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ABSTRACT

Although a large number of immune epitopes have been identified in the influenza A virus (IAV) hemagglutinin (HA) protein
using various experimental systems, it is unclear which are involved in protective immunity to natural infection in humans. We
developed a data mining approach analyzing natural HIN1 human isolates to identify HA protein regions that may be targeted
by the human immune system and can predict the evolution of IAV. We identified 16 amino acid sites experiencing diversifying
selection during the evolution of prepandemic seasonal HIN1 strains and found that 11 sites were located in experimentally de-
termined B-cell/antibody (Ab) epitopes, including three distinct neutralizing Caton epitopes: Sa, Sb, and Ca2 [A. J. Caton, G. G.
Brownlee, J. W. Yewdell, and W. Gerhard, Cell 31:417-427, 1982, http://dx.doi.org/10.1016/0092-8674(82)90135-0]. We pre-
dicted that these diversified epitope regions would be the targets of mutation as the 2009 HIN1 pandemic (pHIN1) lineage
evolves in response to the development of population-level protective immunity in humans. Using a chi-squared goodness-of-fit
test, we identified 10 amino acid sites that significantly differed between the pH1N1 isolates and isolates from the recent 2012-
2013 and 2013-2014 influenza seasons. Three of these sites were located in the same diversified B-cell/Ab epitope regions as iden-
tified in the analysis of prepandemic sequences, including Sa and Sb. As predicted, hemagglutination inhibition (HI) assays us-
ing human sera from subjects vaccinated with the initial pHIN1 isolate demonstrated reduced reactivity against 2013-2014
isolates. Taken together, these results suggest that diversifying selection analysis can identify key immune epitopes responsible
for protective immunity to influenza virus in humans and thereby predict virus evolution.

IMPORTANCE

The WHO estimates that approximately 5 to 10% of adults and 20 to 30% of children in the world are infected by influenza virus
each year. While an adaptive immune response helps eliminate the virus following acute infection, the virus rapidly evolves to
evade the established protective memory immune response, thus allowing for the regular seasonal cycles of influenza virus infec-
tion. The analytical approach described here, which combines an analysis of diversifying selection with an integration of im-
mune epitope data, has allowed us to identify antigenic regions that contribute to protective immunity and are therefore the key
targets of immune evasion by the virus. This information can be used to determine when sequence variations in seasonal influ-
enza virus strains have affected regions responsible for protective immunity in order to decide when new vaccine formulations
are warranted.

Inﬂuenza A virus (IAV) is a negative-sense single-stranded RNA
virus within the Orthomyxoviridae family. The two surface gly-
coproteins, hemagglutinin (HA) and neuraminidase (NA), carry
the major antigenic determinants of the virus and are the primary
targets of the humoral immune response in humans (1). HIN1
and H3N?2 are the main influenza A virus subtypes that have been
circulating within the human population in the recent past. Since
the first documented case of HIN1 in 1918, the virus has had a
major global public health impact. According to the WHO, ap-
proximately 5 to 10% of adults and 20 to 30% of children are
infected by influenza every year. Of those, 3 million to 5 million
infected individuals experience severe illness resulting in be-
tween 250,000 and 500,000 deaths annually (http://www.who
.int/mediacentre/factsheets/fs211/en/).

From year to year, gradual mutations accumulate in the HA
gene that produce immunologically distinct virus strains through
a process known as antigenic drift (2). These new drift variants
allow the virus to escape preexisting immunity and cause individ-
uals who had previously been infected or vaccinated to again be-
come susceptible to infection. The HA protein is structurally plas-
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tic and accumulates mutations in antigenic sites recognized by
neutralizing antibodies (Abs) to evade the host immune system
while still maintaining its function as the primary receptor bind-
ing protein (3).

Several groups have used selection pressure analysis to charac-
terize the evolution of HIN1. Studies of pandemic HINT isolates

Received 19 December 2014 Accepted 23 February 2015
Accepted manuscript posted online 4 March 2015

Citation Lee AJ, Das SR, Wang W, Fitzgerald T, Pickett BE, Aevermann BD, Topham
DJ, Falsey AR, Scheuermann RH. 2015. Diversifying selection analysis predicts
antigenic evolution of 2009 pandemic H1N1 influenza A virus in humans. J Virol
89:5427-5440. doi:10.1128/JV1.03636-14.

Editor: A. Garcfa-Sastre
Address correspondence to Richard H. Scheuermann, rscheuermann@jcvi.org.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IVI.03636-14.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.03636-14

jviasm.org 5427


http://orcid.org/0000-0003-1355-892X
http://dx.doi.org/10.1016/0092-8674(82)90135-0
http://www.who.int/mediacentre/factsheets/fs211/en/
http://www.who.int/mediacentre/factsheets/fs211/en/
http://dx.doi.org/10.1128/JVI.03636-14
http://dx.doi.org/10.1128/JVI.03636-14
http://dx.doi.org/10.1128/JVI.03636-14
http://dx.doi.org/10.1128/JVI.03636-14
http://jvi.asm.org

Lee et al.

%

Do multiple records have the same protein sequence?

Is there a majority sequence?

