negative vs. observational
approaches), and population characteristics. These methodological and epidemiological
differences likely contribute to the variability observed in VE estimates across regions
and seasons.

4.4. Surveillance and Early Warning: The Value—and Limitations—of Genomic-First Detection

A defining feature of the included evidence is the reliance on genomic surveillance
(Table 4). Many studies used routine sequencing coupled with phylogenetics to describe
drift patterns and emerging clusters, demonstrating that the first detection of drift variants
is frequently genomic rather than clinical [31-39,45-49].

At the same time, the early-warning concept was inconsistently operationalized. Some
studies explicitly framed drift detection as surveillance-relevant, while others provided
high-resolution genomic descriptions without linking findings to alert thresholds or public
health action [32,36,45,46,48]. Only a subset of studies explicitly addressed policy rele-
vance or system-level preparedness, contributing to the lower coverage of that domain in
Table 4 [32,33,35,48].

4.5. Clinical Severity and Health-System Implications: Limited, Heterogeneous, and
Mostly Indirect

Clinical outcomes were reported in a minority of studies (Table 4) and were largely
descriptive rather than standardized [30,41,42,44,46]. As a result, the review can sug-
gest plausible clinical implications—such as increased burden during periods of vaccine
mismatch—but cannot robustly attribute changes in severity to K/J.2.4.1 based on current
evidence [42,47,48].

4.6. Communication and Infodemic Considerations: An Under-Addressed Domain

Despite being a pre-specified analytical domain, communication and infodemic pat-
terns were rarely addressed as explicit outcomes. This absence should be interpreted as an
evidence gap rather than a negative finding. Given that antigenic drift and vaccine updates
often trigger public concern and influence vaccine uptake, future early-signal scoping work
may benefit from integrating public-facing communication datasets alongside genomic
surveillance. Only a small subset of studies indirectly hinted at public health relevance
beyond laboratory findings [32,33,45,46].

4.7. Evidence Gaps, Strengths, and Implications for Future Surveillance and Research

Strengths of the mapped evidence. The review identified substantial genomic surveil-
lance capacity across multiple regions and demonstrated that post-pandemic H3N2 drift is
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being actively tracked using modern phylogenetic and molecular approaches (Table 4). This
provides a robust base for early detection of drift variants and for generating hypotheses
about vaccine mismatch risk [33,36,38,39,48].

Key gaps. Three gaps emerged consistently. First, antigenic characterization is not
uniformly paired with genomic reporting, limiting functional interpretation of substitu-
tions [31,38,39]. Second, variant- or subclade-specific VE estimates remain limited and
methodologically heterogeneous, constraining the ability to connect drift to real-world
vaccine performance [33,42,44]. Third, evidence linking drift detection to explicit early
warning thresholds and policy actions is sparse, and communication/infodemic outcomes
are underrepresented despite their public health importance [45,46,48].

Practical implications. The synthesis suggests that the most policy-relevant approach
to post-pandemic H3N2 drift—and particularly to K/J.2.4.1—will require integrated surveil-
lance pipelines that: (i) combine sequence-based detection with antigenic assays, (ii) prior-
itize standardized reporting of drift-relevant substitutions alongside antigenic readouts,
and (iii) link laboratory signals to VE monitoring and decision-oriented communication.
The included studies collectively provide the components of this pipeline, but the literature
shows that these components are often siloed rather than fully integrated [32,33,47-49].

This scoping review shows that post-pandemic influenza A(H3N2) evolution is char-
acterized by rapid genetic diversification, in which emerging subclades such as K (J.2.4.1)
represent early surveillance signals rather than established variants of clinical concern,
underscoring the need for integrated genomic and antigenic monitoring.

4.8. Limitations of This Scoping Review

As a scoping review, this work aimed to map and characterize the evidence rather
than to produce pooled effect estimates or causal attribution. The included evidence base is
inherently heterogeneous by design, setting, laboratory methods, and reporting granularity;
therefore, findings should be interpreted as an overview of signals and evidence coverage
rather than as definitive estimates of variant impact. In addition, geographic distribution
likely reflects differences in sequencing capacity and surveillance maturity rather than the
true absence of drift variants in underrepresented regions. Finally, the evolving nature of
subclade nomenclature may have contributed to under-ascertainment of studies describing
K-like viruses without explicitly using the “].2.4.1/K” label at publication time [32,45-49].

5. Conclusions

This scoping review provides a comprehensive synthesis of post-pandemic evidence
on the genomic and antigenic evolution of influenza A(H3N2), with particular attention
to J-related lineages and the emerging K subclade (J.2.4.1). By mapping 20 recent studies
across multiple geographic regions, methodological designs, and outcome domains, the
review highlights how contemporary H3N2 evolution is being primarily detected and
characterized through genomic surveillance and antigenic analyses, while downstream
clinical, vaccine performance, and policy-relevant evidence remains comparatively limited.

Across the included literature, J-related clades continued to dominate the post-
pandemic H3N2 landscape, supporting the notion of evolutionary continuity within a
successful genetic backbone rather than abrupt lineage replacement. Within this context,
the emergence of the K subclade appears as a discrete antigenic drift step identified through
a limited number of studies, suggesting potential functional relevance but also underscor-
ing the uneven global recognition of this variant at the time of publication. The findings
collectively indicate that subclade designation alone is insufficient to guide public health
interpretation unless supported by antigenic, epidemiological, or vaccine-related evidence.
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From a surveillance perspective, the review confirms the central role of genomic-first
detection as an early warning mechanism for influenza evolution. However, it also reveals
important gaps in the translation of genomic and antigenic signals into standardized
assessments of vaccine mismatch, clinical impact, and actionable public health decision-
making. Evidence on vaccine effectiveness and immune escape was heterogeneous and
methodologically diverse, while explicit links between drift detection and health system
preparedness or policy response were infrequently addressed.

Importantly, the limited coverage of clinical outcomes and communication-related
domains reflects the temporal dynamics of influenza surveillance: evolutionary signals are
identified early, whereas clinical burden, health system impact, and public communication
consequences often emerge later and require longer observation windows. This temporal
mismatch reinforces the value of scoping approaches for capturing early signals while
simultaneously highlighting areas where future research and surveillance integration are
urgently needed.

Overall, this review underscores the need for more integrated influenza surveillance
frameworks that combine high-resolution genomic monitoring with systematic antigenic
characterization, harmonized vaccine effectiveness evaluation, and explicit pathways for
translating early drift signals into policy-relevant guidance and public communication. In
the post-pandemic era, where influenza A(H3N2) evolution appears accelerated and less
predictable, such integration is essential not only for optimizing vaccine strain selection
but also for strengthening early warning capacity and maintaining public trust in seasonal
influenza control strategies.
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