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Abstract

The 2023/2024 influenza vaccine included an updated HIN1 component designed to
better match a new clade of HIN1 that had multiple mutations in antigenic epitopes of
hemagglutinin. Despite this update, the vaccine trended towards being less effective
against the vaccine-matched HIN1 clade than the parental HIN1 clade lacking the new
antigenic mutations. Here we measure neutralization titers of serum antibodies from
individuals who had received either a recombinant protein or an egg-derived vaccine
against a set of viruses with hemagglutinins from 58 H1N1 strains representative of the
diversity during the 2023/2024 season. We find that egg-derived vaccine recipients, but
not recombinant protein vaccine recipients, had a relatively lower boost in neutralizing
titers to the new clade that the updated vaccine was designed to target. We suggest that
the difference in the extent that the egg-derived versus recombinant protein vaccines
boost neutralizing titers to the new HIN1 clade is because the seed strain for the
egg-derived vaccine strain had acquired a reversion of a key antigenic mutation (K142R)
present in that clade. Our results show how egg-derived versus recombinant protein
vaccines can elicit different relative titer boosts against different subsets of viral strains,
a phenomenon that could impact vaccine effectiveness.
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Importance

Influenza vaccines can be produced from virus grown in eggs, or grown in cells or
made with recombinant protein. Egg-derived influenza vaccines often contain
egg-adaptive mutations in the viral antigen hemagglutinin (HA) which can impact the
antigenicity or immunogenicity of the HA. In this study, we compare neutralization
titers from egg-derived and recombinant protein vaccine recipients against recently
circulating influenza A(H1N1) strains. We find that the egg-derived vaccine induces less
of a boost in titers than the recombinant protein vaccine to the new clade of viral strains
that the vaccine was designed to target.

Introduction

Twice per year, recommendations are made about which viral strains to include in
updated influenza vaccines for the Northern or Southern Hemispheres'. These vaccine
strains are selected to be antigenically similar to viruses that are predicted to
predominate in the following season™’. The majority of influenza vaccine antigens are
produced through propagation of viruses in eggs, although some vaccine antigens are
produced from viruses grown in cells or recombinantly expressed viral proteins®. As
there are limitations in which viral strains grow well in eggs that typically do not apply
to vaccines produced in cells, independent strains for each subtype are recommended
for the cell-derived and recombinant protein vaccines versus the egg-derived vaccines.
Generally, the seed strain for the egg-derived vaccine is a reassortant virus that has been
passaged in eggs to improve its growth*. Unfortunately, influenza viruses selected for
the egg-derived vaccine frequently contain mutations within the hemagglutinin (HA)
protein that may improve viral growth in eggs, but also alter antigenicity or
immunogenicity®. These mutations can alter the effectiveness of the resulting vaccine,
particularly if these mutations are in epitopes where recent antigenic changes have
occurred within circulating strains®"°.

Here we used a high-throughput sequencing-based neutralization assay'" to examine
the change in serum neutralizing antibody titers against recently circulating human
H1NT1 strains among individuals that received an egg-derived or recombinant protein
2023/2024 vaccine. We find substantial heterogeneity in the strain-specific neutralizing
antibody response among individuals within both groups of vaccinees, but even within
this heterogeneity it is apparent that the egg-derived vaccine elicited a poorer
neutralizing antibody titer boost than the recombinant protein vaccine against the new
HINT1 clade that the vaccine was designed to target.
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Results

Update of the 2023/2024 HIN1 component of the influenza vaccine

The HINT1 strains chosen for inclusion in the 2023/2024 season vaccines were selected
from an emerging clade with many antigenic mutations compared to the prior year’s
vaccine (Figure 1A)". This new clade, termed 5a.2a.1, had several mutations within
known antigenic epitopes (Figure 1B)". This 5a.2a.1 clade, which now accounts for
nearly all of the HIN1 influenza found in humans globally (Figure 1C), has circulated at
high levels in the United States since its emergence in 2022 (Figure 1D). During the
2023/2024 influenza season, 5a.2a.1 accounted for approximately 75% of the sequenced
HINT1 influenza in the United States, and 41% of the sequenced HINT1 influenza
globally (as assessed by sequences uploaded to GISAID and consistent with CDC
reports'®™).

Despite the choice of 5a.2a.1 clade strains as the HIN1 component of the vaccine,
vaccine effectiveness for HIN1 tended to be lower against vaccine-matched 5a.2a.1
clade strains than against other strains that circulated in the 2023/2024 season (Figure
1E)'"®%°. This trend of clade-specific effects on vaccine effectiveness, though not
statistically significant, was observed in independent vaccine effectiveness studies from
multiple geographic locations'?.

The high-growth reassortant (IVR-238) of the egg-derived vaccine strain contained a
reversion at one of the key antigenic mutations that was present in the 5a.2a.1 clade,
K142R (so that the vaccine strain contains a lysine at this position, while sequences
within this clade contain arginine)', in addition to a common egg-adaptive mutation
Q223R (Figure 1B)?'-**. Both of these mutations are within or adjacent to the same
antigenic epitope (Ca2), and could have reduced the antigenic match between the
egg-derived vaccine and circulating 5a.2a.1 clade strains. The vaccine strain used for
cell- and recombinant-protein vaccines did not contain these mutations (Figure 1B),
making it more similar to the circulating 5a.2a.1 viruses in this antigenic epitope. Most
of the individuals monitored in surveillance network-based vaccine effectiveness
studies likely received egg-derived vaccines (which are more widely used in general),
and the available 2023/2024 vaccine effectiveness studies do not stratify effectiveness by
vaccine type'®?. Therefore, whether egg-adaptive mutations played a role in reducing
H1NT1 vaccine effectiveness in the 2023/2024 season is unclear.

The egg-derived but not the recombinant protein vaccine elicits relatively lower titers to strains
within clade from which vaccine was selected

To determine if there was a difference in neutralization of circulating HIN1 strains in
individuals receiving egg-derived or recombinant protein vaccines, we assessed the
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specificity of the neutralizing antibody response in individuals vaccinated in the
2023/2024 season by measuring neutralization titers pre- and post-vaccination against a
set of 58 HINT1 strains representative of the viruses circulating in that season
(Supplemental Figure 1A). We made these measurements using a previously described
sequencing-based neutralization assay"-" that makes it possible to simultaneously
measure neutralizing titers against many strains at once (Supplemental Figure 1B).

