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In this paper we undertake an analysis of the antigenicity of influenza A virus hemagglutinin. We developed
a novel computational approach to the identification of antigenically active regions and showed that the amino
acid substitutions between successive predominant seasonal strains form clusters that are consistent, in terms
of both their location and their size, with the properties of B-cell epitopes in general and with those epitopes
that have been identified experimentally in influenza A virus hemagglutinin to date. Such an interpretation
provides a biologically plausible framework for an understanding of the location of antigenically important
substitutions that is more specific than the canonical “antigenic site” model and provides an effective basis for
deriving models that predict antigenic escape in the H3N2 subtype. Our results support recent indications that
antibodies binding to the “stalk” region of hemagglutinin are found in the human population and exert
evolutionary pressure on the virus. Our computational approach provides a possible method for identifying
antigenic escape through evolution in this region, which in some cases will not be identified by the hemag-

glutinin inhibition assay.

Seasonal influenza virus epidemics have a significant impact
on global health, with between 200,000 and 500,000 related
deaths reported each year (38). This stems from the ability of
influenza virus to escape host immunological memory and
hence, over time, reinfect its hosts. This is accomplished
through the mutation of those regions of the virion to which
antibodies bind, a mechanism known as antigenic drift (37).

In influenza A virus, the hemagglutinin (HA) surface glyco-
protein is the primary target of infection-neutralizing antibod-
ies (33). Structurally, in the intact virion, HA is a homotrimer
in which each monomer consists of two protein chains linked
by a disulfide bond. These chains form the membrane-proximal
HA?2 domain and the membrane-distal HA1 domain. The host
cell receptor binding site is near the membrane-distal tip of
HAL1 (35). Antibodies binding directly in the region of the
receptor binding site (RBS), and also those binding to regions
closer to the HA1/HA2 interface, have been shown to inhibit
viral attachment to host cells (17). Antibodies binding to hem-
agglutinin can also neutralize the virus by inhibiting a struc-
tural transition required for membrane fusion (3, 6).

Knowledge, with a fair degree of precision, of the locations
and characteristics of epitopes, that is to say, the identification
of the specific residues participating in antibody binding, is of
general relevance to vaccine design and diagnostics (11, 15).

Characteristics of antibody binding in influenza A virus
hemagglutinin. A recent structural analysis of a nonredundant
set of 53 antibody-antigen complexes in the Protein Data Bank
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(PDB) (4) found that 75% of the epitopes consisted of be-
tween 15 and 25 amino acids and covered a contact surface
area of between 600 and 1,000 A> (26). Previous mutation
studies have demonstrated that a small number of the epitopic
residues can contribute a majority of the binding energy, with
the mutation of just a single key residue being sufficient in
some cases to inhibit binding (1).

Our own analysis, confined to influenza A virus HA-anti-
body complexes in the PDB, is broadly in agreement with the
above-described structural analysis, although in some cases, a
larger buried surface area on the HA protein was observed: the
number of identified epitopic residues ranges from 13 to 18,
and the reported buried surface areas range from 640 to ap-
proximately 1,500 A? (see Table 3 below for a summary of
structures considered). The epitopes are of irregular shape,
with the longest distance between residues within a single
epitope ranging from approximately 35 to 40 A.

The ability for hemagglutinin to escape the binding action
of an antibody by means of a small number of substitutions
was demonstrated both experimentally and computationally
(16, 41).

Experimental evidence for the location of influenza A virus
hemagglutinin epitopes. A small number of influenza A virus
HA epitopes where particular antibodies are known to bind
have been identified in crystallographic studies (see Table 3 in
this report and Fig. 2A in reference 6 for a useful visual
summary of binding locations). Other experimental evidence
allows us to infer, with various degrees of precision, the loca-
tion of HA epitopes. A series of experiments in the 1980s
identified antigenically important regions in HIN1 and H3N2
HAL1 by observing viral evolution in the presence of a binding
monoclonal antibody, supplemented by observations of wild-
type evolution (35-37). Given their wide coverage in the liter-
ature, we shall refer to these regions as the “canonical” anti-
genic regions. More recently, the ability to isolate and clone
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anti-HA antibodies from human volunteers prompted a num-
ber of studies (18, 24, 25, 39).

