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The modular binding sites on the influenza A(H3N2) hemagglutinin protein are under significant pressure
to acquire mutations in order to evade human antibody recognition. Analysis of these hemagglutinin epi-
topes in the strains circulating during 2017/18 and early 2018/19 identified the emergence of a new anti-
genic cluster that has grown from 4% of circulating strains to 11%. We regressed our module-based
antigenic distance, pepitope, with A(H3N2) vaccine effectiveness from recent studies conducted by the
US Centers for Disease Control and Prevention (r2 = 0.92), and we used this to estimate that the
2018/19 vaccines will protect against most circulating A(H3N2) strains. The pEpitope model is useful
for A(H3N2) influenza vaccine virus selection and development, and it has the potential to aid national
or regional regulatory authorities in making geographically localized decisions.
� 2019 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Of the two influenza surface proteins that the human immune
system recognizes, i.e., hemagglutinin (HA) and neuraminidase,
there is significant pressure on HA to evolve since most antibodies
recognize the virus through five epitopes on its globular head [1,2]
(Fig. 1A). Epitopes are modules of amino acids to which the anti-
body receptor binds. In a gradual process referred to as ‘‘antigenic
drift,” there is selection for mutations in the epitopes that allow the
influenza virus to evade antibody recognition [1]. The accumula-
tion of mutations leads HA to evolve as quasispecies clusters in
ferret-based antigenic distance space [4] and in amino acid
sequence space [5]. These viral quasispecies are clusters of variants
that have evolved with similar mutations to be sufficiently distant
from the vaccine strain such that they are expected to evade anti-
body recognition [5]. The virus may additionally acquire binding
site mutations during the vaccine manufacturing process, e.g.,
when it is isolated in chicken eggs [6,7]. The human immune sys-
tem can tolerate small antigenic distances between the influenza
vaccine and infecting virus strains, however quasispecies that
emerge at larger distances from the vaccine will not be successfully
recognized by primed antibodies. Producing an effective vaccine
against this rapidly evolving virus necessitates a comprehensive
method to characterize the antigenic distance sensitivity in
humans.

Previously, we developed a mathematical model that accounts
for immunological diversity, modularity, and hierarchy during
human antibody recognition of influenza antigens [8]. The order
parameter for antibody fitness, defined as the fractional amino acid
differences between an infecting antigen a and antibody from
vaccine b, was used to establish a pEpitope model of antigenic
distance

pabepitope ¼ max
k

pabk ¼ max
k

nabk
Nk

ð1Þ

where nabk is the number of amino acid differences between a and b

in epitope k, Nk is the total number of amino acids in epitope k, and
k is evaluated for each epitope, e.g., A, B, C, D, and E for A(H3N2). The
hierarchy of pabk distances determines the capability of antibody
recognition, as the epitope with the largest pab is considered
immunodominant, k* (Fig. 1B). Prior work demonstrated the
pEpitope model’s predictability of vaccine efficacy in humans for
influenza B [9], A(H1N1) [10], and A(H3N2) [7]. The use of pepitope
to predict vaccine effectiveness, which is well-suited to estimate
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Table 1
Data from the US Centers for Disease Control and Prevention Influenza Vaccine Effectiveness Network. The pepitope distances and immunodominant epitope k* are determined
for each A(H3N2) vaccine and dominant strain pair using Eq. (1). Accession numbers are for the GISAID database [12]. CVV: candidate vaccine virus, VE: vaccine effectiveness
(Eq. (2)), CH: Switzerland, HK: Hong Kong.

Season CVV Dominant Strain pepitope k* VE (%)

2010/11 A/Perth/16/2009 (EPI577972) A/Victoria/208/2009 (EPI272062) 0.053 A 41 ± 12 [14]
2011/12 A/Perth/16/2009 (EPI577972) A/Victoria/361/2011 (EPI545346) 0.111 C 36 ± 10 [15]
2012/13 A/Victoria/361/2011 (EPI408194) A/Victoria/361/2011 (EPI545346) 0.095 B 37 ± 6 [16]
2014/15 A/Texas/50/2012 (EPI397876) A/California/02/2014 (EPI517095) 0.191 B 6 ± 7 [17]
2015/16 A/CH/9715293/2013 (EPI537866) A/HK/4801/2014 (EPI539576) 0.211 A �11 ± 33 [18]