We applied this sequencing-based neutralization assay to sera collected pre- and
post-vaccination from adults who received either the egg-derived vaccine FluLaval, or
the recombinant protein vaccine Flublok (Table 1). FluLaval is a split-virion,
quadrivalent vaccine prepared from viruses grown in eggs, then inactivated, purified by
centrifugation, and finally disrupted with detergent®. Flublok is a quadrivalent vaccine
containing recombinant HA proteins produced in insect cells and purified by column
chromatography and has three-times the concentration of HA antigen as the FluLaval
vaccine®. The cohorts consisted of individuals of similar median age and history of
vaccination but from different ethnicities and geographic locations: the egg-derived
vaccine cohort consisted of individuals in the USA (Pennsylvania), while the
recombinant protein vaccine cohort consisted of individuals from Hong Kong (Table 1).
In addition, there may be other differences between these groups that could conceivably
represent unknown confounders for our study.

Vaccination tended to elicit increases in neutralizing titers against all strains at 28-30
days post-vaccination for both the egg-derived and recombinant protein vaccines
(Figure 2, p,;< 0.05 for all strains as assessed by a Wilcoxon test with a Bonferroni
correction), although there was substantial heterogeneity among individuals
(Supplemental Figure 2). However, individuals who received the egg-derived vaccine
tended to have clearly lower post-vaccination titers to the 5a.2a.1 clade compared to
other viral strains (Figure 2, p<0.001, Mann Whitney U test). A similar trend was not
apparent for the recombinant protein vaccine recipients. Note that the post-vaccination
titers among the individuals who received the egg-derived vaccine were also lower for a
pair of non-5a.2a.1 clade strains that, like 5a.2a.1 clade strains, contain a K142R
substitution (gold-highlighted strains near the right of Figure 2, p <0.001, Mann
Whitney U test comparing post-vaccination titers among egg-derived vaccine recipients
for non-5a.2a.1 strains with and without K142R).

The pre-vaccination titers are lower against the 5a.2a.1 clade strains than other strains in
many individuals within both cohorts (Figure 2). In addition, the median
pre-vaccination titers in egg-derived vaccine recipients are approximately ~2-3 fold
lower than those of the recombinant protein vaccine recipients (Figure 2). This fact
highlights the caveat that the egg-derived and recombinant protein cohorts are from
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different studies in different geographic locations, with differences in histories of
vaccination with more or less immunogenic vaccines, and so have some differences
beyond the vaccine they received. Of note, in temperate regions like the USA there is
usually one annual influenza epidemic, while in subtropical regions like Hong Kong
there is less regular seasonality and usually two annual influenza epidemics® %,
potentially resulting in more exposure to circulating viruses in the recombinant protein
vaccine recipients from the Hong Kong study. The lower pre-vaccination titers in the
egg-derived vaccine cohort against all strains carry through to after vaccination, with
the post-vaccination titers remaining lower against all strains in the egg-derived vaccine
cohort compared to the recombinant protein vaccine cohort (Figure 2). Similar trends of
lower pre- and post-vaccination titers in the egg-derived vaccine cohort are also
observed against prior and current vaccine strains (Supplemental Figure 3).

The recombinant protein vaccine elicits a relatively larger increase in neutralizing antibody
titers against strains containing the K142R mutation than the egg-derived vaccine

All three of the HA sites that vary between the egg-derived and recombinant protein
vaccine strains, including site 142, are within or adjacent to the Ca2 epitope on the HA
head (Figure 3A) . To assess the effect of each of these mutations individually on
neutralization by egg-derived vaccine and recombinant protein vaccine recipients, we
examined the fold-change in titer with vaccination against both the egg-derived vaccine
strain and cell-vaccine strain used in the recombinant protein vaccine, as well as two
circulating strains that represented intermediates between these vaccine strains (Figure
3B). The other two mutations in addition to R142K that distinguish the egg-derived
vaccine strain from the recombinant protein vaccine strain are T216A (which varies
among strains within the 5a.2a.1 clade) and the common egg-adaptive mutation
Q223R"™. The recombinant protein vaccine elicited a significantly larger titer increase
than the egg-derived vaccine against strains that contained the matched identity of R at
site 142 (Figure 3B, p,; < 0.05 as assessed by a Mann-Whitney U test with a
Benjamini-Hochberg correction), suggesting that the R142K reversion in the
egg-derived vaccine is a major contributor to the strain-specific differences in titers
elicited by these vaccines. Titers against the egg vaccine strain (A/Victoria/4897/2022)
with and without egg-adaptive mutations (R142K, Q223R) were also assessed by
hemagglutinin inhibition assay (HAI) to validate the observation of higher titers against
the egg-adapted vaccine strain (IVR-238) post-vaccination in egg-vaccine recipients
(Supplemental Figure 4A). HAI measurements were found to be well-correlated with
sequencing-based neutralization assay titers (Supplemental Figure 4B).

A more comprehensive analysis of the fold-increase in titer across all of the 2023/2024
strains reinforces the idea that the main difference is that the recombinant protein
vaccine elicits a larger titer increase against K142R-containing strains compared to the
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egg-derived vaccine (Figure 3C). For most strains, both vaccines lead to a similar titer
increase of ~2-3 fold (Figure 3C). But for the K142R-containing strains, which mostly are
derived from the 5a.2a.1 clade the vaccine was selected to target, the recombinant
protein vaccine elicits a significantly larger titer increase than the egg-derived vaccine
(Figure 3C, p,; < 0.05 as assessed by a Mann-Whitney U test with a Benjamini-Hochberg
correction).

Age and vaccine type, but not prior vaccination, are associated with relatively lower
post-vaccination neutralization titers against K142R-containing strains

We next examined whether individuals in certain age groups tended to have lower
titers against the K142R-containing 5a.2a.1 clade strains (Figure 4). Prior to vaccination,
titers to K142R-containing strains tended to be lower than those to other strains in
several individuals across all age groups in both cohorts. Post-vaccination, younger
adults (born: 1980-2001) who received the egg-derived vaccine had a stronger trend
towards relatively lower (compared to other strains) post-vaccination titers against
5a.2a.1 clade strains and other K142R-containing strains post-vaccination than older
individuals in this cohort, however this trend is not statistically significant (p = 0.0503).
The youngest age-cohort (born: 1990-2001) within the recombinant protein vaccine
recipients also exhibits slightly lower relative titers against a subset of 5a.2a.1 clade
strains post-vaccination, though this trend is much weaker than for the egg-derived
vaccine cohort, and does not appear to be associated with K142R-specificity, as we do
not also see lower median titers against non-5a.2a.1 clade K142R-containing strains for
this group.