Yes

Do multiple records have the same

Yes 8
No 3 Collection Date?
] Do majority records Yes No
Is the difference between the have the same ,
sequences due to Xaa, Baa? Collection Date? .
No Do multiple records Take the record
Yes Yes No .
No have the same from the earliest
NCBI Submission llection dat
Do majority records Take the record Date? coflection date
Take record Is th let h ate:
without Xaa 5 there complete have the same from the earliest
’ ~ passage NCBI Submission collection date Yes No
Baa information? Date?
Yes No
Yes No Randomly Take the record
Is the number of choose 1 record from the earliest
passages — to keep submission date
different?
Yes
Randomly Take the record
choose 1 record from the earliest
Take the record to keep submission date

with the lowest
passage number

FIG 1 Curation workflow to filter sequences from strains with multiple sequence records. The goal of the curation workflow was to select single sequence records
that likely represent natural isolates. If a strain has multiple identical sequence records available, the sequence that was collected or submitted to GenBank with
the earliest date was selected. If a strain has multiple heterogeneous sequence records, then the earliest sequence record that is identical to the majority sequence
was selected. If there is no majority sequence, then the sequence record with the lowest passage number was selected.

in specific geographic regions (United Kingdom, Italy, Thailand,
and Japan) used selection pressure analysis to quantify the rates of
evolution and adaptation during the pandemic waves and identify
the dominant selected residue during each wave (4-6). Other
studies used selection pressure analysis to distinguish the patho-
genic profiles of viruses by comparing selected sites in the seasonal
versus the pandemic HIN1 viruses (7, 8). While these studies
characterized the previous evolution of HINI, they did not at-
tempt to address the future trajectory of HIN1 evolution.

In this report, we describe a data mining approach designed to
identify regions of the HA protein that are targets of a protective
immune response in humans. Our approach selects relevant re-
gions by filtering for experimentally determined H1 B-cell/Ab
epitopes that are located in regions experiencing diversifying se-
lection. This approach is based on the expectation that if a B-
cell/Ab epitope is important for protective immunity, then the
epitope will be located in a region that tends to experience evolu-
tionary changes in the amino acid sequence in order to escape
immune recognition. We refer to these regions as diversified B-
cell/Ab epitopes. We show that these diversified epitope regions
can predict the future evolution of IAV.

MATERIALS AND METHODS

H1 HA B-cell/Ab epitope data. The Influenza Research Database (IRD)
(http://www.fludb.org/) Sequence Feature Variant Types component was
queried for positive H1 HA B-cell/Ab epitopes from all hosts (9, 10). In
IRD, positive B-cell epitopes are defined as regions of the antigen that were
found to be positive in at least one experiment curated by the Immune
Epitope Database (IEDB) in which the region either activated a B cell through
the B-cell antigen receptor (BCR) or bound to soluble antibody with an af-
finity or avidity exceeding a certain threshold (see http://www.fludb.org/brc
Docs/documents/Epitope_Filter_Tutorial.pdf). This search returned 87
epitopes (data as of 7 April 2014). We added the 5 Caton antigenic regions
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(11) that were originally defined by grouping mutants of the influenza
virus A/PR/8/34 virus based on their antigenic reactivities to panels of
neutralizing monoclonal antibodies (11, 12) but which were absent from
IEDB. Epitopes that were found using screening peptides that did not
elicit an immune response were removed. Additional discontinuous
epitopes were identified in the Immune Epitope Database (http://www
.dedb.org) (13) and added to the list. IEDB is a free resource funded by
NIAID that focuses on the dissemination of the immune epitope infor-
mation. In total, 72 experimentally determined B-cell/Ab epitopes were
identified that covered 304 of 566 amino acid positions in HA.

Prepandemic H1 HA sequence data preparation. Using the Influenza
Research Database (IRD) (http://www.fludb.org), we searched for all hu-
man HIN1 HA protein sequences with complete segments that were not
pandemic-like, which returned 2,149 sequences (as of 15 April 2014).
Sequences with large deletions in comparison with the majority of the
other sequences were removed in order to exclude erroneous and incom-
plete sequences that would disrupt subsequent analyses. The prepan-
demic H1 sequence collection was further filtered to ensure that there was
only one sequence record per strain (see Fig. 1 for the multiple-sequence
record curation workflow). A total of 2,003 prepandemic H1 HA protein
sequences from unique isolates were used for further analysis.

The nucleotide sequences associated with these protein sequences
were retrieved and aligned by codon using the HCV Sequence Data-
base Codon Alignment tool (http://hcv.lanl.gov/content/sequence
/CodonAlign/codonalign.html).

A phylogenetic tree was generated from these prepandemic sequences
using the RAXML algorithm with the GTR model of evolution in IRD (http:
/Iwww fludb.org/brc/tree.spgmethod =ShowCleanInputPage&decorator
=influenza). The tree was rooted using the earliest HIN1 strain (A/South
Carolina/1/18).

