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a  b  s  t  r  a  c  t

The  antigenic  sites  of hemagglutinin  (HA)  are  crucial  for understanding  antigenic  drift  and  vaccine  strain
selection  for  influenza  viruses.  In  1982,  32  epitope  residues  (called  laboratory  epitope  residues)  were  pro-
posed  for  antigenic  sites  of  H1N1  HA  based  on  the monoclonal  antibody-selected  variants.  Interestingly,
these  laboratory  epitope  residues  only  cover  28% (23/83)  mutation  positions  for  9 H1N1  vaccine  strain
comparisons  (from  1977  to 2009).  Here,  we  propose  the  entropy  and  likelihood  ratio  to  model  amino
acid  diversity  and  antigenic  variant  score  for inferring  41  H1N1  HA  epitope  residues  (called  natural  epi-
tope  residues)  with  statistically  significant  scores  according  to  1572  HA  sequences  and  197  pairs  of  HA
sequences  with  hemagglutination  inhibition  (HI)  assays  of natural  isolates.  By  combining  both  natural
and  laboratory  epitope  residues,  we  identified  62  (11  overlapped)  residues  clustered  into  five antigenic
sites (i.e., A–E)  which  are  highly  correlated  to  the antigenic  sites  of  H3N2  HA.  Our  method  recognizes
sites  A,  B and  C as  critical  sites  for escaping  from  neutralizing  antibodies  in  H1N1  virus. Experimental
results  show  that the accuracies  of  our models  are  81.2%  and  82.2%  using  41 and  62  epitope  residues,

respectively,  for predicting  antigenic  variants  on  197  paring  HA  sequences.  In  addition,  our  model  can
detect the  emergence  of epidemic  strains  and  reflect  the genetic  diversity  and  antigenic  variant  between
the  vaccine  and  circulating  strains.  Finally,  our  model  is theoretically  consistent  with  the evolution  rates
of H3N2  and  H1N1  viruses  and  is  often  consistent  to  WHO  vaccine  strain  selections.  We  believe  that
our  models  and  the  inferred  antigenic  sites  of  HA  are  useful  for understanding  the  antigenic  drift  and
evolution  of  influenza  A H1N1  virus.
. Introduction

The H1N1 virus emerged in 1918 and caused about 20–50 mil-
ion deaths [1].  In 1957, the H1N1 virus disappeared and replaced by
2N2 virus that caused the Asian influenza pandemic [2].  Twenty
ears later, H1N1 virus reappeared in 1977 and began to circu-
ate worldwide [3].  To design vaccines for the immune system to
ecognize glycoprotein protein hemagglutinin (HA) of influenza
iruses is an efficient way for prevention and control of influenza
irus infection. The HA consists of HA1 and HA2 domains and
A1 is the immunogenic part. Here, we focused on HA1 sequences
nd structures. Accumulated and continual mutations on the HA

enerate antigenic variants (called antigenic drift), which invade
mmune system, from circulating viruses. An antigenic site (epi-
ope) is defined as a region of HA protein involving in antibody
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binding [4,5]. The residue positions located on the antigenic sites
are defined as epitope residues. For influenza virus, to identify anti-
genic sites of HA is the basis for understanding the antigenic drift
and vaccine development [5–8].

Previous studies recognized four antigenic sites (A–D) of
HA of influenza A/HongKong/68 (H3N2) based on monoclonal
antibody-selected variations in two H3N2 epidemic strains
(A/Memphis/102/72 and A/Victoria/3/75) [5].  These four sites were
then extended into five sites by considering laboratory selected
variants and natural isolates [6,7]. Bush et al. [9] summarized
131 H3N2 epitope residues on these five sites [6,7] from pre-
vious works. Currently, many methods identifying the antigenic
sites of HA highly focused on amino acid mutations, such as
hamming distance [10], positively selected codons [11], Shannon
entropy [12–15],  and a variant Simpson index [16,17],  using HA
sequences. For H1N1 virus, 32 residues (called laboratory epitope
residues) locating on four antigenic sites (Sa, Sb, Ca and Cb) of

HA were proposed based on monoclonal antibody-selected vari-
ants of influenza A/PR/8/34 [18]. Few studies extended these four
sites by analyzing the HA sequences of H1N1 epidemic strains
from 1918 and 1934 [19]. Recently, Deem and Pan identified

dx.doi.org/10.1016/j.vaccine.2012.07.079
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:moon@faculty.nctu.edu.tw
dx.doi.org/10.1016/j.vaccine.2012.07.079
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61 epitope residues of H1N1 HA by using an entropy-based
ethod and mapping antigenic sites of H3N2 HA onto the anti-

enic sites of H1N1 HA [12]. These quantitative analyses of the
enetic data have revealed the insights of the evolution of influenza
iruses. The hemagglutination inhibition (HI) assay is one of the
ain methods to define the antigenic variant for the influenza

urveillance [20,21].  For H3N2 virus, several works have mapped
he antigenic and genetic evolution based on HI assays [14,20]
nd HA sequences. However, the relationship between amino
cid changes and antigenic variants remains unclear for H1N1
irus.