Prior vaccination in the two seasons preceding 2023/2024 does not obviously relate to
the relatively lower titers to K142R-containing strains compared to other strains
(Supplemental Figure 5). In the egg-derived vaccine cohort, both individuals who were
vaccinated in both seasons prior to 2023/2024 and individuals who were only vaccinated
in one or neither of those seasons have relatively lower titers against K142R-containing
strains post-vaccination (Supplemental Figure 5). The absence of an obvious effect of
vaccination history on the relative titers to K142R strains is consistent with the fact that
prior to 2023/2024 both the egg-derived and recombinant protein vaccines had a lysine
at position 142.

Additional mutations in HIN1 strains in the 2023/2024 season that affect neutralization titers
To assess if additional mutations present in HIN1 strains in 2023/2024 affect
neutralization titers, we normalized the titers for each serum to its median titer against
all these strains, and looked for strains with higher or lower titers (Figure 5). The
mutation among these strains that most affected neutralization was K142R. Mutations at
another Ca2 epitope site, P137S/L, also affected titers for multiple individuals in both
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groups. Both P137S and K142R are present in the 5a.2a.1 clade, and P137S was present
in both the recombinant protein and egg-derived vaccine strains. Globally, strains
containing K142R and P137S became predominant by June 2025 (Supplemental Figure
6). Several additional mutations in 2023/2024 strains (e.g., A141E, K156R, and K169Q)
also have relatively lower neutralization by a handful of sera (Figure 5).

Discussion

We have shown that individuals who received an egg-derived influenza vaccine in the
2023/2024 season had a relatively lower titer boost against a key emerging HIN1 clade
compared to other clades than individuals who received a recombinant protein vaccine.
Our data suggests that a reversion at site 142 in the high-growth reassortant seed strain
used to generate the egg-derived vaccine may have been largely responsible for this
effect. Therefore, by making neutralization measurements against many virus strains
that circulated in the same influenza season, our study provides empirical data that
support the hypothesis*****’ that mutations in the egg-adapted vaccine strain can
contribute to clade-specific vaccine differences in vaccine-induced neutralizing titer
boosts.

A key limitation of our study is that the cohorts of egg-derived and recombinant protein
vaccine recipients were from different studies conducted in different populations.
Although our data suggest that the vaccine type received (egg versus recombinant) is
the cause of the difference in titers to the K142R-containing 5a.2a.1 clade
post-vaccination rather than factors such as age or vaccine history, it remains possible
that other unknown factors may confound the relationship between vaccine type used
and the observed difference in clade-specific HA responses. For example, it has recently
been shown that childhood exposure history may play a role in specificity of antibodies
targeting this epitope®'. To rigorously prove that vaccine type is the determinant of the
differences, it would be necessary to have a study in which participants are randomized
to receive an egg-derived versus recombinant protein vaccine.

There have been prior observations of mutations in egg-derived influenza vaccine
27 and potentially resulting in reduced
vaccine effectiveness®**"’. However, the majority of influenza vaccines are still produced

strains altering antigenicity or immunogenicity

from viral antigens that have been propagated in eggs, largely because of lower cost
and extensive existing infrastructure to make egg-derived vaccines®. Understanding
how mutations in egg-derived vaccines can impact response to vaccination is critical to
a rational approach for developing more effective influenza vaccines.
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Methods

Data and code availability:
All data and code are publicly available at the following links:

e Analysis of the sequencing-based neutralization assays:
https://github.com/jbloomlab/flu segneut pdmHI1N1 2023-2024 VaccinatedCohorts
e Computational pipeline for analyzing sequencing-based neutralization assays:
https://github.com/jbloomlab/segneut-pipeline
e All measured neutralization titers in CSV format:
e For the Pennsylvania-based adult egg-derived vaccine cohort:
https://github.com/jbloomlab/flu seqneut pdmHI1N1 2023-2024 VaccinatedCohorts/blob

[main/results/aggregated_titers/titers PennVaccineCohort.csv

e For the Hong-Kong-based adult recombinant protein vaccine cohort:
https://github.com/jbloomlab/flu segneut pdmHIN1 2023-2024 VaccinatedCohorts/blob

: | {_titers/titers. DRIVE
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e The HINI strains in the library listed in CSV format:
https://github.com/jbloomlab/flu_segneut pdmHIN1 2023-2024 VaccinatedCohorts/blob/update

repostructure/data/viral libraries/HI1N1library 2023-2024 barcode_to_strain.csv

Human sera

Human sera from an observational adult vaccine cohort based in Philadelphia were taken from adults
(ages 22-74) on the day of vaccination and 28 days post vaccination with a 2023/2024 Northern
Hemisphere egg-derived vaccine (FluLaval quadrivalent influenza virus vaccine from GlaxoSmithKline)
between October-December 2023. These participants also provided information on self-reported influenza
vaccination history in the past two years (2021/22 and 2022/23) (Table 1). This study was approved by the
Institutional Review Board of the University of Pennsylvania under protocol number 849398.

Human sera from an interventional study based in Hong Kong were selected from a randomized vaccine
trial of repeated annual vaccination of Flublok done in Hong Kong in 2020-2025 (DRIVE-1 study)®. The
DRIVE-I study (ClinicalTrials.gov: NCT04576377) is a randomized placebo-controlled trial of repeated
annual influenza vaccination in adults 18-45 years of age at enrollment (in 2020/21). For the present
study, we selected samples provided by participants from year 4 (i.e. 2023/24), with a similar distribution
of vaccinated years as compared to the egg-derived vaccine cohort (Table 1). The vaccine used, Flublok, is
a quadrivalent recombinant-HA vaccine produced in insect cells, including 45 mcg HA of each of the four
included strains as recommended by the World Health Organization for the northern hemisphere in the
2023-2024 season. Sera used in this study was collected immediately before administration of
vaccine/placebo, and again at a follow-up visit approximately 30 days after vaccination. The study
protocol was approved by the Institutional Review Boards of the University of Hong Kong (ref:
UW19-551) and of the University of Chicago Biological Sciences Division (ref: IRB20-0217). Written
informed consent was obtained from all participants.