In the latter studies, the isolation of membrane-fusion-in-
hibiting antibodies is of particular interest. These antibodies
bind to the “stalk” region near the HA1/HA2 interface and do
not in all cases inhibit receptor binding. Although these meth-
ods allow the isolation and cloning of wild-type human anti-
bodies from only a small number of subjects, the induction of
stalk binding antibodies was noted previously in other studies
(13, 34).

Computational analyses of antigenically effective substitu-
tions at “immunodominant” locations. The effectiveness of a
selected influenza virus vaccine strain against a particular cir-
culating strain is conventionally assessed by means of the hem-
agglutination inhibition (HI) assay. From this, the concept of
antigenic distance between two strains has developed (19, 29).
The computational prediction of the antigenic distance has the
potential to assist with vaccine design by providing a rapid
assessment of novel strains and by helping to understand the
likelihood of the emergence of an epidemic strain. A number
of computational models have been proposed; among these
are models based on simple amino acid differences along the
entire extent of HA1 (20), differences grouped according to
amino acid type (22), and the identification of immunocritical
residues (14). Our earlier work extended the number of resi-
dues that might reasonably be included in the canonical H3N2
binding regions and called into question the significance of
these regions in terms of predictive performance (21).

Aim of this research. In this study, we attempt to explain the
pattern of successive substitutions observed between predom-
inant circulating strains in a way that does not rely on canonical
binding regions (i.e., is not constrained in terms of location)
and that is consistent with our knowledge of epitope binding.
By doing so, we aim to develop an understanding of the un-
derlying drivers of HA evolution, in particular the binding of
B-cell antibodies, and to develop improved computational
models of antigenic distance.

MATERIALS AND METHODS

HA amino acid sequences of all available wild-type human HIN1 and H3N2
strains were downloaded from the Influenza Research Database (30) and the
NCBI Influenza Virus Resource (2). Where multiple sequences for a given strain
were available, a consensus sequence was derived. This resulted in a database
containing sequences for 6,127 HINI strains and 7,337 H3N2 strains.

The predominant circulating strains of influenza A HIN1 and H3N?2 viruses in
each year between 1972 and 2009 were identified from the annual and semian-
nual influenza virus activity reports in the Weekly Epidemiological Record (http:
/www.who.int/wer/en/). The substitutions in HA1 between successive strains
were deduced from amino acid sequences, and their relative positions in the
protein structure were inferred from the X-ray structures of A/Aichi/2/68 (PDB
accession number 1HGD) (27) for H3N2 strains and A/Puerto Rico/8/34 (PDB
accession number 1RU7) (10) for HINT strains.

Effective substitutions (i.e., substitutions which are dominant in viral samples
for a year or more and are therefore indicative of positive selection) were
deduced by using methods previously described (28), with the sequence data set
described above.

Substitutions between successive strains were examined for clusters as follows.
First, a distance (here referred to as the “cluster distance”) was chosen. Next, the
largest possible set of substitutions was found such that the C, atoms of all
substitutions in the set all lie within this distance of each other, and the set was
identified as a cluster provided that it contained at least three substitutions. The
process was repeated with the remaining substitutions (i.e., discounting those
that had already been assigned to a cluster).

Where multiple clusters were identified in substitutions between adjacent
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circulating strains, and where sequences of intervening strains were available,
phylogenetic trees derived from sequence data using PhyML (12) were used in
conjunction with HI assay results compiled from data from journals and other
sources to determine antigenic intermediates between the two epidemic strains.
This allowed the evolutions of some multiple clusters to be separated.

Predictive models based on identified regions. We examined the performances
of predictive models of antigenic distance based on our identified antigenic
regions in H3 strains. In these predictive models, we considered amino acid
differences between two strains at the locations identified as participating in
antigenic clusters. To provide a representation of the spatial distribution of the
amino acid differences, we superimposed a three-dimensional grid onto the HA1
molecule, using the reference coordinates from the X-ray structure of A/Aichi/
2/68 (PDB accession number 1HGD) (27). Each amino acid was assigned to the
cell of the grid in which its C, atom is found. Substitutions and other changes
were accumulated to provide a score for each cell; for example, if, between two
strains, there were three amino acid substitutions within a cell, the “difference”
score for that cell would be 3. Antigenic distance was calculated as described
above.