To address these issues, we proposed a method to explore anti-
enic sites of H1N1 virus HA by analyzing both 1572 HA sequences
nd 197 pairs of HA sequences with HI assays from natural iso-
ates ranging from 1918 to 2009. We  identified 41 epitope residues
called natural epitope residues) with significantly high amino acid
iversity and antigenic variant scores. According to 41 natural and
2 laboratory epitope residues, we identified 62 residues clus-
ered into five antigenic sites which are highly correlated to the
A antigenic sites of H3N2 virus. Experimental results show that

hese epitope residues and our models are able to reflect antigenic
ariants of a given pair HA sequences which are often a vaccine
train and a circulating strain. We  also found that our models
an reflect the epitope evolution and be consistent to WER  vac-
ine strain selection for 38 seasons (from 1977 to 2010). These
esults demonstrate that our models are useful for understanding
he antigenic drift and selections of WHO  influenza A H1N1 vaccine
trains.

. Materials and methods

.1. Data sets

The HA sequences of human H1N1 virus were downloaded
rom National Center for Biotechnology Information [22] on June
3, 2011. After removing the sequences with the length shorter
han 981 nucleotides or redundant sequences, we  finally yielded
572 seasonal (from 1918 to 2009, called SEQ1572) and 2190 pan-
emic 2009 HA sequences. Here, we used the set SEQ1572 for

dentifying epitope residues and antigenic sites of H1N1 HA. These
equences were aligned by using MUSCLE [23] and assigned into
8 influenza seasons for studying the antigenic drifts and WHO
accine updates.

To quantify the antigenic drift of H1N1, we collected the second
ataset (called HIA197), including 197 pairs of HA sequences with
I assays from Weekly Epidemiological Record (WER), from WHO
ollaborating center and publications (Table S1 in supporting mate-
ials). The HI assay, describing whether one (e.g. circulating) strain
s recognized by an antibody, is often used for the identification
f antigenic variants in current global influenza surveillance sys-
em [21]. For each HI assay, we collected the pair HA sequences
327 amino acid residues) and the respective HI assay value (con-
idered as “antigenic distance”). The antigenic distance between
trains A and B is defined as log2(HIAA/HIAB) [24], where HIAA is
omologous titer (antisera raised against A) and HIAB is heterol-
gous titer. Among these 197 pairs of HA sequences, 128 pairs
ith antigenic distance ≥ 2 are considered as “antigenic variants”

nd the other 69 pairs (antigenic distance < 2) are considered as
similar viruses”. For example, the antigenic distance of the pair
/Chile/1/83 and A/Singapore/6/86 is 7 (log2(1280/10)) and this
air is considered as “antigenic variants”. In addition, to com-

are H1N1 virus with H3N2 virus, we collected 3331 H3N2 HA
equences (called SEQ3331) and 343 HI assays (225 antigenic vari-
nts and 118 similar viruses) of H3N2 virus from our previous work
15].
30 (2012) 6327– 6337

2.2. Amino acid diversity and antigenic variant score

Here, we measured the antigenic drift value of a residue posi-
tion by computing its amino acid diversity and antigenic variant
scores (Fig. 1). We  first used Shannon entropy [12–15] to mea-
sure the amino acid diversity of a position using the set SEQ1572.
Shannon entropy of the residue position i (i = 1–327) is defined as
H(i) = −∑20

T=1P(Ai = T) log(P(Ai = T)), where P(Ai = T) is the proba-
bility of the position i with amino acid type T. The entropy values of
327 HA positions were then normalized into the range from 0 to 1
by dividing each entropy value by the maximum value of entropy
over all residues. The position i with high entropy value is more
frequently mutated than the one of the position j with low entropy
value.

The likelihood ratio (LR), a statistical index, is commonly
used in interpretation of laboratory and diagnostic tests
[25–27]. Here, the LR(i) was utilized to measure the anti-
genic variant score of a residue position i and is defined as
LR(i) = [(TPi + Kv)/(V  + Kv)]/[(FPi + Ks)/(S  + Ks)]. According to the data
set HIA197, TPi is the number of antigenic variants with mutated
position i and V is the total number of antigenic variants (here,
V is 128); FPi is the mutation number of similar viruses on the
position i and S is the total number of similar viruses (here, S is
69); The pseudocounts Kv is set to

√
V(kv = 11.3) and Ks is set to√

S(ks = 8.3) for zero probability [28] based on various tests. For
example, for the position 43, the numbers of TP and FP are 46 and
4, respectively, among 197 pairs of HA sequences. Therefore, its
LR(i = 43) is 2.58.The mutation on the position i with high LR can be
a high probability for antigenic variant than this of the mutation
on the position j with low LR.

