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Background. As a dominant seasonal influenza virus, H3N2 virus rapidly evolves in humans and is a constant threat to public
health. Despite sustained research efforts, the efficacy of H3N2 vaccine has decreased rapidly. Even though antigenic drift and pas-
sage adaptation (substitutions accumulated during vaccine production in embryonated eggs) have been implicated in reduced vac-
cine efficacy (VE), their respective contributions to the phenomenon remain controversial.

Methods. 'We utilized mutational mapping, a powerful probabilistic method for studying sequence evolution, to analyze patterns
of substitutions in different passage conditions for an unprecedented amount of H3N2 hemagglutinin sequences (n = 32 278).

Results. We found that passage adaptation in embryonated eggs is driven by repeated convergent evolution over 12 codons.
Based on substitution patterns at these sites, we developed a metric, adaptive distance (AD), to quantify the strength of passage ad-
aptation and subsequently identified a strong negative correlation between AD and VE.

Conclusions. 'The high correlation between AD and VE implies that passage adaptation in embryonated eggs may be a strong
contributor to the recent reduction in H3N2 VE. We developed a computational package called MADE (Measuring Adaptive
Distance and vaccine Efficacy based on allelic barcodes) to measure the strength of passage adaptation and predict the efficacy of a
candidate vaccine strain. Our findings shed light on strategies for reducing Darwinian evolution within the passaging medium in

order to potentially restore an effective vaccine program in the future.
Keywords. H3N2 influenza virus; vaccine efficacy; passage adaptation; mutational mapping.

Influenza viruses infect 5%-15% of the total population,
resulting in an estimated half a million deaths annually [1, 2].
Vaccination against influenza viruses is the primary strategy
for prevention and control of influenza outbreaks [3]. Despite
decades of effort, vaccine efficacy (VE) against influenza
viruses, particularly that of the H3N2 subtype, has rapidly
dropped to 10% or lower, calling into question the effectiveness
of the current vaccination program [4, 5]. Consequently, under-
standing and controlling the sharp decline in VE is a pressing
public health challenge.

Mismatches between circulating and vaccine strains crit-
ically affect VE [6]. Two major sources of this mismatch are
antigenic drift [7, 8] and passage adaptation [9]. Antigenic
drift refers to the continued evolution of the influenza virus in
host humans, and passage adaptation relates to substitutions
accumulated while propagating viral strains in the culturing
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medium during vaccine production. Even though the impor-
tance of antigenic drift and passage adaptation in VE has been
proven in independent studies [9, 10], their relative contri-
butions remain unknown, and conclusions drawn between
individual studies are discordant [11-13]. The World Health
Organization (WHO) enforces a consistent and rigorous vac-
cine program that matches the vaccine isolate to the circu-
lating strains throughout the years. However, recent declines
in VE may not be caused by antigenic drift but might instead
be driven by passage adaptation during vaccine production.
Currently, embryonated eggs [14] or mammalian cell lines
(eg, Madin Darby canine kidney cell line [MDCK] [15]) are
mainly used for propagating influenza viruses. The receptors for
viral entry into the host cell are sialic acids found on the surface
of cells, which have 2 forms of sialic acid linkages to galactose.
The alpha-2,3 glycosidic-bond-linked sialic acids (SAa-2,3Gal)
are found mostly in the intestinal tracts of birds, while the alpha-
2,6 glycosidic-bond-linked residues (SAa-2,6Gal) predominate
in the upper respiratory tract of humans [16]. Growing human
influenza viruses that preferentially bind to the SAa-2,6Gal re-
ceptor can therefore cause strong adaptive evolution during
virus culture in embryonated eggs, which mainly contain the
alternative SAa-2,3Gal form [17, 18]. One recent study revealed
a steady increase in passage adaptation of the H3N2 virus in
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embryonated eggs [18] that seemed to be correlated with the
reduction in VE, further supporting the importance of passage
adaptation in the recent reduction in VE [9, 19].