Fig. 1. (A) The HA trimer of A/Victoria/361/2011(H3N2) in complex with three human antibody fragments. The pEpitope model compares the epitope regions A (red; amino
acid residues 122, 124, 126, 130–133, 135, 137, 138, 140, 142–146, 150, 152, 168), B (yellow; residues 128, 129, 155–160, 163, 165, 186–190, 192–194, 196–198), C (green;
residues 44–48, 50, 51, 53, 54, 273, 275, 276, 278–280, 294, 297, 299, 300, 304, 305, 307–312), D (blue; residues 96, 102, 103, 117, 121, 167, 170–177, 179, 182, 201, 203, 207–
209, 212–219, 226–230, 238, 240, 242, 244, 246–248), and E (purple; residues 57, 59, 62, 63, 67, 75, 78, 80–83, 86–88, 91, 92, 94, 109, 260–262, 265) [2] of the dominant
circulating strains to those of the vaccine. During the 2012/13 season, A/Victoria/361/2011 was the dominant circulating strain and epitope B was immunodominant. The
image was rendered in Visual Molecular Dynamics [3] from Protein Data Bank entry 4O5I. (B) Fractional differences, pk (Eq. (1)), in the amino acids of each epitope between
the vaccine and dominant circulating virus strains during five seasons (Table 1). Individual amino acid mutations are reported in each bar. The largest stacked bar in each
season measures pepitope, and that epitope is k*. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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vaccine performance from case-control-type studies [11], or detect
quasispecies has not been studied before. We used this module-
based antigenic distance to determine influenza subtype A(H3N2)
quasispecies emergence during the 2018/19 northern hemisphere
influenza season and to estimate average vaccine effectiveness
and effectiveness against specific A(H3N2) variants.

2. Methods

2.1. Antigenic analysis of circulating A(H3N2) influenza viruses, 2017/
18 and 2018/19

We obtained HA sequences from the Global Initiative on Shar-
ing All Influenza Data (GISAID) EpiFluTM database [12] for all A
(H3N2) strains circulating between September 2017 and December
2018. After removing passaged and incomplete strains, we utilized
374 strains collected in September 2017, 560 in October, 700 in
November 1001 in December 1064 strains collected in January
2018, 549 in February, 381 in March, 141 in April, and 31 in
May, for a total of 4801 strains in the 2017/18 season. For the early
2018/19 season, we utilized 83 strains collected in June 2018, 56 in
July, 42 in August, 49 in September, 49 in October, 50 in November,
and 8 strains in December, for a total of 337 strains. We addition-
ally obtained HA sequences for the two candidate vaccine viruses
(CVV) that the World Health Organization (WHO) recommended
for the 2018/19 northern hemisphere season, egg-based
A/Singapore/INFIMH-16-0019/2016 and cell-based A/North
Carolina/04/2016.
The antigenic distance was calculated between all pairs of
strains by determining the number of amino acid differences in
each epitope, and taking the maximum pk to be pepitope (Eq. (1)).
We created a pEpitope Calculator application for MATLAB that
can be downloaded [13]. Multidimensional scaling was performed
using the MATLAB Statistics and Machine Learning ToolboxTM, and
the pepitope-distance spaces for 2017/18 and 2018/19 were each
reduced to two dimensions.

2.2. Calibration of pEpitope model for predicting vaccine effectiveness

Our primary vaccine effectiveness dataset (Table 1) was com-
piled by the US Centers for Disease Control and Prevention (CDC)
from studies conducted in their Influenza Vaccine Effectiveness
Network (US Flu VE Network). These data were from test-
negative design case-control studies that confirmed A(H3N2)-
positive from real-time reverse-transcriptase polymerase chain
reaction (RT-PCR) and included a representative sample of the US
population and of vaccine coverage. A separate 47-year dataset
(Supplementary Table 1) was obtained from individually-
published studies in the northern hemisphere from the 1971/72
season through the 2017/18 season. We isolated a subset of these
data from the past decade, i.e., 2008/09 to 2017/18, to represent a
third dataset. For each study, we obtained the total number of vac-
cinated individuals, the total number of unvaccinated individuals,
and the number of vaccinated and unvaccinated cases, i.e., individ-
uals who tested positive for A(H3N2) in the study. We focused
on individuals between the ages of 18–65 in order to avoid



Fig. 2. Multidimensional scaling (MDS) of pepitope-distance space for the 2018/19 egg- and cell-based vaccines and all circulating A(H3N2) strains during the (A) 2017/18 and
(B) early 2018/19 seasons. The color-bar denotes the month of strain collection. A/Michigan/85/2018 was homologous and A/California/77/2018 was nearly-homologous in
the epitope regions to the consensus sequences in each MDS plot. Due to their distances from the main cluster and their increasing percentage from 2017/18 to early 2018/19,
A/Arizona/36/2018-like and A/Paris/2511/2018-like variants are identified as an emerging quasispecies. The pepitope distances are summarized in Supplementary Table 2.
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confounding effects related to developing immune systems in chil-
dren or to immunosenescence in older adults. Vaccine effective-
ness [11] was calculated as

Vaccine Effectiveness ¼ 1� OV
OU

ð2Þ

where the odds in the vaccinated group, OV, and the odds in the
unvaccinated group, OU, are