Prior to use in sequencing-based neutralization assays, all sera were treated with receptor-destroying
enzyme and heat-inactivated, as described previously*. Briefly, one vial of lyophilized
receptor-destroying enzyme II (Seikan) was resuspended in 20 mL PBS and passed through a 0.22 uM
filter. Then, each serum sample was diluted 1:4 in the resuspended receptor-destroying enzyme solution,
and incubated at 37°C for 2.5 hours and then 55°C for 30 minutes. Sera were then used immediately or
stored at -80°C until use.

Selection of strains with HAs to include in the HIN1 library

To identify representative circulating strains, we used HIN1 Nextstrain*"*? builds available in November
2023. These trees are subset by Nextstrain-defined clade, subclade and derived haplotype, where a
derived haplotype is a more fine-grained level of genetic subdivision than subclade, and is defined as a
subset of strains belonging to the same subclade that each share additional amino acid mutation(s) and
have achieved some threshold of child strains. We filtered all derived haplotypes by collection date,
retaining haplotypes with a strain sequenced within the 6-months prior to library design in November of
2023. For each of the derived haplotypes we selected a naturally-occurring HA sequence with the lowest
divergence from the derived haplotype consensus sequence. This yielded 58 strains, representing the
diversity of HIN1 HA strains circulating globally in 2023. Additionally, the past decade of cell-passaged
HINT1 vaccine strains were added (A/California/07/2009, A/Michigan/45/2015. A/Brisbane/02/2018,
A/Hawaii/70/2019, A/Wisconsin/588/2019, and A/Wisconsin/67/2022) as well the recent egg-based vaccine
(A/Victoria/4897/2022_IVR238), and one strain similar to A/Victoria/4897/2022_IVR238 but lacking the
egg-associated mutation Q223R (A/Oregon/Flu-OHSU-241140095/2023), constituting an additional 8
strains.
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Design of HIN1 barcoded HA genomic segments

To insert a unique barcode into the HA genomic segment without substantially disrupting vVRNA
packaging, we designed a construct with a duplicated packaging signal at the 5" end of the negative-sense
HA vRNA, as described previously'#344,

Generation of HIN1 barcoded viruses included in library

Unidirectional reverse genetics plasmids encoding all barcoded variants of the same HA sequence were
pooled at equal concentrations and used to generate influenza viruses containing unique barcodes by
reverse genetics, with the WSN pHW18* series of plasmids for all seven non-HA viral genes *°. The
non-HA genes from A/WSN/1933 (HIN1) were used because this laboratory-adapted strain consistently
produces high titer viral stocks by reverse genetics, and its extensive laboratory adaptation is considered
to have substantially reduced its risk to humans. To produce these viral stocks, briefly, 5e5 293T cells and
5e4 MDCK-SIAT1-TMPRSS2 cells were plated in a 6-well dish in D10 media (DMEM supplemented with
10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 U per mL penicillin, and 100 ug per mL
streptomycin). Approximately 24 hours after plating cells, a master mix containing 250 ng/well of each of
the 7 internal reverse genetics plasmids for WSN virus and the pooled barcoded HA plasmids was
prepared in 100 uL. DMEM with 3 uL BioT reagent. This was incubated for 15 minutes at room
temperature and then added dropwise to the plate. At 20-24 hours post-transfection, media was removed,
and cells were washed once with phosphate-buffered saline (PBS) and 2 mL Influenza Growth Media
(Opti-MEM supplemented with 0.1% heat-inactivated FBS, 0.3% bovine serum albumin, 100 pg per mL of
calcium chloride, 100 U per mL penicillin, and 100 ug per mL streptomycin) was added to cells. Then at
approximately 65 hours post-transfection, cell supernatants containing the barcoded influenza viruses
were collected and centrifuged for 4 min at 845 x g to remove cell debris. Aliquots of clarified viral
supernatants were then frozen at —80°C for storage. To expand viruses to high titer, all virus pools
generated by reverse genetics were passaged once in MDCK-SIAT1-TMPRSS2 cells. For this,
MDCK-SIAT1-TMPRSS2 cells were seeded at a density of 4e5 cells/well in a six-well dish in D10, and at 4
hours after seeding were washed with PBS and 2 mL of Influenza Growth Medium was added to each
well. Each well was inoculated with 100 pL of the virus supernatant from reverse genetics and the virus
was allowed to grow in the cells for ~40 hours. Cell supernatants were then collected and clarified by
centrifugation at 845 x g for 4 minutes, and aliquots of clarified viral supernatants were stored at -80°C
for use in the sequencing-based neutralization assay.

Pooling of virus library strains

To determine the ratios at which to pool barcoded library strains, we used the same approach as
previously described'. Briefly, an equal volume pool of library strains was made and this was serially
diluted in a 96-well plate. Then, 50,000 MDCK-SIAT1 cells were added to each well of the plate. Then,
approximately 16 hours after infection, viral barcodes were prepared for sequencing as described below.
Sequencing counts for each barcoded strain were used to determine the relative contribution of each HA
strain to the virus pool. We then calculated the relative amount of each viral strain so that each strain’s
barcodes should correspond roughly to 1/64 of the sequencing counts for the total pool, and re-pooled
each of the strains based on these data. This re-pooled library was again serially diluted and used to infect
MDCK-SIATT1 cells added at 5e4 cells per well to 96-well plate, and viral barcodes were sequenced and
used to verify each strain (and the barcodes corresponding to each strain) was present at relatively equal
amounts. These data were also used to determine the infection conditions under which the amount of
VRNA from the infecting library linearly corresponded with the amount of library added to each well. We
chose to use a dilution factor of 1:22.5 for this particular virus library. While 50,000 cells/well were used in
this initial test, as we had seen in other experiments that increasing cell number expanded the linear
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range at which this assay could be conducted, we chose to use 100,000 MDCK-SIATT1 cells/well in
subsequent assays. MDCK-SIAT1 cells were used because they lack TMPRSS2 (which cleaves HA in
producing cells and is important for producing infectious virions). These cells should have only limited
secondary viral replication.