With rapid progress in viral sequencing, quantifying adap-
tive evolution in large datasets (>10 000 sequences) is be-
coming a challenging task for researchers due to the increased
computational burden. To overcome this, a probabilistic ap-
proach known as “stochastic mutational mapping” [20] has
emerged as a powerful and efficient way to sample possible
mutational histories of observed data [20, 21]. Using theories
derived from the continuous time Markov chain, mutational
mapping first infers possible histories of sequence evolution
for the observed data. Subsequently, many statistical tests can
be constructed to test different hypotheses such as the exist-
ence of positive evolution. Simulation studies show that muta-
tional mapping provides a very efficient and accurate method
for sequence evolution [18, 20, 21]. Here, we used this ap-
proach to explore the correlation between passage adaptation
and VE and to elucidate the genetic determinants of recent
vaccine competence.

METHODS

Sequence Curation and Passage Histories

We analyzed 38 360 influenza H3N2 HA1 sequences from
the Global Initiative on Sharing All Influenza Data (GISAID).
Sequence data were summarized from the GISAID data-
base with collection dates from 1 January 1968 to 8 July 2016
[22]. After multiple quality-control steps, 32 278 sequences
were used for subsequent analysis (Supplementary Material,
Supplementary Table 1, and Supplementary Figure 1 and 2).
Passage information of these sequences was extracted from
the Centers for Disease Control and Prevention/National
Center for Biotechnology Information [17] and GISAID data-
bases [22]. We categorized sequences according to their pas-
sage histories [18]. A total of 661 egg-passaged sequences and
4544 MDCK-passaged sequences were identified (Figure 1A).
Other passage information included CELL (3286), SIAT (3712),
Clinical (4046), Monkey (2019), Mix (4088), others (1086), and
unknown (8836).

Phylogenetic Reconstruction and Mutational Mapping

Sequence alignment for 32 278 sequences was performed
using multiple sequence comparison by log-expectation
[23]. After sequence alignment, the phylogenetic relation-
ships among these sequences were reconstructed using the
Randomized Axelerated Maximum Likelihood package under
a general time reversible (GTR) model (Figure 1A) [24]. The
probabilistic mutational mapping algorithm has been shown
to be an efficient approach for sampling evolutionary his-
tories according to their posterior probabilities [20]. Using
the inferred maximum likelihood parameters and associated

phylogenetic tree, mutational mapping was carried out as in
previous studies [18, 20, 21] (Supplementary Material). The
mutational history inference was conducted at the base level
and provided an efficient and accurate inference of the mu-
tational events. After mutational mapping, summary statis-
tics such as the number of substitutions that occurred along
a given set of branches were extracted from the mutational
mapping output.

The Convergent and Enrichment Test

Changes at each of the 3 codon positions were conjugated to-
gether to examine the functional consequence of these substi-
tutions. The convergent and enrichment tests survey 2 aspects
of the adaptive evolution. The enrichment test examines sub-
stitutions in terminal branches and investigates whether non-
synonymous substitutions at a given codon tend to happen
specifically over terminal branches associated with certain
passage histories (Figure 1B, Supplementary Material). The
convergent test examines whether a given nonsynonymous
transition between 2 codon states occurred more frequently
than by chance. Using synonymous substitution rates as the
baseline, we determined whether a given nonsynonymous
substitution takes place more often than by chance (Figure 1B,
Supplementary Material). After calculating the P value from
both the enrichment and convergent tests, the Fisher method
was used to combine these 2 P values, and multiple test cor-
rection was performed in R using the p.adjust() function.
By taking the average q-value across 100 replicates from the
mutational histories and using a false discovery rate cutoff of
0.01, we identified 12 codon positions that drive egg-passage
adaptation.

Enrichment Scores and Principal Component Analysis

In this study, we define an allele as a specific amino acid at a
given codon position. For each allele observed at the 12 codons,
we first calculated the proportion of strains that carry the spe-
cific allele in the focal set (eg, egg-passaged sequences, p,,,) and
the background set (all sequences in this dataset, p_,). The en-
, for all

the alleles across the 12 codons. For each strain, the 12 alleles

richment scores (ESs) were then calculated using P./P

observed at the 12 positions were combined to define a 12-di-
mensional vector, indicating enrichment levels at these codons
(ie, similar to allelic barcodes). Each of these 32 278 sequences
is represented by a data point in the 12-dimensional space.
Principal component analysis (PCA) was performed in R using
the princomp() function to project the 1-dimensional space
into the first 2 PCs.

