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% Check for updates East, South, and Southeast Asia (together referred to as Southeastern Asia

hereafter) have been recognized as critical areas fuelling the global circulation
of seasonal influenza. However, the seasonal influenza migration network
within Southeastern Asia remains unclear, including how pandemic-related
disruptions altered this network. We leveraged genetic, epidemiological, and
airline travel data between 2007-2023 to characterise the dispersal patterns of
influenza A/H3N2 and B/Victoria viruses both out of and within Southeastern
Asia, including during perturbations by the 2009 A/HIN1 and COVID-19 pan-
demics. During the COVID-19 pandemic, consistent autumn-winter movement
waves from Southeastern Asia to temperate regions were interrupted for both
subtype/lineages, however the A/HIN1 pandemic only disrupted A/H3N2
spread. We find a higher persistence of A/H3N2 than B/Victoria circulation in
Southeastern Asia and identify distinct pandemic-related disruptions in A/
H3N2 antigenic evolution between two pandemics, compared to interpan-
demic levels; similar patterns are observed in B/Victoria using genetic distance.
The internal movement structure within Southeastern Asia markedly diverged
during the COVID-19 pandemic season, and to a lesser extent, during the 2009
A/HINI1 pandemic season. Our findings provide insights into the hetero-
geneous impact of two distinct pandemic-related disruptions on influenza
circulation, which can help anticipate the effects of future pandemics and
potential mitigation strategies on influenza dynamics.

Seasonal influenza infections occur annually and cause a significant  of susceptible hosts leading to frequent reinfections’. Seasonal influ-
disease burden across the world. Human mobility and inter- enza viruses cause predictable annual epidemics in temperate regions
connectedness is thought to be the main driver of worldwide human as well as relatively divergent waves in tropical regions*’. Newly-
influenza virus spread’, while a combination of antigenic evolution to  emerged influenza viruses can disrupt this pattern through cross-
escape immunity and waning immunity results in an oscillating supply ~ subtype population immunity®’. In parallel, other co-circulating
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seasonal or novel respiratory pathogens can shape the spread of sea-
sonal influenza viruses, especially when they are associated with
human behavioural changes in response to non-pharmaceutical
interventions (NPIs) and declarations of public health emergencies®’.
Two emerging pathogens, the swine-origin influenza A/HIN1 virus and
SARS-CoV-2, triggered global pandemics in 2009 and 2020 respec-
tively. However, whether and how changes in human behaviour and
cross-subtype population immunity during the course of these pan-
demics affected seasonal influenza circulation, especially in South-
eastern Asia (here defined as East, South, and Southeast Asia), remains
unclear.

Our previous work evaluated the global dispersal patterns of four
seasonal influenza subtypes/lineages (A/H3N2, A/HIN1pdmOQ9, B/Vic-
toria and B/Yamagata) among 12 broad geographical regions prior,
during, and after the COVID-19 pandemic, and found that the pan-
demic’s onset led to a shift in the intensity and structure of the inter-
national movement of influenza lineages®. Beyond the global
perspective focusing only on the COVID-19 or A/HIN1 pandemics
alone”®'°, comparisons of the impacts of the 2009 A/HIN1 and COVID-
19 pandemics on influenza circulation at a finer spatial scale are still
lacking. Apart from the heterogeneity in the intensity of NPIs during
the two pandemics, different degrees of viral interference (namely,
virus-virus interactions via cross-immunity) can also be expected
between seasonal influenza viruses and the two pandemic viruses®™'%,
Additionally, the structure of the influenza virus migration network
within Asia, especially Southeastern Asia, has rarely been explored.
Understanding the internal migration network within Southeastern
Asia is critical as it has been suggested to play an essential role in
generating antigenically distinct seasonal viruses and seeding global
seasonal influenza epidemics***. Changes in human behaviour and
cross-immunity during the 2009 A/HIN1 and COVID-19 pandemics
provide natural experiments to evaluate temporal shifts on the circu-
lation patterns of seasonal influenza in Southeastern Asia relative to
the baseline interpandemic period, and elucidate the mechanisms at
play. A comprehensive genomic and epidemiological assessment of
the interplay between pandemic-related disruptions and seasonal
influenza circulation in Southeastern Asia can further inform potential
strategies for mitigating global disease burdens in the future.