The scores obtained as described above are used as explanatory variables in a
linear model. Coefficients for each variable were obtained by fitting against
a “training” data set, and the predictive power of the model was then tested on
a “validation” data set. In order to provide a benchmark comparison of perfor-
mance, we have used the training and testing pairwise comparisons of strains
previously reported by Liao et al. (22). We present results based both on the HI
titers used in that study and on an extended set. Comparisons are given against
the predictive results described previously by Liao et al.: in our own calculations,
we did not observe a significant change in those previously reported results when
the extended set of HI titers was adopted. Sequences and HI titers used in these
models are provided in the supplemental material.

Being conscious that the selection of a particular grid cell size could lead to
overfitting, we reviewed the impact of cell size on predictive properties. We
present results for cubical grids with the length of each side varying between 2 A
and 22 A. At 8 A, 47 cells of the grid were occupied, giving an average of 1.6
residues per cell. At 22 A, 10 cells were occupied, giving an average of 7.6
residues per cell. The predictive quality of the models was assessed by calculating
the Matthews correlation coefficient (MCC) (23). Figure S4a in the supplemental
material shows the predictive performance of the model at various cell sizes.

We were interested to know the extent to which substitutions in the midregion
contributed to predictive performance. We therefore constructed a second
model, in which only the 61 identified residues in the binding-site region were
considered. Results for this model are presented in Fig. S4b in the supplemental
material.

Both models provided relatively consistent performance across a broad range
of cell sizes in which the residue density varied considerably. We feel that this
indicates robustness in the underlying approach. The falloff in the predictive
power in the validation set at cell sizes below 12 A in the 76-location model and
8 A in the RBS-only 61-residue model suggests that, at these small cell sizes, the
model is overfitting to the training set by overweighting those locations that are
significant in that set. The RBS-only model provides significantly improved
results in the cell size range of 6 A to 10 A without significant degradation at a
larger cell size. While this could be caused by overfitting in the 76-location
model, the result is interesting in view of the discovery by Okada et al. (25) of
wild-type antibodies binding in the midregion which are not hemagglutinin in-
hibiting.

Liao et al. (22) considered several predictive methods, reporting the best
performance with a multiple-regression approach in which substitutions at
roughly 20 locations were selected by the model during the analysis of the
training set. To reduce noise induced by insignificant substitutions, amino acids
were categorized into groups using one of six different approaches, with only
substitutions that caused a switch of groups being considered significant. In the
case of our models, we found that grouping approaches similar to those reported
by Liao et al., or the introduction of additional explanatory variables based on
properties such as charge or hydrophobicity, did not improve performance sig-
nificantly, and we believe that this reflects the relatively low level of noise in
difference scores at the locations that we have selected.

RESULTS

Mapping clusters to established regions. Figures S1 and S2
in the supplemental material show the antigenic regions deter-
mined between the selected HIN1 and H3N2 intermediates
with a cluster distance of 35 A; this cluster distance was deter-
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FIG. 1. (A) Clustered substitutions observed in H3N2 strains considered in this study, superimposed onto one HA1 monomer (otherwise in
white). (B) Locations undergoing effective frequency switches (28). (C) Canonical antigenic regions (5). Locations are colored according to the
antigenic region: A (red), B (blue), C (green), D (yellow), E (orange), or unclassified (black). The remaining two HA1 monomers in the complex
are shown in light gray, and the three HA2 monomers are shown in dark gray.

mined to be optimal in our analysis (see below) and is also in
good agreement with crystallographically determined HA
epitope dimensions. Interestingly, the predicted epitopes lie
within quite closely defined regions of the monomer. All but 3
of the 21 H3N2 clusters and all but 4 of the 15 HIN1 clusters
lie close to the sialic acid receptor binding site, with centroids
positioned at 25 A or less from the membrane-distal end of the
monomer. The exceptions are grouped in a region closer to the
viral membrane, with centroids positioned between 40 and 55
A from the extreme membrane-distal end. We shall refer to
these regions as the “receptor-binding-site (RBS) region” and
the “midregion” in the remainder of this article.

According to this classification, of the 76 amino acid loca-
tions participating in clustered substitutions between the H3N2
strains considered (both the series shown in Fig. 1 and the
series shown in Fig. 2), 61 occurred within RBS clusters, and 18
occurred within midregion clusters, with 3 locations occurring
in both clusters (Table 1).