Vaccine Isolates and Vaccine Efficacy Data

Given that seed viruses must be generated in eggs in the cur-
rent WHO-recommended vaccine production protocol [25],
we collected the egg-passaged strains in the public database
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Mutational mapping and dynamic convergent evolution. A, The phylogenetic tree of the 32 278 HA1 sequences retrieved from the Global Initiative on Sharing All

Influenza Data database [22]. Egg and Madin Darby canine kidney (MDCK) cell line passage isolates are labeled on the phylogenetic tree. B, Principles of the convergent and
enrichment test (see Methods section). The enrichment test determines whether substitutions at a given codon tend to be enriched along terminal branches for the egg-pas-
saged strains (n =661) relative to other terminal branches (n =31 617), and the convergent test determines whether certain nonsynonymous substitutions are observed more
frequently than expected by chance along egg terminal branches. C, Numbers of nonsynonymous and synonymous changes at the 12 positively selected codons. Significance
of the 2 tests (Pvalue <.01 are labeled) for each codon, and the functional category of the codons are indicated as a heat map beneath the bar plot. D, The enrichment scores

across 12 codons. Enrichment scores higher than 15 are labeled.

with the same strain name as WHO-recommended vaccine
strains. The list of vaccine strains recommended by WHO were
curated from WHO and the Influenza Research Database web-
site [26]. When multiple egg-passaged sequences were available
for a given strain, we included all of them to represent possible
sequence variations during passage in embryonated eggs. The
full list of vaccine strains is defined as the vaccine set, and their
GISAID isolate names are listed in Supplementary Table 3. In
total, 61 sequences from 13 vaccine strains were extracted. In
Figure 2H, the VE data were curated from Belongia et al [5],
where vaccine efficacies between 2010 and 2015 were calculated
by pooling multiple test-negative studies using a random-ef-
fects model [5]. The adaptive distance (AD) for a given year was
calculated as the mean of the ADs for all the strains of that year
in the vaccine set.

RESULTS

Data Curation and Mutational Mapping

A total of 32 278 HA1 sequences of the H3N2 influenza virus
were downloaded from the GISAID database along with their
passage histories. Of these sequences, 661 were from isolates
cultured in embryonated eggs and more than 70% had pas-
sage annotations (Supplementary Figure 2A). After sequence
alignment and the phylogenetic reconstruction (Figure 1A),
maximum likelihood estimates of the mutational process (eg,
the GTR model) as well as the phylogenetic relationship were
constructed. The probabilistic mutational mapping was sub-
sequently employed to sample the nucleotide sequence of the
internal nodes recursively from the root of the tree down to
the tips, followed by simulation of the mutational history along
each branch according to the Markov chain specified by the
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Figure 2. Adaptive distance and vaccine efficacy. A, Principal component plot of the 12-dimensional enrichment scores (ESs) across all isolates (n = 32 278) (principal com-
ponent analysis [PCA] map). Each strain is a dot in the PCA map. The clusters of the strains are plotted as the heat map in the PCA plot. B, PCA plot of the egg-passaged strains
(n=661). C, PCA plot of the clinical strains (n = 4046). D, Adaptive distance (AD) measures the distance between the center of the major cluster and the strain of interest. £,
PCA plot of the vaccine strains between 2010 and 2016 (n = 61). F, The number of adaptive alleles (defined as ESs >2) for strains with low and high ADs. G, The sum of ESs
across 12 codon positions for strains with low and high ADs. H, ADs for the vaccine strains between 2010 and 2016. Vaccine efficacy (VE) data is plotted using the y-axis on
the right-hand side. /, Linear regression between VE and AD. A-square is measured to be 0.750 (Pvalue = .037).

GTR model (see the Methods section). Since passage adapta-
tion adds extra changes to the original sequences and further
extends the terminal branches [27], we merely focused on sub-
stitutions that occurred on terminal branches.

Positively Selected Codons Under Egg Passage Adaptation and Their
Functional Roles

Similar to our previous work [18], in order to identify codon
positions that drive passage adaptation, we coupled the inferred
substitutions at the 3 codon positions and used 2 statistical tests
to target different aspects of the mutational pattern across the
phylogenetic tree. The first test (the enrichment test) investi-
gates whether substitutions at a given codon tend to be enriched

along terminal branches for the egg-passaged strains (n = 661)
relative to other terminal branches (n = 31 617; Figure 1B and
the Methods section). The second test (the convergent test)
examines whether certain nonsynonymous substitutions are
observed more frequently than expected by chance along egg
terminal branches (n = 661; Figure 1B). We note that the tests
for such patterns, using probabilistic mutational mapping, are
specifically constructed to take uncertainty in mutational infer-
ence into account by incorporating mutation biases, multiple
hits, and branch lengths of the phylogeny.