In this study, we leveraged genetic, epidemiological, and airline
travel data to assess the circulation dynamics of seasonal influenza
emanating from and within Southeastern Asia between 2007 and 2023,
covering the apexes of two global pandemics and multiple interpan-
demic seasons. Specifically, we first inferred the seasonality of viral
movement out of Southeastern Asia, and identified those viral lineages
that potentially persisted within Southeastern Asia (defined as persis-
tent lineages) to trace their internal circulation dynamics. We subse-
quently performed long-term comparisons of the internal spread of
seasonal influenza within Southeastern Asia and evaluated how influ-
enza circulation was impacted by the two pandemics.

Results

Disruptions of in uenza A/H3N2 and B/Victoria activity during
pandemic seasons

To synchronise with the northern hemisphere influenza seasons (from
July 1st of one year to June 30th of the next year>'®), the 2009 A/HIN1
and COVID-19 pandemic periods were respectively defined as span-
ning from July 2009 to June 2010 and from July 2020 to June 2021, with
the periods between them labelled as the interpandemic periods/
seasons. Similar to our previous work relating specifically to the
COVID-19 pandemic period, the sampling intensity of virological
surveillance for seasonal influenza during the two pandemic seasons
was no lower than during previous seasons (Fig. 1a). The amplitude of
surveillance intensity fluctuated across region and time, with a large
increase directly after the start of the A/HIN1 pandemic and a generally
increasing trend thereafter (Fig. 1a). Yearly fluctuations in viral

sampling were observed in temperate regions, peaking in their
respective winter months (Fig. 1a, b). On the other hand, surveillance
intensity within any given year remained relatively stable in South-
eastern Asia (Fig. 1a, b), due to persistent influenza circulation
throughout the year in large parts of the region'.

Given the emergence of A/HINIpdmO9 in 2009" and the sub-
sequent replacement of the previously circulating seasonal A/HIN1
virus, as well as the potential elimination of B/Yamagata in 2020%°, we
focused on the remaining two human influenza subtypes/lineages, A/
H3N2 and B/Victoria, for which we could study disruptions associated
with two pandemic seasons. Initially, we established the average curve
of positivity rate (as a proxy of influenza activity”) for seasons in the
interpandemic period following epidemic alignment by peak week
(details in “Methods”, Supplementary Figs. 1, 2) as a baseline, against
which the positivity rates during the two pandemic seasons were
contextualised (Fig. 1c-e, g-i).

In temperate regions we observe a single annual winter wave of A/
H3N2 circulation during the interpandemic period, while biannual
peaks are observed in Southeastern Asia. Compared to interpandemic
averages, extremely low A/H3N2 positivity rates were observed in all
three regions throughout the two pandemics, except for a single peak
occurring in Southeastern Asia in late August 2009 during the A/HIN1
pandemic, without a subsequent second peak (Fig. 1c-e). This single A/
H3N2 wave was hypothesised to be associated with limited imple-
mentation of NPIs during the A/HIN1 pandemic?, while the absence of
a second peak could be attributable to viral interference due to large-
scale transmission of the novel A/HIN1 pandemic virus®, presumably
via heterosubtypic cross-immunity®. The low positivity rate of A/H3N2
during the COVID-19 pandemic in all regions further highlights the
impact of human behavioural changes on influenza circulation.

Despite variations in B/Victoria activity from season to season, we
observe a single peak in all three regions during the interpandemic
period, with a lower and usually delayed peak compared to A/H3N2
(Fig. 1g-i). A larger than usual wave of B/Victoria occurred in South-
eastern Asia in January-March 2010 during the A/HIN1 pandemic,
whereas little circulation was observed during the COVID-19 pandemic
(Fig. 1i). In Southeastern Asia, the decline of B/Victoria positivity in
2020 was strongly associated with the reduction of among-country
airline traffic flow (Pearson correlation coefficient: 0.89), after con-
trolling for seasonality (calculating the changes relative to the baseline
month before the pandemic).