Between successive H3N2 strains, we observed a number of
substitutions in the midregion that did not meet the criteria for
clusters developed above. We postulated that antigenicity
could develop at a lower rate in this region and created a
coarser-grained view in which we examined substitutions be-
tween the antigenic clusters identified previously by Smith et
al. in their work on antigenic mapping (29), using the vaccine
candidate identified in that work as being representative of
each cluster. The results are shown in Fig. S3 in the supple-
mental material and identified midregion clusters in 6 out of 10
cases. A possible seventh candidate can be seen in the transi-
tion from Wuhan/359/1995 to Sydney/5/1997, where the sub-
stitution at position 121 could potentially be a member of
either predicted epitope but has been assigned to the binding-
site region by our algorithm.

Comparison with H3 canonical antigenic regions. Table 2
lists the amino acid identifiers at which clustered substitu-
tions were observed in the H3N2 strains considered, classi-
fied in terms of the canonical H3N2 binding regions. In
previous work (21), we identified additional locations that

should be considered additional members of these antigenic
regions, in light of sequences not available at the time when
the original list (5) was drawn up. Five locations (Table 2)
are allocated to antigenic regions on the basis of this addi-
tional classification.

Of the 63 locations identified previously by Shih et al. (28) as
undergoing frequency switches, 57 are represented in our list
of 76 substitutions. Twenty-three of the 25 locations identified
previously by Yang (40) as being under selective pressure (95%
level, all models with listed locations) are included. Of the 45
locations identified previously by Smith et al. (29) as being
cluster differentiating, 41 are included, as are all 6 locations
forming the decision tree constructed previously by Huang et
al. (14). These results give confidence that the regions identi-
fied by our technique are indeed those that are key to antigenic
differentiation, indicated both by evidence of selective pressure
and by their importance in antigenic cluster differentiation.
Our list is roughly half the size of the 131 locations in canonical
regions A to E. While our approach may not identify all anti-
genically sensitive regions (for example, in some cases escape
may have occurred with substitutions of fewer than 3 residues),
this significant reduction in the number and the broad agree-
ment with residues identified by other techniques suggest that
antigenic activity in wild-type strains takes place in a more
constrained region than was observed for experiments with
laboratory-grown strains in the 1980s (Fig. 1).

Optimal cluster distance versus epitope size. To obtain an
understanding of the sensitivity of the approach to the cluster
distance, we examined the proportions of total and effective
substitutions lying within the calculated clusters for cluster
distances of between 20 A and 60 A. The results are presented
in Fig. 2. With a cluster distance of 35 A, approximately 80%
of the substitutions between the strain transitions that we con-
sidered were contained within clusters. An increase of the
cluster distance from 35 A to 60 A does not increase the
percentage significantly, indicating that the remaining substi-
tutions are sufficiently distant from clusters that they are un-
likely to form part of a common region. We therefore consider
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FIG. 2. Proportion of substitutions lying within calculated clusters of various sizes compared to the proportion expected when substitutions are
distributed at random on the H3 monomer. Effective substitutions follow the definition described previously by Shih et al. (28).

TABLE 1. Clustered substitutions observed for H3N2 strains
considered in this study, classified by the regions
in which the clusters occur

Region Amino acid identifiers

1235 S 62, 75, 78, 80, 82, 83, 94, 96, 121, 122, 124,
126, 131, 133, 135, 137, 138, 139, 142, 143,
144, 145, 146, 155, 156, 157, 158, 159, 160,
163, 164, 182, 185, 186, 188, 189, 190, 192,
193, 194, 196, 197, 199, 201, 202, 207, 208,
213, 214, 216, 217, 219, 222, 223, 225, 226,
207, 233, 242, 244, 248

Midregion .............oo... 47, 50, 53, 54, 57, 62, 63, 82, 83, 172, 174, 260,
262, 275, 276, 278, 299, 308

a distance of 35 A to be an optimal tradeoff between inclusion
and specificity. Interestingly, the same pattern could be seen
both for all substitutions and for effective substitutions.

The H3 epitopes derived from the crystallographic struc-
tures reported under PDB accession numbers 3GBN and
1EO8 described above require cluster distances of 32 A and 40
A, respectively, to accommodate all epitopic residues. The
latter contains an outlier at residue 143P; if this is omitted, the
required cluster distance is 31 A. The optimal cluster distance
suggested above is in good agreement with these experimen-
tally deduced epitope sizes.

