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Dear Editor,

Influenza viruses cause significant mortality and morbidity in
humans. Vaccination is currently the most effective way to combat the
virus (Perofsky and Nelson, 2020). Unfortunately, the influenza virus
frequently changes its antigenicity through rapid mutations, leading to
decreased vaccine efficacy or even failure. To improve vaccine effec-
tiveness, it is necessary to monitor antigenic variation and update vaccine
strains when significant antigenic variation occurs (Perofsky and Nelson,
2020; Malik et al., 2024). To this end, the World Health Organization
(WHO) convenes technical consultations with global flu experts every
February and September to recommend flu vaccines for the upcoming flu
seasons in the Northern and Southern Hemispheres. Despite the great
efforts of WHO, mismatches between recommended vaccine strains and
circulating strains occur frequently (Du et al., 2012).

With the rapid development of DNA sequencing technology, several
sequence-based methods have been developed to model the antigenic
evolution of influenza viruses, showing potentials of improving flu vac-
cine recommendations (Du et al., 2012; Hayati et al., 2023; Huddleston
and Bedford, 2024; Shah et al., 2024). We previously developed a
computational method called PREDAC (PREDict Antigenic Cluster) to
predict antigenic clusters—groups of viruses with similar anti-
genicity—of influenza A(H3N2) viruses based on HA protein sequences
(Du et al., 2012; Peng et al., 2020). PREDAC not only achieves high ac-
curacy in predicting antigenic variations but also models the dynamics of
antigenic patterns of influenza viruses in the form of antigenic clusters
(Du et al., 2012; Liu et al., 2015; Peng et al., 2017; Zhai et al., 2024).

* Corresponding authors.

The PREDAC method consists of three steps (Fig. 1A). First, the anti-
genic relationship between viruses is predicted with PREDAV (PREDict
Antigenic Variant), a naive Bayes classifier that uses 12 physicochemical
features extracted from the HA1 (the immunodominant part of the HA
protein) protein sequence. Second, an antigenic correlation network
(ACnet) is constructed by connecting viruses with predicted similar anti-
genicity. Finally, antigenic clusters are identified through network clus-
tering. Based on PREDAC, we further proposed a novel framework for flu
vaccine strain recommendations (Du et al., 2012). Briefly, the method
works as follows (Fig. 1B): First, all available HA protein sequences of
influenza A (H3N2) viruses from public databases like GISAID are
collected before the time of vaccine recommendations by WHO (usually
January or August of each year) and classified into antigenic clusters using
PREDAC. Then, the monthly antigenic dynamics are analyzed. If a novel
antigenic cluster emerges and meets two conditions: i) it continues
increasing over the past three months and ii) it represents more than 15%
of the virus population in the current month, the representative strain of
the novel antigenic cluster is recommended as a new vaccine strain.
Otherwise, the previous vaccine strain is recommended. It has been
demonstrated that coupling PREDAC with large-scale HA sequencing of
influenza A(H3N2) viruses in Chinese mainland could help improve vac-
cine recommendations in retrospective testing (Du et al., 2012).

Since 2013, PREDAC has been used to recommend vaccine strains for
influenza A (H3N2) viruses. Here, we summarize its performance over
the past ten years (2013-2023). A total of 19 vaccine recommendations
have been made using the PREDAC method. These recommendations
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Fig. 1. Overview of PREDAC workflow (A) and its applications in influenza vaccine recommendations (B).
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Fig. 2. Validation of vaccine recommendations of influenza A(H3N2) viruses by PREDAC method and WHO. Antigens were colored as indicated by the figure legend
in the bottom. The gray refers to minor antigenic clusters which didn't predominate in any influenza season. The ticks refer to that the recommended vaccine strains
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by WHO.
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PREDAC recommended the A/Hong Kong/4801/2014-like strain as the
vaccine for use in the 2015-2016 Northern Hemisphere influenza season
(Figs. 2 and 3A), which aligned with the reported dominant strain for that
season. In another six cases (marked by stars), such as in February 2014
and September 2016, the recommended vaccine strains were antigeni-
cally similar to the dominant strains, although some antigenic drift had
occurred. For instance, in February 2014, PREDAC recommended A/
Victoria/361/2011-like strains for use in the 2014-2015 Northern
Hemisphere influenza season, which were antigenically similar to the
dominant strain A/Switzerland/9715293/2013 for that season (Supple-
mentary Table S1). We also evaluated WHO's performance, and similar to
PREDAC, in 12 instances out of 21 influenza seasons, WHO's recom-
mended strains had the same or similar antigenicity as the dominant
strains (marked by ticks or stars).

We next analyzed the reasons for mismatched vaccine recommen-
dations made by PREDAC. The primary reason was the lack of sequences
or epidemic records of the future prevalent strains at the time of
recommendation, which accounted for most of mismatched cases (6/7),
including September 2018, February 2019, February and September
2020, September 2022, and February 2023 (Fig. 3, Supplementary
Fig. S1). For example, in September 2022, the antigenic cluster DA21
(A/Darwin/6,/2021-like) had dominated for the past half-year (Fig. 3B),
while the antigenic cluster MA22 (A/Massachusetts/18/2022-like)
began circulating in February 2023 (Fig. 2). It was difficult to recom-
mend MA22-like strains as vaccine candidates in September 2022.