The two pandemics occurred under heterogeneous conditions
(Supplementary Table 1, Supplementary Figs. 3-5). Since there are few
records of the stringency of travel measures and NPIs during the HIN1
pandemic, we calculated an air travel-related stringency index (other
behavioural changes are not included), based on the strong correlation
between airline traffic and the COVID-19 stringency index during the
COVID-19 pandemic (Supplementary Table 2). In comparison to the
2009 HIN1 pandemic, the COVID-19 pandemic was associated with a
far higher air travel-related stringency index (Supplementary Fig. 3). To
further determine correlates with seasonal influenza activity during
the pandemic seasons, we built a random forest model to assess the
importance of predictors. We identified the COVID-19 stringency index
as the most important predictor associated with the decline of sea-
sonal influenza activity during the COVID-19 pandemic, while the
socio-demographic index (a composite indicator constructed from
income per capita, average years of schooling, and total fertility rate®*)
played the most important role during the 2009 A/HIN1 pandemic
(Supplementary Fig. 6).

In uenza A/H3N2 and B/Victoria movements from Southeastern
Asia to temperate regions

Given the heterogeneous spatiotemporal distribution of genetic
sequences (Fig. 1f, j), we adopted three sub-sampling schemes to select
sequences and assess the potential impact of sampling biases
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Fig. 1| Variation in testing intensity, positivity rate, and numbers of HA gene
sequences of seasonal in uenza viruses in Southeastern Asia and temperate
regions of the northern hemisphere (NH) and southern hemisphere (SH). a A
five-week running average of the number of specimens tested for influenza in three
geographic regions. Light and dark red shading denote the A/HIN1 and COVID-19
pandemic seasons, respectively, between which are interpandemic seasons. Global-
scale data after 2017, presented in Fig. 1a of our previous study', have been re-
aggregated into three regions and are retained here for the comparisons between
the two pandemic seasons. b Geographic divisions used in this study. The entirety
of South America was grouped with the Southern Hemisphere given recommended
use of the Southern Hemisphere vaccine formulation throughout the region®*.
c-e Average positivity rates for A/H3N2 for seasons in the interpandemic period
(cyan-blue lines) versus that during the 2009 A/HIN1 pandemic season (orange
lines) and the COVID-19 pandemic season (red lines). Cyan-blue lines represent
mean positivity rates for A/H3N2 after aligning the median week of peak (shown as

the dashed line) for the seasons in the interpandemic periods, where grey lines
show the five-week rolling positivity rate for each season separately after epidemic
alignment. The processing details have been presented in Supplementary Figs. 1, 2.
ISO week 53 was removed for some years to maintain temporal consistency. Two
epidemic alignments of A/H3N2 were performed in Southeastern Asia by splitting
each influenza season into a summer (corresponding to the summer peak) and
winter season (corresponding to the winter peak). In (d, h) the first half of the
positivity lines (Jan-Jun 2010; Jan-Jun 2021) during the pandemic periods occurred
after the second half of the line (Jul-Dec 2009; Jul-Dec 2020), for temporal com-
parison. In (e) the first half of the positivity lines (Apr-Jun 2010; Apr-jun 2021)
during the pandemic periods occurred after the second half of the lines (Jul
2009-Mar 2010; Jul 2020-Mar 2021). f HA gene sequences of A/H3N2 stratified by
geographic regions over time. g-i Same as (c-e) but for B/Victoria. j Same as (f) but
for B/Victoria.