In the initial pool, we had attempted to include a A/Victoria/4897/2022-like strain that contained K142R,
however, this strain was not detected in the initial pool, indicating that we were unable to rescue this
virus by reverse genetics. Given this, we rescued and passaged two additional strains, according to the
method described above (A/Victoria/4897/2022_IVR238 and A/Oregon/Flu-OHSU-241140095/2023). These
strains were added to allow us to better understand both the effects of the mutations that differed
between the cell and egg vaccines. A stock of these two strains was prepared and mixed with the pooled
library prior to each assay such that these strains were represented at a similar concentration as other
variants in the library.

Sequencing-based neutralization assay

The experimental approach used in this assay is nearly identical to that outlined previously,
incorporating a few modifications for increased library size, which have previously been described'®. An
updated protocol including these modifications has been made available
(dx.doi.org/10.17504/protocols.io.ewov1962klr2/v1). The setup for the sequencing-based neutralization
assay protocol is performed similarly to other 96-well plate-based neutralization assays. First, human sera
that had been pre-treated with receptor-destroying enzyme was serially diluted 2-fold across the plate,
using an initial dilution of 1:40 (accounting for the 1:4 dilution that was used during the
receptor-destroying enzyme treatment as described above, and initially prepared at 2x desired
concentration, to account for the volume of virus library that would be added to each well). This dilution
series was performed in Influenza Growth Media and comprised 11 columns of the 96-well plate, with a
final volume of 50 uL diluted serum in each well. The final column of the 96-well plate was used for a
no-serum control, and contained only 50 uL of Influenza Growth Media. A 50 uL volume of diluted virus
library was then added to each well, and virus-serum mixtures were incubated at 37°C with 5% CO2 for 1
hour. Following this incubation, 1e5 MDCK-SIAT1 cells were added to each well in a total of 50 uL of
Influenza Growth Media and then incubated for approximately 16 hours. At approximately 16 hours
post-infection, cells were lysed and barcodes were sequenced as described below.

RNA extraction and barcode sequencing

Our sequencing protocol was performed similarly to that described previously'"'2. Briefly, supernatant
was removed and cells were washed once with 150 uL of phosphate buffered saline before each well was
lysed with 50 uL of iScript RT-qPCR Sample Preparation Reagent (BioRad) containing the barcoded RNA
spike-in (which was generated, purified and quantified as described in Loes et al."") at 2 pM per well.
Sequencing of library pooling plates was done exactly as previously described", but sequencing for
neutralization assay plates was performed with the modification described in Kikawa et al'2. The lysis
reaction proceeded for 5 minutes before lysate was transferred off cells and into a new 96-well plate.
Then, 1 uL of this lysate was added to 9 uL cDNA synthesis mastermix for all wells using the iScript
Select cDNA Synthesis Kit (BioRad) according to the manufacturer’s instructions, using a gene-specific
primer 5-CCTACAATGTCGGATTTGTATTTAATAG-3'.

The cDNA produced was amplified using two rounds of PCR. In the first round, either the Round 1
sequencing forward primer described in Loes et al."
(5'-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCCCTACAATGTCGGATTTGTATTTAATAG-3')
was used, or the following forward primers were used to incorporate a 6-bp plate-based index, as
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described in Kikawa et al. ' These forward primers were paired with the same reverse primer described
in Loes et al."" (5~ AGCAAAAGCAGGGGAAAATAAAAACAACC-3'). The set of forward primers was as
follows:
5-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTgctacaCCTACAATGTCGGATTTGTATTTAA
TAG-3,
5-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTatcgatCCTACAATGTCGGATTTGTATTTAAT
AG-3,
5-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTtgacgcCCTACAATGTCGGATTTGTATTTAA
TAG-3,

5-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC CTcagttgCCTACAATGTCGGATTTGTATTTAAT
AG-3.

By incorporating these plate-based indices, we were able to multiplex different plates using the same
Round 2 dual-indexing UDI primers, decreasing sequencing costs. Regardless of which forward primer
was used for round 1 PCR, we used 5 uL of cDNA as template in a 50 uL reaction using KOD Polymerase
Hot Start 2x Mastermix (Sigma) according to the manufacturer’s instructions. The second round of PCR
adding unique dual indexing primers was performed exactly as described previously, and after PCR
samples were pooled at equal volume and ran on a 1% agarose gel at 85V for 35 minutes. Resulting bands
were extracted and purified using Nucleospin Gel Extraction Kit (Takara) before purification with
Ampure XP beads (Beckman Coulter). The purified pool was then quantified using a Qubit dsDNA High
Sensitivity Kit (Thermo Scientific). The indexed, purified and quantified DNA was then diluted to 4 nM
and submitted for Illumina Sequencing, with a target of at least 5e5-1e6 reads per well. A more detailed

PCR protocol is described on protocols.io at dx.doi.org/10.17504/protocols.io.ewov1962kIr2/v].

Analysis of sequencing-based neutralization data

The analysis of data obtained from sequencing-based neutralization assays was performed using the
modular seqneut-pipeline v3.1.3 (hitps://github.com/jbloomlab/segneut-pipeline) which calculates fraction
infectivities from normalized barcode counts (as described in Supplemental Figure 1), and then fits Hill
curves to fraction infectivity values using the Python package neutcurve

(https://github.com/jbloomlab/neutcurve). The processing of these data has been described previously11
and in the seqneut-pipeline README (https://github.com/jbloomlab/segneut-pipeline/README.md).

Neutralization titer data for this study and additional information regarding library composition and
design are available at
https://gith m/jbloomlab/fl n mHINT -2024 in horts.

A single serum sample (PENN23_y1964_s006) was excluded from cohort level analysis as the timepoints
for this sample appeared to have been mixed up during the experimental assays (i.e. titers decreased for
several recent strains and vaccine strains post-vaccination). Titers for this individual pre- and
post-vaccination are available in titer files. All analysis plots were run with and without this individual's
sample to confirm that inclusion or exclusion did not impact the overall results or significance of any
comparisons that are described.