Selection pressure analysis. The fast unconstrained Bayesian approx-
imation (FUBAR) method (14), as implemented in the open-source Hy-
pothesis testing using Phylogenies (HyPhy) software (15), was used to
identify sites that were experiencing diversifying selection as the prepan-
demic HINT strains evolved in humans, based on the assumption that
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FIG 2 Threshold to determine which sites are experiencing diversifying selection. For each HA amino acid site, FUBAR returns the probability that the observed
ratio of nonsynonymous to synonymous mutations is greater than the expected ratio. A histogram of the number of amino acid positions (count) for a given
range of probabilities is plotted. A conservative threshold of 0.8 was chosen within the minimum range observed between the two major modes in order to reduce

the number of false-positive calls.

host protective immunity would be the main driver of diversifying selec-
tion of HINT1 influenza viruses as they circulate through the human pop-
ulation. FUBAR takes the prepandemic H1 HA codon aligned nucleotide
sequences and the tree topology associated with these sequences as input
and uses rates of nonsynonymous (dN) and synonymous (dS) substitu-
tions to test if a site is experiencing diversifying selection. A site is consid-
ered to be under diversifying selection if the probability that the observed
ratio of nonsynonymous to synonymous mutations being greater than the
expected ratio exceeds a threshold of 80%. This threshold was selected
based on the distribution of probabilities that a site is experiencing diver-
sifying selection (Fig. 2).

Meta-CATS analysis of pHIN1. The accuracy of the FUBAR method
is dependent on having a large number of diverse sequences to calculate
posterior probabilities. Since the pH1N1 lineage has only been evolving in
the human population for a short period, calculating diversifying selec-
tion for pHIN1 using FUBAR was not feasible. Therefore, in order to
identify amino acid positions that are significantly different between the
early outbreak and the recent pandemic strains, the metadata-driven
Comparative Analysis for Sequences (meta-CATS) tool in IRD was used
(16). Meta-CATS performs a chi-squared goodness-of-fit test to identify
sites with significant sequence variation between groups of sequences fol-
lowing a multiple-sequence alignment. In this analysis, two groups of
pHIN1 HA sequences (early and late) were compared.

Group 1: early 2009 pandemic outbreak sequences. All pandemic-
like human HIN1 HA protein sequences with complete segments were
retrieved from the IRD, and the first 45 protein sequences from April 2009
ordered by collection date were selected as representatives of the early
outbreak sequences, making sure that each strain provided only a single
sequence record (Fig. 1). Forty-five sequences were selected for group 1 in
order to maintain a balanced number of sequences when comparing
group 1 and group 2 on average.

Group 2: recent (late) pandemic sequences. All pandemic-like hu-
man HIN1 HA protein sequences from complete segments from influ-
enza seasons 2012-2013 and 2013-2014 were retrieved from the IRD. Se-
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quence data were selected from geographic regions that provided at least
10 sequence records in order to produce accurate comparative analysis
results, resulting in selections from 6 different states within the United
States and from 6 different other countries, as follows: California (USA),
39 protein sequences; Colorado (USA), 19 protein sequences; Florida
(USA), 25 protein sequences; Louisiana (USA), 17 protein sequences;
New York (USA), 18 protein sequences; Texas (USA), 47 protein sequences;
British Columbia (Canada), 31 protein sequences; Quebec (Canada), 37
protein sequences; Czech Republic, 21 protein sequences; Helsinki (Fin-
land), 114 protein sequences; Moscow (Russia), 16 protein sequences; Sao
Paulo (Brazil), 13 protein sequences; and Taiwan, 13 protein sequences.

Multiple meta-CATS analyses were performed where all group 1 se-
quences consisted of the 45 early 2009 pandemic outbreak sequences and
group 2 sequences consisted of the late pandemic sequences from each of
the geographic regions separately, giving rise to 13 comparisons with 13
sets of significant sites.

H1 HA numbering. The amino acid numbering is based on the A/Cal-
ifornia/04/2009 (H1N1) HA protein sequence (GenBank accession num-
ber ACP41105.1). All protein sequences used in this study were aligned
against the A/California/04/2009 HA protein sequence in order to calcu-
late the coordinates in reference to this strain. A mapping of selected
A/California/04/2009 (HIN1) HA amino acid positions to the H3 coor-
dinate system is provided in Table 1.

Pandemic HA phylogenetic analysis. A phylogenetic tree using
unique human HIN1 pandemic-like HA protein sequences was con-
structed with the following parameters: algorithm, RaxML (17); boot-
strap, none; outgroup, A/New York/3442/2009 (prepandemic strain from
2008-2009 influenza season); and model, GTR (18). The tree was manu-
ally ordered by influenza season using the swap branch feature in the IRD
Tree Visualization tool; these trees are isomorphic to the original tree and
therefore do not affect phylogenetic relatedness quantified in the branch
lengths. Ordered trees were highlighted to distinguish amino acid residues
at positions identified using the meta-CATS analysis, which identified
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9 Notice that the pairwise comparison between the early strain versus strains from the Czech Republic, Helsinki, and Moscow did not find any significant sequence variation at sites 180 and 273. This is because the majority of strains

from these three regions are from the 2012-2013 flu season and the mutations present at sites 180 and 273 became dominant in the 2013-2014 flu season.

“ Amino acid (AA) positions based on the reference sequence A/California/04/2009 (HIN1) (GenBank accession number ACP41105.1).

 Amino acid positions based on the reference sequence A/Aichi/2/1968 (H3N2) (GenBank accession number BAF37221.1).