To understand the significance of these results, we com-
pared them with simulated results obtained by distributing
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TABLE 2. Clustered substitutions observed for H3N2
strains considered in this study, classified by
canonical antigenic region”

Antigenic region Amino acid identifiers

A 122%, 124%, 126, 131%, 133*, 135,
137%, 138, 142, 143%, 144*, 145*,
146* (13/19)

< S 155%, 156, 157, 158*, 159, 160*, 163,
164*, 186, 188*, 189*, 190*, 192,
193*, 194, 196*, 197%, 199 (18/22)

[ 47, 50%, 53*, 54*, 275, 276*, 278",
299, 308 (9/27)
5 T 96, 121, 172*, 174*, 182, 201*, 207",

208, 213*, 214, 216, 217*, 219,
222%, 223, 225%, 226, 227, 233, 242,
244*, 248 (22/41)

E o 57, 62%, 63, 75%, 78, 80, 82*, 83*, 94,
260%, 262" (11/22)
Unclassified.......cccoeevevreveereerennnn. 139, 185, 202* (3/0)

“ See reference 5. Locations in italics are additional locations not classified in
that work (see the text). Locations classified previously by Shih et al. (28) as
carrying effective frequency switches are in boldface type. Locations identified
previously by Smith et al. (29) as being cluster differentiators are indicated by
asterisks. Numbers in parentheses show the numbers of substitutions observed in
the region in this study and the total number of locations in the canonical H3
region identified previously by Bush et al. (5).

substitutions at random on the H3 monomer. Our H3 series
contained 19 strain transitions with between 3 and 16 substi-
tutions in each transition. We used bootstrap tests to examine
the significance of the clusters of substitutions obtained com-
pared to those expected from a random distribution of substi-
tutions across the HA1 monomer. In these tests, 1,000 batches
of 19 simulated strain transitions were created, with the num-
ber of substitutions reflecting the distribution of the H3 series
and with the substitutions positioned randomly across the
monomer.

With this approach, we observed a significant increase in the
number of substitutions in a cluster at all diameters between 20
A and 60 A (P < 0.01 at 35 A) compared to a random distri-
bution of substitutions. Even if the randomly selected substi-
tutions were chosen just from the 131 “canonical” residues in
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the 5 regions, this level of significance was found for H3 cluster
distances of between 25 A and 45 A (the mean number of
substitutions in an H3 cluster at 35 A was 6.8 in our results,
compared to 5.3 in the random simulation with substitutions
selected from the 131 locations).

Comparison of cluster location with locations of known
epitopes. Okada et al. (25) previously isolated and cloned 98
antibodies to wild-type H3 HA from a single volunteer born in
1960. These antibodies were found to divide into three sets:
one set that bound to strains isolated between 1968 and 1973,
a second set that bound to strains isolated between 1977 and
1993, and a third set that bound to strains isolated between
1993 and 2004. This experimental study used a chimeric ap-
proach that was able to identify small subsets of residues con-
taining partial epitopes of 95 of these antibodies within viral
strains isolated within the three periods listed above.

We compared the residue locations obtained by Okada et al.
with 35-A clusters calculated from a predominant strain tran-
sition at or just after the end of each of the three identified
periods of antibody binding, reasoning that substitutions in this
transition would have led to escape.

Okada et al. isolated 11 antibodies binding to viral strains
isolated between 1968 and 1973; we compared their binding
locations with clusters calculated for the transition between
A/England/42/1972 and A/Port Chalmers/1/1973. Nine of the
antibodies bound across regions B and D in a location that is
consistent with that identified in our analysis. The remaining
two bound in the RBS region, inside the cluster identified by
our results. Figure 3A compares the results.