(Supplementary Fig. 7). We first extended a previous study’ by per-
forming a two-state discrete trait analysis to estimate Markov jump
events (referred to as viral movement events) between Southeastern
Asia and temperate regions from 2007 to 2023 (Supplementary Fig. 8
and Fig. 2). All three sub-sampling schemes resulted in similar numbers
of viral movements between locations over time, for both subtypes/
lineages (Supplementary Fig. 8), indicating that the signal is robust to
the sub-sampling scheme. In our main analysis we employed an even
sub-sampling scheme by time and location (details in “Methods”), as it
has been shown to be more robust to sampling bias®. Despite selecting
a similar number of genetic sequences from both regions, a higher
frequency of A/H3N2 movements from Southeastern Asia to tempe-
rate regions was detected, compared to the reverse direction (Fig. 2a).
Regarding B/Victoria lineages, the pattern of bidirectional movements
between the two regions varied widely from season to season (Sup-
plementary Fig. 8d-f), but with a more balanced flux than A/H3N2
(Fig. 2a, b).

After aligning the peaks of each season to their median epidemic
week, we subsequently averaged the number of viral movement events

from Southeastern Asia to temperate regions during the interpan-
demic period. As a baseline, A/H3N2 movement from Southeastern
Asia gradually peaked in early December in interpandemic seasons
(Fig. 2¢), while B/Victoria movements peaked in January, although with
a heavy tail toward earlier weeks, indicating sustained movements
starting much earlier (Fig. 2d). During the two pandemics, the typical
A/H3N2 winter peak in exports from Southeastern Asia disappeared.
During the A/HIN1 pandemic, B/Victoria movement peaked at the
same time as during the interpandemic period, and at a level con-
sistent with interpandemic activity. This coincides with the large B/
Victoria wave in Southeastern Asia during the same time period, indi-
cating sustained exports from Southeastern Asia, but not establish-
ment in temperate regions (Fig. 1g-i). However, no corresponding B/
Victoria winter peak was detected during the COVID-19 pandemic.

Persistent in uenza lineages within Southeastern Asia

To enable further reconstruction of the internal network within
Southeastern Asia, we categorised the viruses circulating in South-
eastern Asia based on whether they had been inferred to have either
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Identifying persistent lineages. We identified those Southeastern
Asia virus strains that directly descended from the Southeastern-Asia
trunk node of the trees, where the trunk was defined as all branches
ancestral to viruses sampled within 1 year of the most recent sample®.
We referred to those lineages as “persistent lineages”, which can be
considered as roughly equivalent to the opposite of the “transmission
lineages” defined in®. To achieve this, in brief, we first initiated a depth-
first search from each Southeastern-Asia tip for each tree in posterior
samples. We defined the Southeastern-Asia tip as belonging to a per-
sistent lineage in this tree if the trunk node from which it descends was
associated with “Southeastern-Asia” and also all ancestor nodes in the
path from tip to this trunk node were associated with “Southeastern-
Asia” as well (Fig. 3a). We then summarised the distribution of “per-
sistent lineages” for the posterior set of trees, for which those tips that
are classified as belonging to persistent lineages in more than 50% of
the posterior tree samples would be ultimately labelled as belonging to
“persistent lineages”.

Internal GLM-diffusion phylogeographic analysis. The internal
movement network within Southeastern Asia was inferred using only
sequences classified as belonging to persistent lineages in the prior
analysis under the even sub-sampling scheme. As this involved a more
manageable number of sequences, we inferred the phylogenetic trees
of persistent lineages in BEAST v1.10.5 with a parameter-rich setting
where we specified an SRD0O6 nucleotide substitution model®, a
Bayesian Skygrid coalescent prior (with grid points equidistantly
spaced in six-month intervals)®’, and a strict molecular clock model.
Using the posterior trees from this analysis as empirical trees, we
performed a time-inhomogeneous phylogeographic model with a
generalised linear model (GLM) to parameterise the migration rates
among the 22 Southeastern Asia sub-locations defined above, with
Markov jumps and rewards logged to estimate the transition events®’.
Both overall and relative migration rates were set to be epoch-specific,
using the same epochs as above. We collated, aggregated, and stan-
dardised time-inhomogeneous airline traffic volumes in the five
epochs'®. The airline data of the five epochs refers to i) airline capacity
from January 2007 to June 2009; ii) airline capacity from July 2009 to
June 2010; iii) airline passenger volumes from January 2011 to June
2020; iv) airline passenger volumes from July 2020 to June 2021, and v)
airline passenger volumes from July 2021 to December 2023, respec-
tively. Covariate was incorporated in the phylogeographic GLM model,
assuming time-homogeneous effect sizes and inclusion probabilities®*.
Furthermore, we also extend the model by adding a time-
inhomogeneous overall rate scaler to accommodate temporal varia-
tion in overall airline traffic (air capacity data were used as they are
available from 2007 to 2023) as a predictor of the overall migration
rates®,