¢ P value based on sequence variation between early versus late pandemic sequences.
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TABLE 2 Patient specimen metadata

Participant Prevaccination
identifier Age (yr) Gender” titer (day 0)°
2253 61 F 80

1728 74 F <10

1551 20 M <10

1553 67 F <10

1540 24 F <10

2364 60 F 10

1765 26 M <10

1332 66 F <10

2419 69 F 20

2579 78 F 40

“F, female; M, male.

b Dilution factor of serum resulting in loss of hemagglutination inhibition before
administration of inactivated A/California/07/2009 monovalent vaccine. The
postvaccination (day 14 or 28) titer for all participants listed was >1,280.

sites that were significantly different between early 2009 pandemic out-
break isolates and late pandemic isolates.

Natural influenza virus isolation and propagation. Pandemic HIN1
viruses were isolated from primary swab specimens by passaging twice in
Madin-Darby canine kidney (MDCK) cells to avoid selecting for muta-
tions that frequently arise when IAV is isolated in embryonated chicken
eggs. Supernatants from passage two (P2) were clarified by centrifugation
at 1,800 X g for 10 min at 4°C, aliquoted, and stored as virus stocks at
—80°C.

All virus isolates were verified by whole genome sequencing and com-
parison with reference nucleotide sequences for IAV HA and NA obtained
from the NCBI’s GenBank. Viral RNAs were amplified from 3 pl of RNA
template using a multisegment reverse transcription-PCR (RT-PCR)
strategy (19, 20). The amplicons were sequenced using the Ion Torrent
PGM (Thermo Fisher Scientific, Waltham, MA).

Recombinant influenza virus rescue. Recombinant pandemic A/New
York/1682/2009 (HIN1), A/Wisconsin/02/2011 (HIN1), A/St. Peters-
burg/100/2011 (H1N1), and A/California/52/2011 (HIN1) viruses for an-
tigenic testing were generated using gene synthesis (21) and a modified
reverse genetics system (19, 20). Brieﬂy, 6:2 reassortant viruses were res-
cued following transfection with plasmids encoding the 6 internal protein
viral RNAs (VRNAs) (PB1, PB2, PA, NP, M, and NS) from A/Puerto
Rico/8/1934 (HIN1) and double-stranded linear DNA synthesized to
contain the HA and NA genes of the desired pH1N1 viruses. Recombinant
viruses are designated with an “r” before the strain name (e.g., rA/New
York/1682/2009).

Ethics statement. The University of Rochester Research Subjects Re-
view Board approved this study protocol, and human experimentation
guidelines of the U.S. Department of Health and Human Services and the
University of Rochester were followed. Study procedures were in accor-
dance with the ethical standards of the Declaration of Helsinki. All sub-
jects provided written informed consent prior to study participation.

Human antiserum acquisition and HI assay. Human antisera were
generated using a procedure described previously (22). Subjects from two
age groups (18 to 32 years and older than 59 years) were enrolled between
March and October 2010. Blood samples were obtained before and at days
7, 14, and 28 after administration of an inactivated A/California/07/2009
monovalent vaccine (Novartis, East Hanover, NJ). Younger subjects in
the present study all had a prevaccination hemagglutination inhibition
(HI) titer of <10, while sera from older subjects ranged from <10 to 80
(Table 2). Subjects with antibody titers exceeding 1,280 HI units on day 14
or 28 to the vaccine strain were selected for use in the HI assays. HI assays
were performed as described previously (23) to determine the ability of
the selected human antisera to inhibit binding of the IAV isolates to turkey
red blood cells (RBCs).
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FIG 3 Diversifying selection of prepandemic HINT1 strains. The posterior probability that each amino acid site is experiencing diversifying selection is plotted
as vertical bars. The pink line denotes a significance threshold at 0.8. The amino acid positions that have a probability of experiencing diversifying selection
exceeding the 0.8 posterior probability significance threshold are highlighted in green, with the amino acid position labeled above the bar.

RESULTS

Predicting targeted B-cell/Ab epitopes. If a region of a viral pro-
tein is a primary target for protective immunity in the infected
host, then mutations in that region that result in nonsynonymous
amino acid substitutions tend to be positively selected for in order
to escape recognition, contributing to a phenomenon termed di-
versifying selection. This region would show a larger ratio of non-
synonymous (dN) to synonymous (dS) substitutions than would
be expected based on random mutation without selection pres-
sure (i.e., neutral evolution). We hypothesized that the identifica-
tion of sites that are experiencing diversifying selection as the
prepandemic HIN1 strains have evolved could be used to identify
the immune epitopes that are most relevant for protective immu-
nity in humans, and would also allow us to predict which regions
of the HA protein would be most likely to mutate as the 2009
pHIN1 HA proteins evolves during its circulation through the
human population.