To determine the threshold of the entropy value for identifying
high amino acid diversity positions, we  used the Z-score to measure
the significance of each position (Table S2 in supporting materi-
als). The standard deviation (� = 0.106) and mean (� = 0.185) were
calculated from the Shannon entropy of all 327 HA positions. The Z-
score of a residue position i (i = 1–327) is defined as Zi = (H(i) − �)/�,
where H(i) is the Shannon entropy of the position i. The Z-score
threshold of H(i) is set to 0.5. We also decided the threshold of
LR value for identifying high antigenic variant score positions and
the threshold is set to 1. LR value greater than 1 indicates that
there is more related to antigenic variant than expected by chance.
We selected 41 natural epitope residues of the HA based on the
thresholds of both LR and entropy values (Table 1).

2.3. Antigenic sites of H1N1 HA

To identify HA antigenic sites, interacting with infectivity-
neutralizing antibodies to the escape of immune system, is the
basis for studying the antigenic drift and vaccine development
[9,14,20,29]. The antibody recognition is highly correlated to the
conformation changes on the antigenic sites of HA. We  identi-
fied the antigenic sites of H1N1 by aligning H1N1 and H3N2 HA
sequences and then assigned each H1N1 epitope residue into one
of five antigenic sites based on 131 H3N2 HA epitope residues
(Table S3 in supporting materials).  After H1N1 and H3N2 HA
sequences were aligned [30], each H1N1 epitope residue was
assigned into the same or the nearest antigenic site according to
its aligned H3N2 residue. For example, the H1N1 HA residue 271,
which locates on laboratory antigenic site Ca, was aligned to H3N2
HA residue 273 locating on the antigenic site C. Therefore, the
residue 271 of H1N1 HA was assigned into antigenic site C (Table 1).

Furthermore, the H1N1 HA residue 222, aligned to the residue 225
on H3N2 HA, was  assigned into antigenic site D because the near-
est antigenic site of the residue 225 is located in the antigenic site
D. Based on this rule, we  can assign the H1N1 laboratory antigenic
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Fig. 1. The relationship between entropy and LR values of HA residues.
(A)  HA residues, including laboratory (blue circle) and natural (red circle) epitope residues, are divided into four areas based on entropy and likelihood ratio (LR) values. The
residues  located in the area I (e.g. 43, 189 and 94) with both high entropy and LR values are selected as natural epitope residues. (B) The structural locations of five epitopes,
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ncluding A (red), B (blue), C (wheat), D (cyan) and E (green), 41 natural epitope res
f  the references to color in this figure legend, the reader is referred to the web ver

ites Sa, Sb, Ca and Cb into antigenic sites B + D, B, A + C + D and A + E
f H3N2 HA, respectively.

.4. Variant ratio for vaccine update

To measure WHO  vaccine update, we proposed the variant ratio
VR(y)) to quantify the vaccine efficiency on the year y. The VR(y)
s defined as VR(y) = Vy/Ny, where Ny is total number of circulating
trains in the year y and Vy is the number of circulating strains which
re “antigenic variants” against the vaccine strain in the year y.
ere, we considered an influenza vaccine should be updated when

he VR(y) ≥ 0.5 for the year y. The high VR value in the year y mean
hat the vaccine should be updated due to the vaccine is invalid for
he most of circulating strains in this year.

. Results and discussions

.1. Antigenic site residues of H1N1 HA

Fig. 1 shows the relationship between entropy and LR values
f 118 positions on HA by excluding 209 positions that have no
utations in 197 pairs of HA sequences in set HIA197. Here, the

ntropy and LR values are used to measure the amino acid diver-
ity and antigenic variant scores of a residue position on HA for
he antigenic site identification and antigenic drift of H1N1 virus.

 residue position with high entropy means that this position is
requently mutated in the seasonal HA sequences based on set

EQ1572. A residue position with high LR implies that its muta-
ion highly induces antigenic variants. The position 43, locating on
he antigenic site C of HA, is the first rank in LR and its LR value is
.58. Among 197 pairs of HA sequences (HIA197), the position 43
 and sialic acid (green) based on HA structure (PDB code 1RVX). (For interpretation
f the article.)

mutates on 50 pairs and 46 of them are antigenic variants (Table 1).
We observed that the other positions (e.g., positions 271, 130 and
189) with high LR values have similar behavior, that is, the muta-
tion on these positions should have the high probability to induce
antigenic variants. According to the values of entropy (amino acid
diversity) and LR (antigenic variant score), 327 HA residues can be
classified into four groups (Fig. 1A). In the area I, 41 residues with
both high entropy and LR values are considered as “natural epi-
tope residues” (Table 1). Interestingly, only 11 of these 41 residues
are overlapped with 32 “laboratory epitope residues” proposed by
Caton et al. [18] (Table 1). These 11 epitope residues are consistently
located in the protein surface (Table 1 and Fig. 1B) and often highly
induce antigenic variants when the circulating strains mutate on
these 11 positions. Among these 11 positions, the mutation on
position 222 has been associated with severe disease and fatali-
ties for pandemic 2009 H1N1 virus [31] (Fig. 2). Furthermore, the
natural and laboratory epitope residues cover 77% (64/83) and 28%
(23/83) mutation positions, respectively, among 9 H1N1 vaccine
strain comparisons (from 1977 to 2009) (Table 2). The laboratory
epitope residues are unable to reflect the evolution (or mutations)
of the circulating strains. The low consistence between laboratory
and natural epitope residues reflects that they should suffer differ-
ent population of antibodies.