Statistical tests

All statistical comparisons that were completed are available within the associated project repository
(https://github.com/jbloomlab/flu segneut pdmHIN1 2023-2024 VaccinatedCohorts/tree/main/notebook
s). Briefly, To assess if individuals in the egg-derived vaccine cohort had lower titers against either the
5a.2a.1 clade compared to other clades or simply the non-5a.2a.1 clade K142R-containing strains
compared to other strains, we performed a one-sided Mann-Whitney U Test comparing all titers for this
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group against first the 5a.2a.1 clade strains vs. all 5a.2a strains, and then against K142R strains in 5a.2a vs
strains with an arginine at 142 in 5a.2a clade (A/ChiangRai/P3437/2023, A/Victoria/1389/2023). To assess
differences in fold-changes between the egg-derived vaccine recipients and the recombinant vaccine
recipients, we also performed a one-sided Mann-Whitney U test comparing the fold-change in titers for
each strain between the two groups and applied a Benjamini-Hochberg correction. We found that all
strains in 5a.2a.1 or with K142R had significantly different fold-changes between groups after a
Benjamini-Hochberg correction. Additionally, no strains with a lysine at position 142 had statistically
significant differences in fold-change in titer between the two groups after a Benjamini-Hochberg
correction. Finally, to determine whether there were statistically significant differences in neutralization
of K142R-containing strains between age cohorts, we calculated the geometric mean titer (GMT) against
K142-containing strains and R142-containing strains for each individual, then calculated the difference in
GMT. We then performed a one-sided Mann-Whitney U test to assess if there was a statistically
significant difference in the GMTs between the individuals from the 1980-2001 cohort compared to older
individuals. This was not significant (p = 0.0503). We also performed a similar test comparing individuals
in the 1990-2001 cohort of recombinant vaccine recipients to older individuals. This was also not
significant (p = 0.24).

Hemagglutination-inhibition (HAI) assays

For the hemagglutination-inhibition assays in Supplemental Figure 4, serum samples were first treated
with receptor-destroying enzyme (RDE) (Denka Seiken) at 37°C for two hours, followed by heat
inactivation at 55°C for 30 minutes. RDE-treated samples were then incubated with 10% (vol/vol) turkey
red blood cells (RBCs) (Lampire) and placed at 4°C for one hour. After incubation, tubes were spun down
and treated sera were transferred to clean tubes and stored at 4°C until use. Treated samples were serially
diluted 2-fold in DPBS in 96-well round bottom plates (Corning), followed by the addition of four
agglutinating doses of viruses diluted in DPBS in a total volume of 100 pL. Next, 12.5 uL of 2% (vol/vol)
turkey RBCs were added to each well and mixed gently with sera and virus. After one hour of incubation
at room temperature, plates were tilted vertically for one minute allowing the formation of teardrop
shapes of RBCs and plates were scanned. HAI titers were determined as the inverse of the highest
dilution that inhibited agglutination.
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Table 1. Overview of vaccinated adult cohorts. Summary of sera from vaccinated adult cohorts that

received either the egg-derived or recombinant protein Northern hemisphere influenza vaccine

2023/2024.

egg-derived vaccine
recipients

recombinant protein
vaccine recipients

Number of individuals

38

37

Vaccine received

Northern Hemisphere
2023/2024, egg-derived vaccine
(FluLaval)

Northern Hemisphere 2023/2024,
Recombinant vaccine (Flublok)

Median (interquartile range,
range)

1985 (20, 1949-2001)

1986 (14, 1976-2000)

Location

Philadelphia, PA (USA)

Hong Kong

Samples collection timing

0 and ~28 days post-vaccination

0 and ~28 days post-vaccination

Prior vaccinations in 2021/2022
and 2022/2023 (Number of
participants)

None (6), 2021/2022 only (3),
2022/2023 only (2), 2021/2022
and 2022/2023 (27)

None (6), 2021/2022 only (0),
2022/2023 only (8), 2021/2022 and
2022/2023 (23)
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Figure 1. HIN1 vaccine strains for 2023/2024 season were selected from a newly emerging subclade
designated 5a.2a.1. A) Phylogeny of HAs from human H1NT1 strains circulating from 2022-2025, adapted
from the Nextstrain (https://nextstrain.org/seasonal-flu/h1nlpdm/ha/3v@2026-01-02) phylogeny41’42. Tips
are colored according to clade designation and vaccine strains that were selected for the 2023/2024 season
are labelled and indicated with blue stars. B) Variable residues between predominant clades and vaccine
strains, showing both the vaccine strains used for egg-derived vaccines and the cell- and

recombinant-protein vaccines. A ¢ indicates the residue has the same identity as in the 5a clade. Some
variability at these residues also exists within subclades; if a given mutation was present at greater that
20% among sequences in that clade in last three years, this is indicated as ¢/X. C), D) HIN1 normalized

monthly clade frequencies globally and in the United States from 2023-2025. E) HIN1 Clade specific

vaccine effectiveness for the 2023/2024 season, with 95% confidence intervals from recent studies'® %,
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Figure 2. Pre- and post-vaccination titers against a set of HIN1 strains that circulated in 2023/2024 for
adults who received egg-derived or recombinant protein vaccines. Neutralization titers against each
virus strain pre- and post-vaccination (28-30 days after vaccine receipt) for adults who received either the
egg-derived vaccine (top) or the recombinant protein vaccine (bottom) in the 2023/2024 season. Points
indicate the median titers, and the shaded areas show the interquartile range. The lower limit of detection
given the serum dilutions used was 1:40. Strains are organized by phylogeny on the x-axis, with the 5a.2a
clade and the 5a.2a.1 clade (white circles) indicated on the phylogeny. Strains containing K142R mutation
are highlighted in gold. Note that the responses and specificity of serum neutralizing antibody titers
between different individuals within cohorts is heterogenous, with some individuals showing
strain-to-strain variation in titer pre- or post vaccination, and others with broader and more even
neutralization potency against all recent strains in the library (see Supplemental Figure 2 for examples).
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Figure 3. Vaccination-induced change in titers against strains containing K142R differs between
egg-derived and recombinant protein vaccine recipients. A) Structure showing the HA amino acid
differences between the recombinant protein vaccine strain and the high-growth reassortant used for the
egg-derived vaccine (IVR-238) on the HA head (PDB: 6xgc)15. B) Titers against the recombinant protein
vaccine strain, the egg-vaccine strain, and several other strains that differ only at sites that distinguish the
two vaccine strains (in order from left to right: A/Wisconsin/67/2022,
A/Michigan/MISAPPHIREL365374393/2023, A/Oregon/Flu-OHSU-241140095/2023,
A/Victoria/4897/2022_1VR238). Points and bold lines indicate the median fold-change in titer after
vaccination for all sera in that cohort for that strain, and shaded regions show the interquartile range.
Strains with a significant difference in the fold-change (p,4;< 0.05, after Benjamini-Hochberg correction)
between cohorts as assessed by Mann-Whitney U test are indicated with an asterisk. C) Fold-change in
titer after vaccination, as measured against the full set of 2023/2024 HIN1 strains. Points and bold lines
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represent the median fold-change in titer across all sera in that cohort for that strain, and the shaded
region shows the interquartile range. Strains with a significant difference in fold-change between groups
as assessed by Mann-Whitney U test are indicated with an asterisk (p,4;< 0.05, after Benjamini-Hochberg