The fast unconstrained Bayesian approximation (FUBAR)
method identifies individual sites that experience diversifying se-
lection by estimating and comparing dN and dS rates (14, 15). For
each amino acid site, the method calculates and outputs the pos-
terior probability that the observed dN/dS ratio is greater than the
expected dN/dS ratio (if the site were experiencing neutral evolu-
tion). FUBAR was used to calculate the dN/dS posterior probabil-
ities for each amino acid position in a collection of 2,003 prepan-
demic H1 HA sequences. An amino acid site is considered to be
under diversifying selection if the probability exceeds some
threshold. To choose a suitable threshold, the distribution of
probabilities that a site experienced diversifying selection was ex-
amined (Fig. 2). A conservative threshold of 0.8 was selected to
reduce the false-positivity rates based on the assumption that the
most strongly selected sites would be the most relevant for our
purposes. Sixteen sites were identified as experiencing diversifying
selection as the prepandemic HIN1 HA sequences have evolved in
humans between the period from 1918 to 1957 and the period
from 1977 to 2009: amino acid positions 4, 52, 111, 142, 158, 170,
172,177,179, 203, 204, 239, 275, 278, 468, and 537 (Fig. 3).

These 16 diversified sites were then compared against a collec-
tion of experimentally determined B-cell/Ab epitopes curated
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from the literature by the Immune Epitope Database (IEDB); 11 of
the 16 diversified sites were located within experimentally de-
termined H1 B-cell/Ab epitopes (Fig. 4). These diversified B-
cell/Ab epitopes include three previously characterized B-cell/Ab
epitopes—Sa, Sb, and Ca2— defined by Caton et al. by grouping
mutants of the influenza virus A/PR/8/34 virus based on their
antigenic reactivity to panels of neutralizing monoclonal antibod-
ies (11, 12). These epitopes represent distinct neutralizing anti-
genic regions which have previously been reported to bind to hu-
man sera from patients infected with prepandemic HIN1 (24).
Thus, this diversifying selection analysis of prepandemic HIN1
HA has identified a subset of experimentally defined H1 HA B-
cell/Ab epitopes that appear to be especially important for protec-
tive immunity in humans, including the Sa, Sb, and Ca2 Caton
epitopes.

Evaluating diversified B-cell/Ab epitope prediction. To eval-
uate the hypothesis that these diversified B-cell/Ab epitope re-
gions would be the targets for ongoing mutation, the evolution of
the pHINT1 lineage was assessed based on the idea that once pro-
tective immunity has been established in the human population
after the initial exposure to early 2009 pandemic outbreak viruses,
the virus would mutate in such a way as to disrupt these specific
diversified epitope regions through the process of evolutionary
genetic drift in order to evade protective immunity. We used the
metadata-driven Comparative Analysis Tool for Sequences
(meta-CATS) tool (16) to identify which sites were mutated and
selected for by comparing sequences from early 2009 pandemic
outbreak isolates (early pandemic) to recent pandemic sequences
from the 2012-2013 and 2013-2014 influenza seasons (late pan-
demic) from different geographic regions within (California, New
York, Texas, Louisiana, Florida, and Colorado) and outside (Brit-
ish Columbia and Quebec, Canada; Czech Republic; Helsinki,
Finland; Moscow, Russia; Sdo Paulo, Brazil; and Taiwan) the
United States. The meta-CATS analysis identified 10 sites that
were significantly changed in the majority of comparisons be-
tween early and late pandemic isolates from each geographic re-
gion (Table 3). Of these 10 meta-CATS sites, 3 (positions 114, 180,
and 202) were located in the previously identified diversified B-
cell/Ab epitope regions (Fig. 5).

May 2015 Volume 89 Number 10


http://jvi.asm.org

52 1M1

Antigenic Evolution of Influenza A Virus

537

(HA1

| (HA2 )

FIG 4 Identification of diversified B-cell/Ab epitopes. Continuous B-cell/Ab epitopes are indicated by solid bars; discontinuous B-cell/Ab epitopes are indicated
by solid bars linked by dashed lines. Diversified sites identified from Fig. 3 are depicted as vertical bars. The B-cell/Ab epitopes containing sites experiencing
diversifying selection in the evolution of the prepandemic HIN1 strains (diversified epitopes) are highlighted in blue or orange. Caton B-cell/Ab epitopes that
contain diversified sites are highlighted in orange (Sa, Sb, and Ca2). B-cell/Ab epitopes that were not diversified are colored black.

In order to investigate the structural relationships between
these amino acid positions, the selected B-cell/Ab epitopes, sites
experiencing diversifying selection in prepandemic strains, and
sites evolving postpandemic were mapped onto a three-dimen-
sional (3D) protein structure of HA from A/California/04/2009.
In the case of both the Sa (Fig. 6A; see also Movie S1 in the sup-
plemental material) and the IEDB:159269 B-cell/AD epitope (Fig.
6B; see also Movie S2), overlap between the prepandemic diversi-
fied sites and postpandemic evolving sites with each of the B-
cell/Ab epitopes (highlighted in purple and green) is observed,
suggesting that sequence alterations both prepandemic and post-
pandemic would have major effects on the structure of these B-
cell/Ab epitope. In the case of the Sb epitope (Fig. 6C; see also
Movie S3), while less direct overlap is observed, the close proxim-
ity of these three regions (prepandemic diversified sites, postpan-
demic mutation sites, and Sb epitope) would also be consistent
with a disruption of B-cell receptor/Ab recognition.