After adjusting for multiple testing and taking into consid-
eration uncertainty across multiple replicates (see the Methods
section), we identified 12 codon positions driven by positive
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selection in embryonated eggs (Figure 1C). Interestingly, most
of these codons are found to be significant by both tests (P
value < .01). This suggests that passage adaptation tends to be
both highly convergent and enriched in embryonated eggs.
Across these 12 codons, the total ratio of nonsynonymous
to synonymous changes along all the egg terminal branches
was 200 to 7. The high nonsynonymous to synonymous ratio
indicates exceptionally strong positive selection compared to
many other instances of previously reported adaptive evolution
detected in natural systems [28]. Of all substitutions across the
12 codons, amino acid positions 156, 186, and 194 contributed
most of the nonsynonymous changes (Figure 1C). By correlat-
ing these 12 identified codon positions with functional domains
(eg, antigenic cluster A-E or receptor binding sites) on the he-
magglutinin gene, we observed a strong overlap between anti-
genic sites (especially antigenic cluster B [9]) and the 12 codons.
This suggests that receptor binding during viral infection or
host cell immune response may drive passage adaptation in
embryonated eggs.

Adaptive Distance and Vaccine Efficacy
As these 12 identified codons harbor mostly nonsynonymous
substitutions, the classic d,/d; metric will give infinite esti-
mates, hence making it ineffective in measuring the strength
of passage adaptation. For highly adaptive substitutions that
are strongly selected for in embryonated eggs, they will tend to
be enriched in egg-passaged isolates while uncommon in the
non-egg isolates. To measure the extent of adaptive conver-
gent evolution for a specific amino acid at a given codon, we
first calculated the proportion of strains that carry the amino
acid at the focal codon in egg-passaged isolates (denoted as
P, in 661 egg strains) and in all isolates (denoted as p,, in
all 32 278 sequences), respectively. We then defined the ES for
that allele (eg, amino acid V at position 186) as the ratio of Py
to p, .- Higher ESs indicate strong adaptive convergent evolu-
tion driving the selection of certain alleles (ie, amino acid) in
embryonated eggs. By plotting allelic ESs across all 12 identified
codons, we found that a few alleles at certain codons are specific
to egg-passaged isolates and have very high ESs (Figure 1D).
For each isolate in the database, the allelic states of the 12
codons were used to define a DNA barcode, with each allele
having an associated ES that measures the strength of passage
adaptation at that position. In order to understand the multidi-
mensional distribution of the adaptive evolution, we projected
the 12-dimensional ESs for all existing sequences onto a 2-di-
mensional space using PCA (Figure 2A). In the PCA map, each
isolate is a data point projected from the 12-dimensional space.
Interestingly, we observed a major cluster harboring most of
the isolates at one corner of the PCA map. Scattered islands of
sequences were also found along the PC1 and PC2 axis. Since in-
fluenza strains driven by strong adaptive evolution carry alleles
with high ESs, they tend to deviate from the major cluster in

the PCA map. By plotting the distribution of the egg-passaged
isolates, we clearly showed that most of the distantly located
data points in Figure 2A are indeed egg-passaged sequences
(Figure 2B). Clinical strains or isolates passaged in cell lines (eg,
MDCK; Supplementary Figure 2) reside in the major cluster
and bear little evidence of passage adaptation (Figure 2C).

In order to measure the extent of adaptive evolution, we de-
fined the AD of a target isolate as its distance from the major
cluster (Figure 2D). Using a well-studied metaanalysis for vac-
cine efficacies [5] (2010-2015), as well as a list of curated vac-
cine isolates (Supplementary Table 3), we found that a large
proportion of these sequences were located far away from the
major cluster and were possibly driven by egg-passage adapta-
tion (Figure 2E). When we compared strains with low and high
ADs, we found that sequences with higher ADs tended to have
both a higher number of adaptive alleles (Figure 2F) as well
as alleles with stronger ESs (Figure 2G). Thus, this shows that
there is a very strong correlation between AD and the level of
egg-passage adaptation. Interestingly, when we plotted the AD
for each vaccine isolate as a function of time, there was a rapid
increase in AD in the years 2013-2015 follow by a slight drop in
the 2015-2016 season (Figure 2H). The increase in AD suggests
that the effect of passage adaptation has manifested strongly in
the vaccine isolates.