In the period of 1977 to 1993, most of the isolated antibodies
bound in a region close to a “midcluster” that we calculated for
the transition between A/Beijing/32/1992 and A/Wuhan/359/
1995. The remainder bound in region E and region B. The set
of locations identified in region E lie within the calculated
midcluster, while those identified in region B lie within the
calculated RBS cluster. The transition between our two
selected strains shows a number of additional substitutions in
the RBS area; this suggests that antibodies with additional

@@ (ii) @

(ii) @ (ii)

FIG. 3. Comparison of clusters obtained in our results with data from an experimental study of antibodies isolated from a single individual (24).
In each case, panel i shows clusters that we obtained from a transition in the predominant wild-type strain compared to those residues identified in an
experimentally defined chimeric approach (ii), some of which are known to disrupt the binding of an antibody that became ineffective at that point in
time. (A) Transition of A/England/42/1972 to A/Port Chalmers/1/1973; (B) transition of A/Beijing/32/1992 to A/Wuhan/359/1995 (Bii shows the
midregion only); (C) transition of A/Fujian/411/2002 to A/Wellington/1/2004. Substitutions are in blue, and the receptor binding site is in yellow.
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TABLE 3. Comparison of entire HA/Fab fragment complexes from the Protein Data Bank

PDB Binding

Hemagglutination

accession no. Subtype region inhibiting Description Reference

2VIR H3 RBS Yes Binds in regions A and B 9

1KEN H3 RBS Not known Binds across 2 HA monomers. Fusion inhibiting 3

1QFU H3 Midregion Yes 7

1EO8 H3 Midregion Yes Epitope substantially overlaps with 1QFU 8

3GBN H1 Midregion No Fusion inhibiting 6
Binds across HA1 and HA2

3GBM H5 Midregion No Fusion inhibiting 6
Binds across HA1 and HA2

3FKU H5 Midregion No Fusion inhibiting 31

Binds across HA1 and HA2

epitopes with those identified in the study were active in the
population in this period. Figure 3B provides a comparison.

In the period of 1993 to 2004, most antibodies isolated in the
study showed binding activity in region B. Two of the substi-
tutions in the cluster that we calculated for the transition from
A/Fujian/411/2002 to A/Wellington/1/2004 are included in the
set of residues from the study. The remaining antibodies from
the study bound in the midregion; no substitutions in this
region were observed for this strain transition. The experimen-
tal study also identified some binding activity in region A: the
identified locations lie within the calculated cluster. The cal-
culated cluster is compared with the study data in Fig. 3C.

A number of crystal structures of the entire HA complexed
with antibody Fab fragments can be found in the Protein Data
Bank, and these are summarized in Table 3. The number of
crystal structures is clearly quite small, making it difficult to
draw general conclusions from the sample. It is worth noting
that the four H3 structures are based on the pandemic A/Hong
Kong/1/1968 strain. The binding characteristics of this strain
may not be representative of later strains that have undergone
significant directed evolution to escape antibody binding. Fi-
nally, the reported structures represent structures of particular
interest and therefore may not be representative of the general
distribution of antibodies and epitopes. Nevertheless, some
interesting comparisons can be drawn between these struc-
tures, our results, and the results reported by Okada et al. (25).

In two structures, the Fab fragment binds in the RBS region.
The structure reported under PDB accession number 2VIR
binds in antigenic regions A and B, and in terms of location, it
is typical of many of the clusters that we have identified in H1
and H3 strain transitions and the RBS binding antibodies iden-
tified previously by Okada et al. The structure reported under
PDB accession number 1KEN binds across antigenic regions
A, B, and D in one HA monomer and regions A and B in
another. The binding location is again typical, but our tech-
nique and that reported previously by Okada et al. do not
specifically address cross-monomer binding.

The remaining structures are of midregion binding in H1
and HS5 subtypes. These structures can be divided into two
categories: one category (PDB accession numbers 1QFU and
1EOS8) are hemagglutination inhibiting, while the other struc-
tures (accession numbers 3GBN, 3GBM, and 3KFU) inhibit
the HA conformational change required for membrane fusion
and are not hemagglutination inhibiting. Structures in both
categories bind in similar locations (region B in H3 terms), but

the latter structures bind slightly less than the former, with the
epitope incorporating some locations in HA2.

Structurally, it is not possible to make a direct comparison
between these antibodies and the midregion binding antibod-
ies from the study reported previously by Okada et al., as the
latter antibodies are H3 rather than H1/HS antibodies. The
antibodies reported by Okada et al. were not tested for binding
to HA2. Their neutralization mechanism has not been explic-
itly determined, but they are not hemagglutination inhibiting.
The existence of such wild-type antibodies has important im-
plications for vaccine selection and epidemic forecasting, as
their effect was not determined by the HI assay.

In summary, there is good agreement between the epitopes
identified through crystal studies, the binding regions identi-
fied previously by Okada et al., and the locations of clusters
identified in our study.