Phylogenetic tree analysis of postpandemic evolving sites.
To further explore the postpandemic evolving sites identified by
the meta-CATS statistical test, a phylogenetic analysis was per-
formed to determine if the substitutions demonstrated persis-
tence over time, which would be expected if they were indeed
being positively selected. A phylogenetic tree was generated using
unique pandemic-like human HIN1 HA protein sequences from
North America (Fig. 7). (North American isolate sequences were
used because information about the respective influenza seasons
was consistently available for these isolates. Similar topological
characteristics were observed in phylogenetic trees using interna-
tional isolate sequences [data not shown].) Strains carrying spe-
cific amino acid residues at each postpandemic evolving site were
highlighted individually. Sites were grouped based on similar pat-
terns of temporal distributions on the tree since sites with similar
patterns may occur due to linkage disequilibrium and founder
effects. Seven different groups of postpandemic evolving sites
were identified: 180 and 273; 114; 300 and 516; 202 and 468; 391;
220; and 251.

Mutations at sites 180 and 273 appeared and dominated in the
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2013-14 influenza season (Fig. 7a), suggesting that at least one of
the sites has been positively selected. Since the K180Q substitution
was found to be significant from the meta-CATS analysis and is
located in the diversified Sa epitope region, it is likely that this is
the functionally relevant substitution in the group. Similarly, sub-
stitutions at sites 202 and 468 first appeared in the 2010-2011
influenza season and then became dominant in subsequent influ-
enza seasons (Fig. 7d), again suggesting that at least one of the sites
has been positively selected. Since the S202T substitution was
found to be significant from the meta-CATS analysis and is lo-
cated in the diversified Sb B-cell/Ab epitope region, it is likely that
this is the functionally relevant substitution in the group. Substi-
tution at site 114 first appeared in the 2009-2010 influenza season,
was predominant in the 2010-2011 season, but then disappeared
in the 2011-2012 season, only to reappear and finally be main-
tained in the 2012-2013 influenza season and onward (Fig. 7b).
The strains that contain the 114N substitution in the earlier influ-
enza seasons appear to be the precursors for the strains that appear
in the later influenza seasons. Since site 114 is located within both
a B-cell/Ab epitope region and the receptor binding site, this phe-
nomenon of stuttering selection may be related to the possibility
that the site is somewhat restricted from diversification in order to
maintain functionality (25). In this case, a delicate balance be-
tween the diversifying effects of protective immunity and the pu-
rifying effects of maintaining functionality may be involved.
Substitutions at sites 300 and 516 appear and then disappear
several times before being retained together starting in the 2012-
2013 season (Fig. 7c), suggesting that individually they may be
under weak selection, whereas in combination the selection effect
may be stronger. Substitutions at sites 220 and 391 appeared in the
2009-2010 influenza season and have been retained ever since
(Fig. 7e and f). Since these mutations appeared early, perhaps even
before the establishment of protective immunity in the human
population, and were maintained, these changes may have been
important for the initial adaptation into humans. Site 220 is lo-
cated near the receptor binding pocket in the 3D HA trimer struc-
ture (PDB code 3UBQ). Site 251 may not actually be undergoing
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FIG 5 Diversified B-cell/Ab epitopes containing mutations acquired during pandemic evolution. All continuous and discontinuous diversified epitopes
identified from Fig. 4 are shown. The 10 sites identified by meta-CATS analysis that have mutated since the 2009 outbreak are depicted as vertical bars.
Meta-CATS sites that are located in the diversified B-cell/Ab epitopes identified in the prepandemic analysis are highlighted in red. Meta-CATS sites that are not

located in any diversified B-cell/Ab epitope are highlighted in gray.

positive selection, since it appeared in the 2012-2013 influenza
season and then disappeared in the next influenza season (Fig. 7g).

In summary, three of the postpandemic evolving sites were
located in diversified B-cell/Ab epitope regions. While the remain-
ing seven sites that mutated as the pandemic sequences evolved
were not located in a targeted B-cell/Ab epitope, they either were
linked to these three sites, were located in functional sequence
features that may influence influenza viral fitness, or showed weak
evidence of selection due to the lack of temporal persistence.

HI analysis with human sera. In order to test whether the
amino acid substitutions that were positively selected were affect-
ing immune system recognition, hemagglutination inhibition
(HI) assays were performed using human antiserum from patients
who received a pHIN1 vaccine (A/California/07/2009). The HI
assay is based on the concept that antibodies that recognize a virus
will attach to the virus and prevent the virus from attaching to red
blood cells (RBCs) and thereby inhibit the normal hemagglutina-
tion observed with influenza virus particles due to the activity of
HA on the virion surface. Table 4 shows the maximum dilution of
antisera that inhibits agglutination of RBCs by representative vi-
rus isolates from different time points since the 2009 outbreak.
Each of these viruses contains different amino acid mutations de-
pending on the year of isolation (Table 5). The first column shows
the level of ferret antisera raised against the A/California/07/2009
strain that inhibits the agglutination as a positive control. Each of
the columns to the right of the first column shows the level of
human antisera required to inhibit agglutination. A decreasing
trend in reactivity is observed in sera from 8 of the 10 subjects. For
example, the maximum dilution of antiserum from patient sam-
ple 1553 that still supports agglutination inhibition against the
recent A/California/3546/2014 virus (80-fold) is only 13% of the
maximum dilution that still supports agglutination inhibition
against the A/California/07/2009 virus (640-fold), indicating that
this antiserum has lost reactivity against this late pandemic isolate.
The two patient samples (1540 and 2419) for which there was not
a decreasing trend showed a relatively low dilution of antisera
required to inhibit the agglutination of the A/California/07/2009
early pandemic isolate.
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Opverall, the amount of human antiserum required to inhibit
agglutination of the late pandemic isolates is 3- to 4-fold higher
(equivalent to a 25 to 35% dilution factor) than the amount re-
quired to inhibit agglutination of the early pandemic isolates, pre-
sumably due to antigenic evolution.