The positions in the area IV have high amino acid diversity
(entropy) values and low antigenic variant (LR) scores. Their LR
values < 1 indicate that the mutations on these residues are less
preference to cause antigenic variant. For example, the residue 187
mutates on 81 pairs and 31 of them are similar viruses for the set

HIA197. Its entropy is high (0.59) but its LR value is low (0.87). This
residue was  identified as positive selected codon [32]. Conversely,
our method, considering both sequences and HI assays, is able to
reduce the ill effect of genetic-based methods which only consider
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Table 1
The summary of 41 natural epitope residues in H1N1 HA.

Residue position Entropy LR TPa FPb Surface H1N1 HA epitope H3N2 HA epitoped

Natural epitope Laboratory epitopec

121 0.21 1.69 20 2 +e Af

127 0.31 1.32 18 4 + A A
128  0.33 1.39 27 7 A A
130 0.40 2.31 44 5 A
133 0.41 1.43 23 5 A A
141  0.81 1.68 29 5 + A A
146  0.48 1.90 41 7 + A
125 0.28 1.14 20 7 + B Sa B
153 0.66 1.35 26 7 + B Sb B
160 0.24 1.21 22 7 + B Sa B
183  0.41 1.39 22 5 B B
186  0.98 1.36 53 18 + B B
189  1.00 1.92 45 8 + B Sb B
190  0.70 1.39 32 9 + B Sb B
191 0.36 1.47 16 2 + B B
193  0.52 1.37 24 6 + B Sb B
194 0.46 1.86 40 7 + B B

35  0.66 1.55 23 4 + C C
36 0.45 1.89 34 5 + C C
43  0.48 2.58 46 4 + C C

271  0.42 2.36 24 0 + C Ca C
273  0.57 1.18 32 12 + C C
274  0.76 1.50 22 4 + C C
277 0.27 1.54 20 3 C C
295  0.20 1.20 11 2 C C
310 0.50 1.45 34 9 + C C

94  0.87 1.93 28 3 + D
163 0.39 1.21 22 7 + D Sa
205 0.26 1.52 17 2 + D D
209  0.66 1.90 24 2 + D D
216 0.26 1.58 18 2 + D D
222  0.33 1.26 55 21 + D Ca
224 0.26 1.63 22 3 + D D

47  0.37 1.69 20 2 + E
54  0.26 1.63 16 1 + E E
69 0.46 1.58 18 2 + E
71  0.52 2.40 29 1 + E Cb
73 0.38 1.41 20 4 + E Cb E
80  0.40 2.23 22 0 E E
82  0.87 1.73 24 3 + E

267 0.76 1.99 22 1 + E

a The number of “antigenic variants” for the position i mutated among 197 HA pair sequences.
b The number of “similar viruses” for the position i mutated among 197 HA pair sequences.
c H1N1 HA epitopes identified by Caton et al. [18].
d H3N2 HA epitopes defined by Wiley and Skehel [6],  Wilson and Cox [7].
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f These five antigenic sites (A–E) are identified by aligning H1N1 and H3N2 HA s

he amino acid diversity. Furthermore, the positions in the area II
re infrequently mutated and their LR values are high. Finally, the
ositions in the area III have low LR and entropy values. Here, we
iscarded these residues in the areas II, III and IV for modeling the
ntigenic drift and evolution of influenza A H1N1 virus. Please note
hat some mutations may  reflect a neutral polymorphism exist in
irculating viral HAs [9,33].

We  identified 62 epitope residues by considering both 41
atural and 32 laboratory epitope residues (Table S2 in support-

ng materials).  These 62 residues and the antigenic sites on H1N1
A protein can be mapped into the five antigenic sites A–E in H3N2
A protein by using the sequence alignment [30]. Fig. 1B indi-
ates the five epitopes, A (red), B (blue), C (wheat), D (cyan) and

 (green), and the epitope residues based on HA structure (PDB
ode 1RVX [34]). The LR values and structural locations of these
2 epitope residues are shown (Fig. S1 in supporting materials).

ccording to the HA structure (PDB code 1RVX), 35 of 41 natural
pitope residues locate on the protein surface. Among 32 laboratory
pitope residues, only one residue (residue 271) [18,19] locates on
he epitope C. Interestingly, eight residue positions (i.e., 35, 36, 43,
ces based on 131 H3N2 HA epitope residues.