Summary of posterior trees. We used the TreeMarkovjumpHistor-
yAnalyzer tool to obtain posterior summaries of all Markov jump
counts (referred to as viral movement events) from posterior trees®*. In
terms of viral movements from Southeastern Asia to temperate
regions, we averaged the weekly movement intensity per season after
aligning the movement time series based on the median peak weeks
for the seasons during the interpandemic period, with the outlier
seasons (e.g., no peak in that season) removed”*. The procedure
followed is similar to the methodology illustrated in Supplementary
Figs. 1and 2.

For A/H3N2 persistent lineages circulating within Southeastern
Asia, we estimated the PhyloSor similarity between each pair of three
sub-regions (East Asia, South Asia, and Southeast Asia) in Southeastern
Asia, which quantifies the similarity of viral populations between those
locations as the proportion of branch lengths in phylogenetic trees
that are shared relative to the total branch lengths of both
populations®. Additionally, we computed Euclidean distances among

seasons for those vectorized asymmetric jump matrices among three
sub-regions (East Asia, South Asia, and Southeast Asia), and then per-
formed a classical multidimensional scaling in a 2-dimensional space®.
Finally, we summarised the trunk location within Southeastern Asia
over time based on the phylogeographic estimates using PACT v.0.9.5
(https://github.com/trvrb/PACT)?.

Sequence-based antigenic and genetic distance

As the antigenic sites have been clearly resolved for A/H3N2?**°, we
calculated sequence-based antigenic distances for A/H3N2 HA
sequences™. In brief, in each antigenic site (A, B, C, D, and E) of A/
H3N2%, we quantify the number of differences in amino acids (Ham-
ming distance) for aligned amino acid sequences compared to the
sequence of the vaccine strain “A/Wisconsin/67/2005” (also the
reference sequence in this study). Antigenic site-specific Hamming
distances are divided by the total number of amino acids in the anti-
genic site, and then multiplied by 20, representing a 20-dimensional
immunological shape space®®. The final antigenic distance between
each virus strain and “A/Wisconsin/67/2005” was calculated by aver-
aging the above values at five antigenic sites. To identify the leading
and trailing geographic regions undergoing antigenic evolution of A/
H3N2, we fitted a linear best-fit line between antigenic distance against
date of collection. Points to the right of the line are thought to be
antigenically advanced, whereas strains to the left of the line are
antigenically lagging’. We then summarised the leading and trailing
pattern by regions and time periods. Bootstrap resampling of distance
values yielded a p-value for the difference between interpandemic
seasons and each pandemic season.

Considering the less resolved antigenic mapping for B/Victoria,
we instead used genetic distance to capture its leading and trailing
pattern. Genetic distance was estimated using the Kimura two-
parameter model (K80) to account for hidden substitutions®’. We
adopted the nucleotide sites in the HAI region of the HA segment to
estimate genetic distance, in line with the antigenic distance. The
consistency between antigenic distance and genetic distance for the
estimates of leading and trailing patterns for A/H3N2 subtype was
compared to examine the validity of this approach.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Influenza virological surveillance data were available from FluNet
(https://www.who.int/tools/flunet). Genetic sequences used were
downloaded from NCBI and GISAID. The origin-destination air flight
data were provided by Official Airline Guide (OAG) Ltd. (https://www.
oag.com/) through a data sharing agreement. Data generated in this
study have been deposited in GitHub (https://github.com/zycfd/sea_
flu, https://doi.org/10.5281/zenodo0.14279589).

Code availability
The codes and accession IDs of sequences used to run the analyses are
available here: https://github.com/zycfd/sea flu.
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