In order to further explore the connection between AD and
VE, we extracted VE data compiled by Belongia et al [5] (see
the Methods section) and plotted them together with the AD of
the vaccine strains. Interestingly, we observed a strong negative
correlation between the AD and VE (P value = .037). Linear re-
gression between these 2 matrices yielded a significant R-square
statistic of 75.0% (Figure 2I), indicating that passage adaptation
at these 12 codon positions strongly correlates to the reduction
in VE in the past few years.

DISCUSSION

The high correlation between VE and AD is concordant with
a recent study that showed that egg-adapted vaccine strains
elicit specific antibodies during influenza immunization [29].
However, this also raises an interesting question: why does an-
tigenic drift contribute so little to the reduction in VE? The
R-square value (0.812) in the linear regression suggests that an-
tigenic drift only contributes minimally to the total variability
in VE. Several factors might explain the importance of passage
adaptation in VE. First, antigenic evolution of circulating strains
often follows a punctuated equilibrium model, whereby genetic
changes only occasionally cause a disproportionally large shift in
the antigenic space (averaging every 3 years) [7]. As most of the
antigenic changes between years have little effect, they may not
contribute strongly to the recent drop in VE. Second, the con-
stant adaptation of the H3N2 influenza virus to the human pop-
ulation has enabled the H3N2 subtype to become well adapted to
the human cellular environment. This makes propagating them
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in an avian host difficult and often results in lower yields [30],
as well as an increasing strength of passage adaptation in the
embryonated eggs [18]. The resulting larger antigenic distances
[12] between the egg-adapted strains and original isolates may
lead to large antigenic jumps and therefore reduced VE.

Since passage adaptation in embryonated eggs often results in
the fixation of alleles highly specific to egg-passaged sequences,
the allelic status of the 12 codons that we identified provide an
important barcode for predicting the footprints of passage ad-
aptation. Based on the principles illustrated in this work, we de-
veloped a computational package MADE, (Measuring Adaptive
Distance and vaccine Efficacy based on allelic barcodes), that
will enable vaccine developers to measure the strength of pas-
sage adaptation and hence predict the potential efficacy of a
vaccine strain based on its nucleotide sequence [31].

Itis of note that there are potential limitations in our study. First,
the mutational mapping and the 2 statistical tests for enrichment
and convergence implemented in this study are approximations
of a full codon-based likelihood model. Nonetheless, it is worth
pointing out that previous simulation studies have shown that
statistical inference is quite accurate in cases of short-term evolu-
tion such as in influenza viruses (see Supplementary Material for
a discussion). Second, in addition to passage adaptation, we were
not able to consider some factors that may affect the measure-
ment of VE, such as similarities between vaccine strains and cir-
culating strains [32], the time between vaccination and infection,
the age of the infected individuals, the immunogenicity variation
across individuals [33], the dynamics of immune memory [34],
as well as the study design for measuring VE. Moreover, although
test-negative design (TND) [35, 36] is a very popular approach
for measuring VE, it may be affected by selection bias such as in
seeking medical treatment and exposure misclassification [37].
Additionally, TND also relies on several important assumptions
such as independence between vaccination and exposure or sus-
ceptibility to infection, as well as dichotomous protection (e,
all-or-nothing) from vaccination. Last, the strong correlation be-
tween AD and VE is based on observations from a short time pe-
riod. In future studies with more extensive VE data, researchers
will be able to further examine the relationship between passage
adaptation and VE (Supplementary Figure 3).

The observations from our study suggest that strong pas-
sage adaptation in embryonated eggs will continue to impede
the progress of any current H3N2 vaccine program. One solu-
tion may be to switch vaccine production to a cell-based system.
A natural question is: will passage adaptation also occur in cell
lines? Interestingly, when an analogous analysis on the MDCK
medium was conducted, we observed that the allelic ESs for
MDCK-passaged isolates were much lower than those of egg-pas-
saged isolates and that the ADs are negligible in most cases and
are not correlated with VE. A cell-based vaccine production pro-
gram and possibly other effective strategies are urgently needed
to help increase the global protection against influenza [38].
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Supplementary materials are available at Clinical Infectious Diseases on-
line. Consisting of data provided by the authors to benefit the reader, the
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