OV ¼ vaccinated A H3N2ð Þ cases
vaccinated controls

and

OU ¼ unvaccinated A H3N2ð Þ cases
unvaccinated controls

ð3Þ

We downloaded the HA sequence for the ‘‘antigenically like” A
(H3N2) strain recommended to be included in influenza vaccines
and the dominant circulating strain published by the WHO each
season [19]. The HA binding sites in each CVV were compared to
those in the dominant infecting strain for each season, and Eq. (1)
was again used to calculate antigenic distance. Linear regression
was performed using linear least squares fitting with the vaccine
effectiveness data and pepitope values. No data were excluded from
analysis.
Fig. 3. The pEpitope model calibrated with human vaccine effectiveness data. The
vertical axes show vaccine effectiveness from 1971/72 to 2017/18 (black circle
markers, solid line), 2008/09 to 2017/18 (green square markers, dashed line), and
test-negative design studies in the CDC’s US Flu VE Network from 2010/11 to 2015/
16 (purple star markers, dotted line). Vaccine effectiveness was computed for each
season by Eq. (2). Lines represent linear regressions and r2 are coefficients of
determination (Supplementary Table 3). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
3. Results

3.1. Emergence of an A(H3N2) quasispecies during the 2018/19 season

Multidimensional scaling of the 2017/18 circulating strains
revealed one large cluster, with two centroids, near the WHO-
recommended 2018/19 CVVs and a smaller, comparatively distant
cluster (Fig. 2A). The A/Arizona/36/2018 strain representative of
the distant cluster had a pepitope of 0.191 from both of the CVV
strains, approximately where vaccine effectiveness has gone to
zero in the past [5]. The A/Arizona/36/2018 cluster contained 174
strains, or 3.6% of all those circulating in 2017/18. Multidimen-
sional scaling of the early 2018/19 strains again revealed a broad
cluster and a smaller, relatively distant one (Fig. 2B). The
A/Paris/2511/2018 strain representative of this distant cluster is
homologous to A/Arizona/36/2018 in the epitope regions. This
A/Paris/2511/2018 cluster contains 36 strains, or 10.7% of those
circulating in early 2018/19. Multidimensional scaling of the
A/Arizona/36/2018 and A/Paris/2511/2018 clusters reveals that
these variants are part of the same viral quasispecies (Supplemen-
tary Fig. 1).

3.2. Prediction of effectiveness for the 2018/19 A(H3N2) vaccines

We assessed the relation between the observed vaccine
effectiveness in the three datasets and the pEpitope model
(Fig. 3). Linear regression between the pepitope distances and the
observed vaccine effectiveness from the US Flu VE Network studies
produced

Vaccine Effectiveness ¼ �3:32pepitope þ 0:66
� �� 100% ð4Þ

with a coefficient of determination (r2) of 0.92 (slope
p-value = 0.0095, intercept p-value = 0.0039) (Supplementary
Table3). Analyzing all the epidemiological data in thenorthernhemi-
sphere from the past 47 years, the pEpitope model yielded an r2 of
0.75. Limiting the analysis to recent data from seasons 2008/09 to
2017/18, the pEpitopemodel yielded an r2 of 0.78. See Supplementary
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Material for a comparison of the pEpitope vaccine effectivenessmodel
with ferret-based antigenic distances and with vaccine efficacy.

On average against all circulating strains during the 2017/18
season, the egg-based CVV has a 0.121 pepitope distance, and
Eq. (4) predicts the vaccine effectiveness to be 25 ± 11%. The
cell-based CVV, with a 0.111 pepitope distance, is predicted to be
29 ± 10% effective. Based on the higher average pepitope distances
against strains circulating during the early 2018/19 season,
the predicted effectiveness has gone down to 21 ± 11% for the
egg-based CVV and 25 ± 11% for the cell-based CVV. The average
effectiveness is predicted to be low because Eq. (4) estimates that
both CVVs are 2 ± 13% effective against the A/Arizona/36/2018 and
A/Paris/2511/2018 clusters. However, the 2018/19 vaccines are
anticipated to perform better against the majority of 2018/19 A
(H3N2) strains, which are A/California/77/2018-like, at 34 ± 10%
and 31 ± 10% for the egg and cell CVVs, respectively.
4. Discussion

The pEpitope model was readily able to estimate the antigenic
distance either between individual CVV and dominant circulating
strain pairs, or between thousands of influenza strains. Analysis
of all circulating strains in pepitope-distance space predicted that
both the egg- and cell-based CVVs will have positive effectiveness
against the majority of strains during the 2018/19 season.
The analysis also suggested a small cluster of strains that
are antigenically-like A/Arizona/36/2018 is emerging at a
pepitope > 0.19 from the current CVVs, beyond the limit for effective
immune protection. This is in agreement with the distance at
which we have seen new antigenic quasispecies evolving in clus-
ters historically [5]. There is likely to be increased selection for
A/Arizona/36/2018-like strains if the A(H3N2) vaccine component
remains at a pepitope distance > 0.19, given the lack of protection
against strains that are this distant.