273, 274, 277, 295 and 310) of natural epitope residues are mapped
into epitope C.

Recently, Deem and Pan mapped the known H3N2 antigenic
sites into H1N1 HA and then extended these sites by using an
entropy method to identify additional 31 residues under selec-
tive immune pressure for H1N1 virus [12]. Finally, they identified
161 epitope residues and proposed a sequence-based antigenic dis-
tance measure, pepitope, to predict vaccine effectiveness for H1N1
virus [35]. Among these 161 epitope residues, 40 residues located
in the area I (Fig. 1) were totally consistent with our 41 natu-
ral epitope residues except the residue 130. For the 197 pairs
of HA sequences in set HIA197, the Pearson correlation (0.61)
between antigenic distance and pepitope of considering these 40
residues in the area I is much better than the one (0.41) of
using total 161 epitope residues (Fig. S2 in supporting materi-
als). In addition, using nine pairs of vaccine strains and dominant

circulating strains in seven flu seasons in the Northern hemi-
sphere [35], the Pearson correlations between vaccine effectiveness
and number of different amino acids on our natural epitope
residues and 40 residues in area I are consistently high (∼0.80 in
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Table 2
Mutated positions of 9 H1N1 vaccine strain comparisons.

Vaccine A Vaccine B HDa Mutated residues

Natural epitopes
(ratio)b

Laboratory
epitopes (ratio)c

Natural epitope residues Others

A B C D E

A/USSR/90/77 A/Brazil/11/78 7 4 (4/7, 57%) 0 (0/7, 0%) 128 295 216, 224 56, 253, 258
A/Brazil/11/78 A/Chile/1/83 9 8 (89%) 1 (11%) 121, 128, 130 36, 43, 277 205, 222d 135
A/Chile/1/83 A/Singapore/6/86 14 13 (93%) 6 (43%) 127, 141 125, 153,

186, 189,
190,  193, 194

36, 43 222 54 135

A/Singapore/6/86 A/Bayern/7/95 11 2 (18%) 5 (45%) 153, 160 70, 155, 221,
57, 87, 98,
167, 171, 287

A/Bayern/7/95 A/Beijing/262/95 11 11 (100%) 4 (36%) 130, 146 186 43, 271,
273

163, 222 47, 71,  80

A/Beijing/262/95 A/NewCaledonia/20/99 11 10 (91%) 3 (27%) 133 153, 183,
186, 191

273, 310 163, 222 69 187

A/NewCaledonia/20/99 A/SolomonIslands/3/2006 12 9 (75%) 2 (17%) 128, 141, 146 194 94, 209 73,  82, 267 166, 187,252
A/SolomonIslands/3/2006 A/Brisbane/59/2007 8 7 (88%) 2 (25%) 128, 146 189, 194 35, 274 73 187
Number of mutations 83 64/83 (77%) 23/83 (23%) 14 17 13 11 9

Bold values are overlapped positions between laboratory and natural epitope residues.
a Hamming distance (HD) of a pair sequences.
b Natural covered mutation ratio (n/M), M is the number of mutations of a par vaccines and n is the number of these M mutations covered by 41 natural epitope residues.
c Laboratory covered mutation ratio (l/M), M is the number of mutations of a par vaccines and l is the number of these M mutations covered by 32 laboratory epitope residues.
d Overlapped positions between laboratory and natural epitope residues.
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Fig. 2. WebLogo of H1N1 HA residues. The WebLogo of 327 HA amino acid residues of H1N1 virus. The WebLogo of 41 natural epitope residues (red or blue) and 11 overlapped
residues  (blue) of laboratory and natural epitope residues bases on 1572 H1N1 seasonal and 2190 pandemic 2009 HA sequences. The residues (e.g. positions 35 and 69)
sharing  at least one amino acid type between seasonal and pandemic viruses denote the red triangles. (For interpretation of the references to color in this figure legend, the
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eader is referred to the web version of the article.)

ig. S3 in supporting materials).  These results suggest that epitope
esidues located in the area I are often play the key role for the
ntigenic distance and vaccine effectiveness.

.2. Comparisons of natural and laboratory epitopes

Due to the overlap ratio between natural and laboratory epitope
esidues is low, the comparison between these two  antigenic sites
s the interesting assessment of the H1N1 HA general antigenic-
ty. Several differences between natural and laboratory epitope
esidues were observed as follows. First, natural epitope residues
re statistically computed from the natural isolate HA sequences,
volved 33 years from 1977 to 2009 with 8 WHO  vaccine strain
pdates. Conversely, the laboratory antigenic sites were derived
rom 34 laboratory mutant viruses from one virus (i.e. A/PR/8/34
irus) by artificial mutations. Therefore, the screening antibod-
es for natural epitope residues are naturally similar to human