correction). Strains are organized phylogenetically on the x-axis. Strains containing K142R are indicated
in gold.
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Figure 4. Age as well as vaccine type are associated with relatively lower titers to K142R-containing
strains. A) Neutralization titers for pre- and post-vaccination sera from egg-derived vaccine recipients
and B) recombinant protein vaccine recipients. Thin lines show neutralization titers against all strains for
a single individual, with lines colored by age group. Points represent the median neutralization titer
across all sera in that age group for that strain. Strains are organized phylogenetically on the x-axis.
Strains containing K142R are highlighted in gold.
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Figure 5. Additional HA mutations occurring in strains circulating in the 2023/2024 season that affect
neutralization titers. Thin lines show the ratio of titer for each strain to the median across all the strains
for each serum. Strains are organized phylogenetically on the x-axis. Strains or subclades containing
mutations that have a greater than two-fold reduction from median titer in at least one serum and contain
a mutation in a known epitope site are indicated with coloring, and mutations are annotated on the

phylogeny.
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Supplemental Figure 1. Strains selected for the sequencing-based neutralization assay represent the
diversity of HIN1 viruses circulating in the fall of 2023. A) Phylogenetic tree of strains selected
representing top haplotypes circulating in fall of 2023 from
https://nextstrain.org/seasonal-flu/h1nlpdm/ha/6m@2023-11-16. Strains selected for inclusion in the
library are indicated with circles. Strains within the 5a.2a.1 clade are labelled in gold and other 5a.2a clade
strains are labelled in teal. B) Schematic of the sequencing-based neutralization assays. Briefly, pooled
barcoded viruses are incubated with serum dilutions for 1 hr, and then cells are added such that
non-neutralized viruses can infect and amplify barcoded HA vRNA segments. At 16 hrs, a barcoded RNA
spike-in control is added at the same concentration to each well, such that the fraction infectivity of each
barcoded strain can be estimated from the fraction of that barcode to the fraction of the barcoded RNA
spike-in control in a given well, compared to the fraction at which that barcode is represented in the
no-serum control wells. Curves are then fit to the fraction infectivity measurements to calculate a
neutralization titer at 50% infectivity (or NT50).
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post-vaccination sera from some example individuals who received either the recombinant protein or

egg-derived vaccine. The points represent the titer against each strain. Strains are grouped
(titer_bound); NT50s shown as squares, indicated as being at the upper bound, were below the lowest

Supplemental Figure 2. Heterogeneity among individuals in response to vaccination and neutralizing
dilution tested.

titers to recent strains. Neutralization titers against the library of 2023 H1NT1 strains for pre- and
phylogenetically along the x-axis. Some calculated titers were outside the range of dilutions tested
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Supplemental Figure 3. Neutralizing antibody titers to prior vaccine strains. A) Neutralization titers
pre- and post- vaccination against previous seasons’ vaccine strains. B) Fold-change in titer against
previous vaccine strains after vaccination. Grey points show the measured titer or fold-change for a single
individual in each group. Colored horizontal lines represent the median titer for all individuals in a given
group against that vaccine strain. Error bars show the interquartile range for that group. Strains with a
significant difference in titer or fold-change between groups as assessed by Mann-Whitney U test are
indicated with an asterisk.
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Supplemental Figure 4. Comparison of hemagglutinin inhibition titers (HAI) and sequencing
based-neutralization titers against the A/Victoria/4897/2022 (IVR238) vaccine strain and
A/Victoria/4897/2022 strain without egg-adaptive mutations (R142K, Q223R) for individuals who
received the egg-derived vaccine. A) Titers collected with sequencing-based neutralization assay and
with HAI assay against A/Victoria/4897/2022 and A/Victoria/4897/2022(IVR-238) show similar trends.
Points show measurements for each individual against each strain at day 0 or day 28, respectively.
Horizontal lines show median values for that group and vertical bars indicate the interquartile range. B)
Titers at day 0 and day 28 collected by either HAI or with sequencing-based neutralization assay are well
correlated. Points show measurements for each individual against each strain at day 0 or day 28,
respectively and are colored by the day sera was collected. Pearson correlations are included as r
measurement.
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Supplemental Figure 5. Vaccination history in the two seasons preceding 2023/2024 is not obviously
related to the relatively lower titers to K142R-containing strains. A) Neutralization titer profiles for pre-
and post-vaccination sera from egg-derived vaccine recipients. B) Neutralization titer profiles for pre- and
post-vaccination sera from recombinant vaccine recipients. Thin lines show a neutralization titer profile
for a given individual. Each point represents the median neutralization titer across all sera in that group
for that strain. Strains are organized phylogenetically on the x-axis. Strains containing both K142R gold. A
shared x-axis is used for both panels and a colored bar below panel A is provided to facilitate easier
association with labeled strains. Recombinant vaccine recipient group with 2 vaccines in 2021-2023
seasons includes individuals with and without vaccines in 2020-2021 season. Vaccination status for
egg-derived vaccine recipients in 2020-2021 season is unknown.
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Supplemental Figure 6. Global frequency of mutations identified to have antigenic effects on pre- and
post-vaccination sera first 6 months of 2025 A) A 6-month H1 phylogeny adapted from

https://nextstrain.org/seasonal-flu/h1nlpdm/ha/6m@2025-06-26 from Nextstrain*"*, showing an increase

in strains containing P137S and K142R. Strains containing the K142R mutation only are indicated with
yellow circles at the tips, while strains containing P137S only are indicated with navy circles. Strains that
contain both P137S and K142R are indicated with green circles. B) The global frequency over time of
strains containing mutations P137S and/or K142R.
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	Figure 3. Vaccination-induced change in titers against strains containing K142R differs between egg-derived and recombinant protein vaccine recipients. A) Structure showing the HA amino acid differences between the recombinant protein vaccine strain and the high-growth reassortant used for the egg-derived vaccine (IVR-238) on the HA head (PDB: 6xgc)15. B) Titers against the recombinant protein vaccine strain, the egg-vaccine strain, and several other strains that differ only at sites that distinguish the two vaccine strains (in order from left to right: A/Wisconsin/67/2022, A/Michigan/MISAPPHIREL365374393/2023, A/Oregon/Flu-OHSU-241140095/2023, A/Victoria/4897/2022_IVR238). Points and bold lines indicate the median fold-change in titer after vaccination for all sera in that cohort for that strain, and shaded regions show the interquartile range. Strains with a significant difference in the fold-change (padj < 0.05, after Benjamini-Hochberg correction) between cohorts as assessed by Mann-Whitney U test are indicated with an asterisk. C) Fold-change in titer after vaccination, as measured against the full set of 2023/2024 H1N1 strains. Points and bold lines represent the median fold-change in titer across all sera in that cohort for that strain, and the shaded region shows the interquartile range. Strains with a significant difference in fold-change between groups as assessed by Mann-Whitney U test are
	 