These predictions are based on the pEpitope model being able
to explain much of the variance in vaccine effectiveness data from
humans in recent studies conducted by the US Flu VE Network,
over the past 47 years, and over the past decade. The vaccine man-
ufacture and administration protocols as well as the diagnosis
methodologies of influenza versus influenza-like illness during
clinical studies have strengthened over time [6]. Therefore, epi-
demiological data from the past decade were expected to benefit
from these improvements in the field, and the pEpitope model
demonstrated a greater coefficient of determination over the past
decade as compared to over the past 47 years. The r2 = 0.92 on
the US Flu VE Network dataset suggested the pEpitope model has
heightened predictability when it is calibrated using studies that
are geographically localized and have high consistency in data col-
lection and clinical procedures.

Several recent studies have identified specific amino acid sub-
stitutions that have been key to many past substantial antigenic
changes [1]. However, we believe the comprehensive approach
presented here that considers all of the antigenic sites is important
to detect future antigenic drift and substantial antigenic changes
during the manufacturing process. For instance, low vaccine
effectiveness during the 2016/17 season was suggested to have
resulted from an egg-adapted substitution at site 160 in epitope
B, which was identified both by biochemical analysis [20] and by
the pEpitope model [7], but was not previously identified as a
key substitution site.
5. Limitations

There is a complexity of factors that may influence antibody
recognition of influenza HA antigens. For one, there is evidence
to suggest that prior influenza vaccinations have differential effects
on the antigenic distance seen by the human immune system to
new infections [21]. Additionally, structural studies of the influ-
enza HA glycosylation state have shown that glycans can shield
the surrounding amino acids [22], thereby potentially inhibiting
antibody recognition further than do individual amino acid mis-
matches. Additional work is needed to assess the potential benefits
of incorporating these factors into the pepitope measure of antigenic
distance.

Our present study focuses on the effectiveness of the A(H3N2)
vaccine component and therefore cannot estimate the overall per-
formance of the 2018/19 vaccine. Interim estimates from test-
negative design case-control studies conducted by the CDC US
Flu VE Network have shown that A(H1N1) has been the predomi-
nant subtype during the 2018/19 season [23]. Future work will
incorporate analyses of the A(H1N1), B/Yamagata/16/88 lineage,
and B/Victoria/2/87 lineage vaccine components to produce a com-
plete model of influenza vaccine effectiveness.
6. Conclusions

These results suggest that the pEpitope model is useful to sev-
eral aspects of virological characterization for design and manufac-
ture of the A(H3N2) vaccine component. This module-based
antigenic distance aids in the selection of specimen strains for
the vaccine that are predicted to effectively prime human antibod-
ies against the majority of circulating strains. While there are exist-
ing forecasting models for the dominant seasonal strains [6] and
the emergence of quasispecies from antigenic drift in animal mod-
els [4], pEpitope adds an additional dimension to increase the like-
lihood that the chosen specimen minimizes antigenic distance
within the dominant cluster to which the human immune system
is sensitive.

The pEpitope model can check that the viruses that have been
isolated and reassorted with high growth properties by vaccine
producers continue to maintain their key antigenic features. There
have been several seasons in which the specimen selected for the
vaccine was well-chosen to match dominant circulating strains,
however the egg-isolated CVV contained critical antigenic changes
that ultimately lowered vaccine efficacy [7]. The pEpitope model
successfully identified these changes.

Finally, the pEpitope model contributes to health policy and
vaccine planning regarding localized geographical vaccination
choices. The national or regional regulatory authorities and control
laboratories that determine the vaccine composition for each coun-
try could utilize the pEpitope model when choosing from the
WHO’s list of CVVs. There are slight antigenic differences between
these CVVs that may match up to strains dominating in particular
geographical regions. Several vaccine choices can be rapidly ana-
lyzed against thousands of strains circulating in a particular region
to help make these localized decisions.
Note added in proof

While this paper was in review, the CDC released an addendum
to the recommended composition of influenza virus vaccines for
use in the 2019/20 northern hemisphere influenza season
(https://www.who.int/influenza/vaccines/virus/recommendations/
201902_recommendation_addendum.pdf), announcing an
A/Kansas/14/2017-like virus as the A(H3N2) component. This
A/Kansas/14/2017 specimen (EPI1146345) is identical in the HA
region to A/Arizona/36/2018 (EPI1256668), which was the repre-
sentative strain of the emerging quasispecies identified by our
pEpitope model.

https://www.who.int/influenza/vaccines/virus/recommendations/201902_recommendation_addendum.pdf
https://www.who.int/influenza/vaccines/virus/recommendations/201902_recommendation_addendum.pdf
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