mmune system [36] and the antibodies for laboratory epitopes
re artificial generated. The laboratory epitope residues and nat-
ral epitope residues cover 28% and 77% mutation positions
mong 9 H1N1 vaccine strain comparisons, respectively (Table 2).
Second, the natural epitope residues, which were derived from
natural isolates including epidemic strains, are able to reveal the
requirements of the emergence of a novel epidemic virus and help
the vaccine strains selection. On the other hand, 11 of 32 labora-
tory epitope residues seldom change and their entropy Z-scores are
less than 0 (Table S2 in supporting materials)  based on SEQ1572
set. Besides, the residue 115 in the laboratory antigenic site Cb
was completely conserved. Furthermore, the antibody repertoire
and variant viruses for natural epitope identification are more
diverse than those of laboratory epitopes. The natural epitopes
were identified from 1572 natural isolates that screened by human
immune systems [37]. In the other hand, the laboratory epitopes
were generated from 34 laboratory mutant viruses that screened
by 58 monoclonal antibodies [18]. Finally the numbers of epitope
residues in the antigenic site C are 9 and 1 for natural and labora-
tory epitopes, respectively (Table S2 in supporting materials).  The
antigenic site C is the most distant site from the receptor-binding

site of HA. Besides, 9 of the 11 laboratory epitope Ca residues have
no equivalent residue in natural epitopes (except residues 222
and 271). The epitope Ca shows a cleft spanning the monomer-
monomer boundary in the HA trimer. The low entropy values of the
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19].  (C) 41 natural and (D) 62 epitope residues in this study.

pitope Ca residues mean that the residues locating the monomer-
onomer interfaces seldom change in natural isolates.
In summary, the origins of screening antibodies and variant

iruses are different between natural and laboratory epitopes. 11
f the 32 laboratory epitope residues observed from monoclonal
ntibody-selected variants seldom mutate in natural isolates. To
onsider natural isolates, which evolve longer time and are more
iverse than laboratory mutant viruses, should reveal a more
omplete antigenic map  of HA1 of H1N1 virus than the one of
onsidering laboratory mutant viruses.

.3. Epidemic strains and sequence-based antigenic distance

An influenza vaccine strain is often updated to the representa-
ive strain of circulating viruses [33] when this vaccine do not match
he circulating strains. For the vaccine strain selection, the antigenic
nd genetic distances are considered as the crucial requirements
o understand the emergence of an epidemic strain. The antigenic
istance derived from ferret HI assay is widely used to character-

ze the antigenic properties of circulating strains [21]. However,
he HI assay is labor-intensive and time-consuming. Based on
A sequences, we derived the relationships between antigenic
istances and number of different amino acids using four computa-
ional models with different epitope residues (Fig. 3). The Pearson

orrelations of these four models are 0.47 (32 laboratory epitope
esidues), 0.45 (53 epitope laboratory and natural residues from
918 to 1934 [18]), 0.67 (41 natural epitope residues), and 0.68 (62

aboratory and natural epitope residues).
 (A) 32 laboratory epitope residues. (B) 52 epitope residues proposed by Brownlee

Nine different WHO  H1N1 vaccine strains (after 1977) and their
mutation positions between vaccines and circulation strains are
listed in Table 2. The laboratory covered mutation ratio (l/M), M is
the number of mutations of a pair vaccines and l is the number of
these M mutations covered by 32 laboratory epitope residues, is low
(∼0.25) on average. Conversely, the natural covered mutation ratio
(n/M), n is the number of these M mutations covered by 41 nat-
ural epitope residues, is significantly higher (∼0.75) than the l/M
value. For example, natural and laboratory epitope residues cover
8 and 1 positions among 9 mutations between the vaccine strains
A/Brazil/11/78 and A/Chile/1/83. These results suggested that nat-
ural isolates and natural epitope residues play a critical role for
identifying the emergence of a novel epidemic strain.

3.4. Changed epitopes and antigenic variants

We used changed-epitope models to measure the antigenic drift
for vaccine strain selection and vaccine update (Fig. 4). The anti-
body recognition of HA is often related to conformation changes
on antigenic sites; therefore, to quantify a changed epitope escap-
ing from neutralizing antibodies is the basis to study the antigenic
drift [9,14,20,29]. Here, we  define the changed epitope if at least
two epitope residues mutate (e.g. 41 natural and 32 laboratory epi-
tope residues) on this epitope. The five epitopes of H1N1 HA are
defined according to five H3N2 epitopes and their epitope residues

proposed by Wilson and Cox [7].  For each epitope of H1N1 HA,
we identified its epitope residues by aligning H1N1 and H3N2 HA
sequences according to laboratory and natural epitope residues.
Here, we predicted a pair HA sequences as “antigenic variants”
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he  numbers of changed epitopes ≤ 1 are 114 and 28 pairs using laboratory and na
hanged epitopes on A–E uses 41 natural epitope residues.

hen at least two changed epitopes among five epitopes [15]; con-
ersely, a pair of HA sequences were predicted as “similar viruses”.