DISCUSSION

Using a data mining approach, we identified 16 HA sites experi-
encing diversifying selection as the prepandemic HIN1 strains
have evolved in the human population from 1918 to 1957 and
1977 to 2009: amino acid positions 4, 52, 111, 142, 158, 170, 172,
177, 179, 203, 204, 239, 275, 278, 468, and 537. Based on the
combined information from immune epitope and phylogenetic
analysis, there appear to be two main drivers of diversifying selec-
tion: sequence variation within key antigenic sites that drive es-
cape from immune system pressure (antigenic drift) and sequence
variation that improves virus replication and transmission in the
human hosts (host adaptation), since some of these diversified
sites are found in previously defined antigenic sites and others are
found to impact sites predicted to affect HA binding avidity for
cell surface glycan-containing receptors (11, 12, 26).

Based on our analysis, three B-cell/Ab epitope regions appear
to be key targets of protective immunity in humans against influ-
enza HINI viruses; these B-cell/Ab epitope regions experienced
diversifying selection as prepandemic HIN1 has evolved, and they
were targeted for mutation as the postpandemic HIN1 lineage has
evolved. In support of this interpretation, a recent study identified
peptides recognized by pHINI-infected human sera using
panning with an HIN1 genome fragment phase display library
(GFPDL) that overlaps our targeted sites (27). Although the field
struggles to understand the intricacies of how influenza evolves to
escape immune recognition, we hypothesize that by combining an
analysis of the natural evolution of influenza A HINI virus with
experimental data regarding B-cell/Ab recognition, the critical re-
gions that are important for protective immunity in humans can
be identified. The loss of human serum reactivity in late outbreak
strains described here supports this hypothesis. Furthermore, our
analysis adds to the knowledge gained from previous studies about
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FIG 6 Diversified B-cell/Ab epitopes highlighted on 3D HA trimer structure. Amino acid positions are highlighted on the A/California/04/2009 HA protein
structure (PDB ID 3UBQ) based on the A/California/04/2009 full-length HA numbering. Nonoverlapping selected B-cell/Ab epitope positions are highlighted
in blue, nonoverlapping positions found to be experiencing diversifying selection in the evolution of the prepandemic HIN1 strains are highlighted in red,
nonoverlapping positions that have mutated between the early and late pandemic HIN1 strains are highlighted in yellow, prepandemic diversified sites that are
located in the selected B-cell/Ab epitope are highlighted in purple, mutated pandemic sites that are located in the selected B-cell/Ab epitope are highlighted in
green, and sites found to be under diversifying selection in the evolution of the prepandemic strains and mutated in the pandemic lineage are highlighted in
orange. (A) Caton Sa epitope (see also Movie S1 in the supplemental material). (B) B-cell/Ab epitope IEDB:159269 (see also Movie S2). (C) Caton Sb epitope (see

also Movie S3).

the antigenic evolution of HIN1 influenza viruses. Several studies
identified candidate substitutions that could be responsible for
antigenic changes because they are located within epitope regions.
Li et al. found sites experiencing diversifying selection that are
located within B-cell and T-cell epitope regions that were perhaps
responsible for antigenic changes in the seasonal HIN1 lineage.
All the diversified sites identified in the analysis by Li et al. except
one were consistent with the diversified sites found in our analysis
of the evolution of the prepandemic HIN1 sequences (7). Furuse
et al. found the same diversified sites using the seasonal HIN1
sequences located within the Sb and Ca2 Caton epitopes, suggest-
ing that these sites are involved in determining antigenicity (28).

5436 jviasm.org

Journal of Virology

Huang et al. identified 41 mutation sites that had a significantly
high entropy and likelihood ratio score using seasonal HINT1 se-
quences, indicating that these mutations were likely to cause an-
tigenic variants for HINT1 viruses. Four of these sites overlapped
with the 16 sites that were diversified in our prepandemic analysis.
The differences in the sites found by the two studies are likely due
to difference in the methods used; Huang et al. used a genetic
evolution approach without considering phylogenetic relation-
ships between viruses as our approach does (29). Overall, the sites
that we identified undergoing diversifying selection in the prepan-
demic sequences were similar to those sites that were previously
identified as contributing to the antigenic evolution of the HIN1
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FIG 7 Phylogenetic trees showing the emergence of pandemic mutations. The far left tree is colored and ordered temporally by Northern Hemisphere influenza
season and used as a reference tree. The trees to the right of the reference tree are colored by the residues that are present at the site labeled above the specific tree.
Strains carrying the amino acid that was dominant in the early 2009 pandemic outbreak sequences (group 1) are colored blue; strains carrying the amino acid that
was dominant in the late pandemic sequences (group 2) are colored red. Strains carrying all other residues are colored gray.

influenza virus. However, the study reported here is the first to use
the results from the diversifying selection analysis of seasonal
HINT1 to predict the evolution of the pandemic HIN1 lineage.