The second reason was the inaccurate antigenic clustering by
PREDAC, which often led to errors in identifying novel antigenic
clusters or a failure to recommend new clusters, such as in the vaccine
recommendations of September 2017, 2018, and February 2023.
However, in some cases, the recommended vaccine strains were still
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antigenically similar to the dominant strains, such as those from
September 2013 and 2019. For example, in February 2023, a minor
antigenic cluster named NL22 (A/Netherlands/00034/2022-like vi-
ruses) was identified through antigenic clustering (Fig. 3C). It began
circulating in early 2022, with its prevalence steadily increasing
throughout the year (Fig. 3C), peaking in October and November.
Although its prevalence decreased in December 2022 and January
2023, NL22 was still recommended as a vaccine candidate for the
2023-2024 Northern Hemisphere influenza season, based on the
assumption that DA21 had been circulating for over two years and was
unlikely to persist. Unfortunately, further analysis revealed that NL22
was not a novel cluster but a part of DA21, as the representative strain
of NL22, i.e., A/South Australia/389/2022 (belonging to the clade
3C.2alb.2a.2b), was antigenically similar to A/Darwin/6,/2021 (the
representative strain of DA21) (WHO, 2023).

The third reason was the significant antigenic heterogeneity of the
virus, observed during the period from 2017 to 2019. As reported by the
WHO, the viruses during that time primarily belonged to the 3C.2al,
3C.2a2, and 3C.3a clades, which were antigenically distinct from each
other. Additionally, the antigenic characterization of 3C.2a viruses was
technically challenging because most of these viruses did not agglutinate
red blood cells, making it difficult to determine the antigenic diversity
within the clade (WHO, 2018; WHO, 2019). PREDAC did not predict any
major antigenic clusters during this period (2017-2019). Instead, it
identified multiple minor antigenic clusters (Fig. 3D, Supplementary
Fig. S1). Making vaccine strain recommendations based on antigenic
clustering was challenging. In the case of September 2017, the minor
antigenic cluster, which had been steadily increasing over the past three
months and reached a proportion of over 10%, was selected as the vac-
cine candidate (Fig. 3D).
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Fig. 3. Examples of vaccine recommendations by PREDAC method. A February 2015, B September 2022, C February 2023, D September 2017. The major antigenic
clusters were colored according to the legend. The minor antigenic clusters were colored in gray, except some minor antigenic clusters displayed in panel D. No HA
protein sequences in the month of vaccine recommendations were available in public databases due to the delay of sequence submission (Supplementary Fig. S2).
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Based on the above mentioned analyses, the vaccine recommenda-
tions by PREDAC could be improved in several ways. First, new
methods are needed to predict the fitness of antigenic clusters and to
forecast their dynamics for the following year. This is particularly
important because most inaccurate vaccine recommendations result
from the absence or limited viral sequences or epidemic records of
novel antigenic clusters at the time of recommendation. Second, timely
sequence submission to public databases may aid in analyzing novel
antigenic clusters. Regrettably, the submission of sequences to public
databases significantly lags behind virus isolation (Supplementary
Figs. S2 and S3). A median delay of 90 days was observed between virus
isolation and submission to the GISAID database. However, this lag has
slightly improved in recent years (Supplementary Fig. S2). The HA
protein sequences from the three months preceding the vaccine
recommendation period are crucial for inferring the future evolutionary
dynamics of the virus and are key for accurate vaccine recommenda-
tions. However, the proportion of these sequences relative to all se-
quences from the flu season is less than 20% (Supplementary Fig. S3),
which hinders accurate flu vaccine recommendations. A recent report
showed that enhanced global solidarity in genomic surveillance of
respiratory viruses would significantly strengthen the ability to rapidly
detect novel viruses, even with a substantially reduced number of
sequenced viruses (Jong et al., 2023). It is suggested to strengthen the
flu surveillance and sequencing infrastructure globally, particularly in
developing countries.

Third, the antigenic clustering method can be enhanced to more
accurately identify novel antigenic clusters, particularly during the early
circulation of novel clusters. At this stage, only a few viruses are available,
and can be easily grouped with older antigenic clusters in the clustering
process. Recently, a novel method called PREDAC-CNN, based on deep
learning, was developed to predict antigenic clusters and has been shown
to capture novel clusters more accurately (Meng et al., 2024). Applying
PREDAC-CNN may improve flu vaccine recommendations.

Fourth, additional data such as genetic evolution analysis results (key
amino acid mutations, phylogenetic tree analysis, selective pressure
analysis, etc.) and the epidemic history of antigenic clusters should be
incorporated to assist in vaccine recommendations. In addition, experi-
mental methods for antigenicity characterization such as hemagglutina-
tion inhibition (HI) assay and microneutralization assay are important for
improving the accuracy of recommended vaccine strains. Finally, novel
methods are needed to select the best vaccine candidate from an anti-
genic cluster that contains a large number of viruses.

In summary, PREDAC has performed comparably to the WHO in
recommending vaccines for influenza A(H3N2) viruses over the past ten
years. It is a semi-automated and user-friendly method compared to the
more complex and time-consuming traditional methods used by the
WHO. PREDAC can serve as a useful supplement to the traditional
approach for flu vaccine recommendations. However, accurately rec-
ommending the correct flu vaccines remains a challenge for both PRE-
DAC and the WHO. More intensive surveillance of antigenic variations in
the influenza virus, along with advanced computational methods, are
needed to improve the accuracy of vaccine recommendations.
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