For 197 pairs in the set HIA197, the accuracies of our models
or predicting antigenic variants are 81.2% (160/197, including 101
ntigenic variants and 59 similar viruses) (Fig. 4B) and 82.2% using
1 and 62 epitope residues, respectively. Among 128 “antigenic
ariants” pairs in the set HIA197, 65 (50.8%) and 114 (89.1%) HA
airs have zero and one changed epitopes, respectively (Fig. 4A),
ased on 32 laboratory epitope residues. Conversely, 8 (6%) and 27
21.2%) HA pairs have zero and one changed epitopes, respectively
Fig. 4B), by using 41 natural epitope residues. For example, for
/Bayern/7/95 and A/New Caledonia/20/99 (Table S4 in support-

ng materials),  15 mutation positions induced zero (on laboratory
pitopes) and 4 changed epitopes (on natural epitopes). For natural
pitope residues, these four changed epitopes include A (mutations
n 130, 133 and 146), B (mutations on 153, 183 and 191), C (muta-
ions on 43, 271, 273 and 310), and E (mutations on 47, 69, 71
nd 80). These results show that laboratory epitope residues are
ncomplete for describing the antigenic variants; conversely, natu-
al epitope residues are often able to model changed epitopes and
ntigenic variants for escaping from the antibody recognition.

Next, we observed the relationships between changed epitopes
nd antigenic variants for 41 natural epitope residues (Fig. 4C).
sing 41 natural epitope residues, the numbers of five changed
pitopes for A, B, C, D and E are 65, 73, 84, 62 and 48, respectively,
mong 128 “antigenic variants”. For H1N1 and H3N2 influenza
iruses, many studies showed that epitopes A and B near to the
eceptor binding site play a key role for neutralizing antibodies and
ntigenic drifts [8,33,38,39]. Interestingly, the epitope C is the most
requently changed among these five epitopes for H1N1 viruses in

et HI197.

To observe the role of the epitope C of H1N1 and H3N2 viruses,
e analyzed the genetic and antigenic data for the epitope C. Based

n the sets SEQ1572 (H1N1) and SEQ3331 (H3N2), we computed
pitope residues, respectively. (C) The relationship between antigenic variants and

the entropy and LR values of epitope residues (Fig. S4 in sup-
porting materials).  For each epitope with n epitope residues, we
used the mean (uentropy = ∑n

i=1H(i)/n) of entropy values and the

geometric mean (uLR = n

√∏n
i=1LR(i)) of LR values to measure the

amino acid diversity and antigenic variant scores, respectively. For
H1N1 virus, the uentropy and uLR of the epitopes A, B and C are consis-
tently high (Fig. S4A and S4B). Conversely, for H3N2 virus, uentropy

and uLR of the epitope C are significantly lower than the ones of epi-
topes A and B (Fig. S4C and S4D). These results suggest that epitopes
A, B and C play a key role for neutralizing antibodies and antigenic
variants for H1N1 viruses.

3.5. Vaccine update

WHO  surveillance network detects the emergence and spread of
antigenic variants of H1N1 circulating strains, which is the basis to
update the influenza vaccine [21]. Here, we  considered an emerging
antigenic variant according to emergence of antigenic variants of
WER  strain, which was the dominant strain in an influenza season.
For an influenza season, we applied changed-epitope model using
41 and 62 natural epitope residues to measure changed epitopes
and VR for detecting the emergence of antigenic variants (Fig. 5).
During 38 influenza seasons (1572 seasonal and 2190 pandemic HA
sequences in 1977–2010), our model yielded high VR values when
the vaccines were updated according to WER  strains (Fig. 5A). For
the 78–79, 82–83, 95–97 and 07–08 seasons, the VR values are high
(≥0.7 means that the vaccine is invalid for 70% circulating strains
in the season); conversely, the VR values are low (≤0.4 means that

the vaccine is valid for 60% circulating strains in the season) for the
76–78, 86–90, and 00–06 seasons. In addition, for the 82–83 season,
85% (VR = 0.85) circulating strains are changed on three epitopes A,
C, and D.
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A)  The distributions of variant ratios of 1572 HA sequences for 38 seasons (1976–
onsistent to WER  vaccine strain selection. 6 seasons with emerging variants and fo
amming distances of five epitopes on 1572 HA sequences from 1976 to 2010 base

To observe the antigenic site evolution of H1N1 HA, we calcu-
ated the hamming distance (HD) on five epitopes based on 41
atural epitope residues (Fig. 5B). For 9 seasons with WER  strain
pdates, the average HDs of epitopes A, B, C, D and E were 1.66, 1.95,
.07, 0.80 and 1.28 respectively. The epitope C has the largest HD
mong these five epitopes. Moreover, previous works showed that
he changes in epitopes A and B are often associated with the anti-
enic drift and have high neutralization efficiencies for the H3N2
irus [33]. Based on this study, we found that the low neutralizing
fficiency epitope C should play a key role for the antigenic variants
nd antigenic drift for H1N1 virus, which may  explain the reasons
hy H1N1 virus causes lower mortality than H3N2 virus. One of the
ossible explanations is that the change on the epitope C is able to
educe the binding of low neutralizing antibodies and increase the
verall viral neutralization [8].