The HI results presented here demonstrate a loss of reactivity
between antibodies present in the serum of patients exposed to
early pandemic antigens and viruses from recent influenza seasons
that have acquired the amino acid substitutions identified by
meta-CATS analysis. While the HI assay measures the interference
of HA receptor binding by serum antibody and therefore virus
neutralization, it should be emphasized that the mechanisms of
protective immunity that are driving diversifying selection of
these B-cell/ADb epitope regions may not be limited to effects on
virus neutralization. Loss of antisera binding to these B-cell/Ab
epitopes could also impact antibody-dependent cellular cytotox-
icity (ADCC) of virus-infected cells by circulating NK cells, com-
plement-mediated lysis of infected cells, and BCR-mediated en-
docytosis, processing, and presentation of viral peptides to helper
T cells through major histocompatibility complex (MHC) class II.
Thus, while our findings indicate that B-cell/Ab epitope recogni-
tion is driving diversifying selection and is therefore likely to be
key to protective immunity, they do not directly address whether
virion neutralization is the key mechanism.

These findings have important implications for vaccine strain
selection. The WHO selects virus vaccine strain candidates using
HI assay results and antigenic cartography analysis (30), which
generates a 2D map of antigenic similarity between viruses from
the HI results, to determine if circulating strains have become
antigenically distinct from previous vaccine strains. However,
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these assays are based on the use of polyclonal ferret antisera that
likely include reactivities that may contribute to protective immu-
nity in humans and reactivities that may not, and thus do not
discriminate between B-cell/Ab epitopes found under experimen-
tal conditions versus those that elicit a protective response to a
natural infection. The approach described here identified the B-
cell/Ab epitopes that are likely to be the most relevant for protec-
tive immunity, and therefore, their impact could be weighted
more heavily in comparison with to the other epitope regions.
This information would be useful in augmenting current strate-
gies for vaccine strain selection. Our findings suggest that the
emergence and persistence of strains carrying substitutions in the
targeted B-cell/Ab epitopes (position 114 in the 2010-2011 season,
position 202 in the 2011-2012 season, and position 180 in the
2013-2014 season) would possibly warrant consideration for
changes in the recommended HINT1 strains used for vaccine for-
mulations.

Although our study was focused on the relationship between
evolving amino acid positions and B-cell/Ab epitopes due to their
importance for protective immunity and vaccine design, our anal-
ysis also identified evolving sites that appear to be responding to
selective pressure and yet are distinct from B-cell/Ab epitopes.
One possibility is that these sites might represent those T-cell
epitopes that are important for protective immunity in humans.
Site 278 is a prepandemic diversified site that is not located in any
B-cell/AD epitope; however, it is located in an experimentally de-
termined T-cell epitope (IEDB ID 144732). Furthermore, the Net-
MHCIIpan method found that site 278 would be predicted to
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TABLE 5 Postpandemic amino acid mutations contained within each virus used in the HI assay

Meta-CATS mutation”

Virus 114 180 202 220 273 300 391 468 516
2009 outbreak isolates
A/California/07/2009 D K S S A K E S E
A/New York/1682/2009
Intermediate isolates
A/Wisconsin/02/2011 . T . . K
A/St. Petersburg/100/2011 T T K N
A/California/52/2011 T T K N
Recent isolates
A/California/3546/2014 (16 January 2014) N Q T T T E K N K
A/California/3543/2014 (6 January 2014) N Q T T T E K N K
A/New York/3626/2014 (2 January 2014) N Q T T T E K N K
A/New York/3627/2014 (12 January 2014) N Q T T T E K N K
A/Texas/3668/2014 (3 January 2014) N Q T T T E K N K
A/Texas/3665/2014 (3 January 2014) N Q T T T E K N K
@ A period (.) indicates the same amino acid as in the A/California/07/2009 sequence.
occur within a high-affinity T-cell epitope using representative pandemic influenza A (HIN1) 2009 in the UK. PLoS One 6:€23779. http:
prepandemic and pandemic sequences as input (31). Likewise, site //dx.doi.org/10.1371/journal.pone.0023779. N
468 experienced diversifying selection in the prepandemic, was /- 1 W, Shi W, Qiao H, Ho SY, Luo A, Zhang Y, Zhu C. 2011. Positive
.. . . . selection on hemagglutinin and neuraminidase genes of HIN1 influenza
ff’und to be significantly mutation dur{ng postpandemic evolu- viruses. Virol J 8:183. http://dx.doi.org/10.1186/1743-422X-8-183.
tion, but was not located in any preVlOUSIY defined B-cell/Ab 8. Shen J, Ma J, Wang Q. 2009. Evolutionary trends of A(HIN1) influenza
epitope, suggesting that it is experiencing some other kind of di- virus hemagglutinin since 1918. PLoS One 4:e7789. http://dx.doi.org/10
versifying pressure. The possibility that diversifying analysis could -1371/journal.pone.0007789. )
be used to identify relevant T-cell epitopes for protective immu- ~ 9- Squires RB, Noronha J, Hunt V, Garcia-Sastre A, Macken C, Baum-
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