	Figure 4. Age as well as vaccine type are associated with relatively lower titers to K142R-containing strains. A) Neutralization titers for pre- and post-vaccination sera from egg-derived vaccine recipients and B) recombinant protein vaccine recipients. Thin lines show neutralization titers against all strains for a single individual, with lines colored by age group. Points represent the median neutralization titer across all sera in that age group for that strain. Strains are organized phylogenetically on the x-axis. Strains containing K142R are highlighted in gold.  
	 
	 
	Figure 5. Additional HA mutations occurring in strains circulating in the 2023/2024 season that affect neutralization titers. Thin lines show the ratio of titer for each strain to the median across all the strains for each serum. Strains are organized phylogenetically on the x-axis. Strains or subclades containing mutations that have a greater than two-fold reduction from median titer in at least one serum and contain a mutation in a known epitope site are indicated with coloring, and mutations are annotated on the phylogeny.  

	Supplemental Figures 
	​Supplemental Figure 1. Strains selected for the sequencing-based neutralization assay represent the diversity of H1N1 viruses circulating in the fall of 2023. A) Phylogenetic tree of strains selected representing top haplotypes circulating in fall of 2023 from https://nextstrain.org/seasonal-flu/h1n1pdm/ha/6m@2023-11-16. Strains selected for inclusion in the library are indicated with circles. Strains within the 5a.2a.1 clade are labelled in gold and other 5a.2a clade strains are labelled in teal. B) Schematic of the sequencing-based neutralization assays. Briefly, pooled barcoded viruses are incubated with serum dilutions for 1 hr, and then cells are added such that non-neutralized viruses can infect and amplify barcoded HA vRNA segments. At 16 hrs, a barcoded RNA spike-in control is added at the same concentration to each well, such that the fraction infectivity of each barcoded strain can be estimated from the fraction of that barcode to the fraction of the barcoded RNA spike-in control in a given well, compared to the fraction at which that barcode is represented in the no-serum control wells. Curves are then fit to the fraction infectivity measurements to calculate a neutralization titer at 50% infectivity (or NT50). ​ 
	Supplemental Figure 2. Heterogeneity among individuals in response to vaccination and neutralizing titers to recent strains. Neutralization titers against the library of 2023 H1N1 strains for pre- and post-vaccination sera from some example individuals who received either the recombinant protein or egg-derived vaccine. The points represent the titer against each strain. Strains are grouped phylogenetically along the x-axis. Some calculated titers were outside the range of dilutions tested (titer_bound); NT50s shown as squares, indicated as being at the upper bound, were below the lowest dilution tested. 
	 
	 
	Supplemental Figure 3. Neutralizing antibody titers to prior vaccine strains. A) Neutralization titers pre- and post- vaccination against previous seasons’ vaccine strains. B) Fold-change in titer against previous vaccine strains after vaccination. Grey points show the measured titer or fold-change for a single individual in each group. Colored horizontal lines represent the median titer for all individuals in a given group against that vaccine strain. Error bars show the interquartile range for that group. Strains with a significant difference in titer or fold-change between groups as assessed by Mann-Whitney U test are indicated with an asterisk. 
	 
	Supplemental Figure 4. Comparison of hemagglutinin inhibition titers (HAI) and sequencing based-neutralization titers against the A/Victoria/4897/2022 (IVR238) vaccine strain and A/Victoria/4897/2022 strain without egg-adaptive mutations (R142K, Q223R) for individuals who received the egg-derived vaccine. A) Titers collected with sequencing-based neutralization assay and with HAI assay against A/Victoria/4897/2022 and A/Victoria/4897/2022(IVR-238) show similar trends. Points show measurements for each individual against each strain at day 0 or day 28, respectively. Horizontal lines show median values for that group and vertical bars indicate the interquartile range. B) Titers at day 0 and day 28 collected by either HAI or with sequencing-based neutralization assay are well correlated. Points show measurements for each individual against each strain at day 0 or day 28, respectively and are colored by the day sera was collected. Pearson correlations are included as r measurement. 
	Supplemental Figure 5. Vaccination history in the two seasons preceding 2023/2024 is not obviously related to the relatively lower titers to K142R-containing strains. A) Neutralization titer profiles for pre- and post-vaccination sera from egg-derived vaccine recipients. B) Neutralization titer profiles for pre- and post-vaccination sera from recombinant vaccine recipients. Thin lines show a neutralization titer profile for a given individual. Each point represents the median neutralization titer across all sera in that group for that strain. Strains are organized phylogenetically on the x-axis. Strains containing both K142R gold. A shared x-axis is used for both panels and a colored bar below panel A is provided to facilitate easier association with labeled strains. Recombinant vaccine recipient group with 2 vaccines in 2021-2023 seasons includes individuals with and without vaccines in 2020-2021 season. Vaccination status for egg-derived vaccine recipients in 2020-2021 season is unknown.​​ 
	 
	Supplemental Figure 6. Global frequency of mutations identified to have antigenic effects on pre- and post-vaccination sera first 6 months of 2025 A) A 6-month H1 phylogeny adapted from https://nextstrain.org/seasonal-flu/h1n1pdm/ha/6m@2025-06-26 from Nextstrain41,42, showing an increase in strains containing P137S and K142R. Strains containing the K142R mutation only are indicated with yellow circles at the tips, while strains containing P137S only are indicated with navy circles. Strains that contain both P137S and K142R are indicated with green circles. B) The global frequency over time of strains containing mutations P137S and/or K142R.  ​ 