.6. Evolution rate

The evolution rates of HA1 domains of H1N1 and H3N2 viruses
re compared in order to understand the selection pressure. The
xation rates for HA1 domains of H1N1 and H3N2 viruses between
980 and 2000 were 1.8 × 10−3 and 3.7 × 10−3 nucleotide substitu-
ion/site/year, respectively [36]. The 131 epitope residues of H3N2
A1 were proposed by considering both the monoclonal antibody-

elected variants [5] and natural isolates collected from 1968 to

997 [9].  These 131 epitopes were commonly used to describe
ntigenic drifts and the changes on antigenic site [8,10,15,20]. This
tudy followed this strategy for antigenic site identification by con-
idering both antibody-selected variants and natural isolates.
) on five epitopes using 41 natural and 62 epitope residues. Our models are often
d by the update of WER  strain in the next season are labeled (blue arrow). (B) The
1 natural epitope residues.

Based on the fixation rates of HA1 for H1N1 (1.8 × 10−3) and
H3N2 (3.7 × 10−3) viruses, we  observed the relationship between
the fixation rates and the numbers of epitope residues on HA1
domains. Interestingly, the ratio (0.48, 1.8/3.7) of the fixation rates
is very closed to the ratio (0.47, 62/131) of the numbers of epitope
residues for H1N1 and H3N2 viruses, where 62 is the number of
epitope residues identified by our method considering both natural
and laboratory epitope residues (Table S2 in supporting materials).
This result implies that our model can estimate the evolution rate of
HA protein for H1N1 viruses. The comparisons of antigenic sites of
H1N1 and H3N2 viruses may  provide new insights for understand-
ing evolution of influenza viruses although the isolation years of
H1N1 (mainly from 1977–2009) and H3N2 (1968–1997) viruses
are different.

3.7. Pandemic H1N1 2009

In 2009, the H1N1 pandemic virus that originated from swine
influenza virus presented new threats to public health world-
wide. Over five thousands of HA sequences have been deposited
in the public database [22]. For these HA sequences, most of
the HA positions are conserved due to the short collection
period (i.e. from 2009 to 2011). Therefore, the antigenic drift
and antigenic structures are poor understood for the pandemic
2009 virus.
The seasonal H1N1 influenza viruses provide valuable oppor-
tunity to understand the evolution and antigenic drift for H1N1
pandemic virus. Recently, some studies showed the possibility of
applying the evolution trends on 32 laboratory epitope residues
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f seasonal influenza viruses to predict the antigenic structure of
he pandemic 2009 virus [40]. Here, we applied our models to
nderstand the antigenic evolution of pandemic 2009 virus. Our 62
elected epitope residues can be divided into three groups accord-
ng to the comparison between seasonal and pandemic viruses
Fig. 2). The first group includes 15 positions (i.e., 70, 75, 115, 121,
24, 125, 140, 159, 162, 163, 164, 204, 221, 224 and 237) which
hare the same residue types for seasonal and pandemic viruses.
he second group includes 16 positions (35, 54, 69, 80, 82, 94, 130,
33, 146, 183, 186, 191, 209, 222, 271 and 310) that share at least
ne residue type (labeled with red triangle in Fig. 2) between these
wo type viruses. For example, the position 69 has two  residue types
i.e. S and L) in seasonal virus and the amino acid S appeared in
andemic 2009 virus. For the seasonal viruses, the position 69 was
ominated by amino acid S from 1977 to 1997 and then dominated
y amino acid L from 1998 to 2009. This evolution implies that the
mino acid L may  dominate position 69 for pandemic 2009 virus.
e observed the other 15 positions that have similar behaviors.

he third group includes 31 positions which have completely dif-
erent residue types between seasonal and 2009 pandemic viruses.
or these 16 positions of the second group, our models can provide
seful amino acid evolution of the HA protein for pandemic 2009
irus.

. Conclusions

This study demonstrates our method is robust and feasible for
xploring the antigenic sites of H1N1 HA using HA sequences and HI
ssays of natural isolates. We  inferred 41 natural epitope residues
hich have statistically significant amino acid diversity and anti-

enic variant score among 327 positions. We  identified 62 epitope
esidues and five antigenic sites of HA by considering both 41 natu-
al and 32 laboratory epitope residues. Experimental results show
hat our models and these 62 epitope residues can measure the
enetic diversity and antigenic variant to detect the emergence of
pidemic strains for 1572 HA sequences in 38 seasons. In addi-
ion, our model proposes epitopes A, B and C should be critical for
scaping from neutralizing antibodies in H1N1 virus and vaccine
evelopment. Our model is consistent with theoretical evolution
ates of H1N1 viruses. We  believed that our method is useful for
tudying influenza A virus evolution and antigenic drifts.
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