To obtain a wider comparison between the antigenically
active regions identified in our study and those obtained by
other researchers, we conducted a search of the Immune
Epitope Database (http://www.immuneepitope.org/) (32) for
conformational epitopes on human H1 and H3 HA1. Antibod-
ies raised against synthetic peptides were excluded. We ob-
tained references for a total of 16 additional studies (see Table
S1 in the supplemental material). Epitopes in the region of the
RBS were found in 15 of those studies, and the locations
identified were in good agreement with the locations identified
in this work. Midregion epitopes were found in three of those
studies. Two of these midregion epitopes lie across HA1 and
HAZ2; the third is confined to HA1 in the same region as that
identified by our analysis and by Okada et al. and shown in Fig.
3C. One study identified an epitope that is distinct from those
identified in our cluster analysis; interestingly, this epitope is
from an antibody isolated from a human volunteer, which was
found to bind to a relatively conserved region of H3 HA at
positions 173 to 181 (18).

Predictive models. Predictive models of antigenic distance
based on the antigenically important regions identified in
this study were able to meet or exceed the performances of
previously reported models that are dependent on the se-
lection of a much narrower set of critical locations. The best
results were obtained with models that focused on the RBS
region, which may reflect the derivation of antigenic dis-
tances from HI binding titers (Table 4 and see Table S1 in
the supplemental material). For model details, please refer
to Materials and Methods.
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TABLE 4. Comparison of the sensitivity and specificity of our
predicted models when tested against the extended HI titer
data set compared to those of the best multiple-regression
models reported previously”

Model Sensitivity (%) Specificity (%)
Complete 76 locations, avg scores 87.5 79.9
Complete 76 locations, best result 90.0 89.5
RBS only, avg scores 86.5 80.6
RBS only, best result 90.0 92.1
Multiple regression, GM4” 84.2 93.5

“ For our models we show both the average figures (averaged across 8 cell sizes
from 8 A to 22 A) and the best result obtained (at 12 A for the complete
76-location model and at 8 A for the RBS-only model).

b Previously published results (22).

DISCUSSION

Using a computational technique, and making use of the
large number of previously reported hemagglutinin amino acid
sequences and antigenic properties, we have demonstrated
that approximately 80% of amino acid substitutions between
successive seasonal strains of HIN1 and H3N2 subtypes lie
within clusters whose sizes are consistent with those of confor-
mational antibody epitopes and whose locations are consistent
with experimental results from a number of sources. The ap-
proach is similar to the comparative sequence analysis exper-
iments used in the laboratory in the 1980s to identify the
canonical antigenic regions in H1 and H3, and our results are
in broad agreement with those experiments, although we find
that wild-type regions are more restricted than those deter-
mined in the laboratory. As a confirmation of our approach, we
have demonstrated the development of simple predictive com-
putational models that approach and in some cases exceed the
performance of a “gold standard” selective model while retain-
ing a much greater degree of generality.

Our study suggests that there are two predominant regions
of antigenic importance in human wild-type strains of HAI:
the binding-site region and the midregion. Viral strains, par-
ticularly H3 strains, appear to mutate rapidly in the binding-
site region, and mutations in this region are generally respon-
sible for the drift between successive seasonal strains. The
development of clusters in the midregion occurs more slowly,
at a rate that is comparable to that of the development of the
cluster transitions identified by antigenic mapping. The cluster
behavior observed with the H3N2 antigenic map may be ac-
centuated by the interplay between activities in these two re-
gions.

Our determination that antigenic distance is best predicted
by considerations of substitutions in the RBS region alone
rather than by considerations of changes in both the RBS and
midregions lends weight to the idea that neutralizing but non-
hemagglutinating antibodies of the type identified in the study
by Okada et al. (25) are found at representative levels in the
population as a whole, with potential implications for the use
of the HI assay as the key determinant of antigenic distance. It
would be useful to establish whether the current seasonal vac-
cines are capable of eliciting such antibodies, as the results of
Okada el al. suggest that they can stay active over many sea-
sons.

We followed other researchers in confining our analysis to

J. VIROL.

the HA1 subunit, given its generally accepted dominant role in
antigenic activity. However, given the frequent presence of
antigenically active regions in the midregion, where epitopes
can extend into HA2, we believe that antigenic analyses should
be extended into this domain as well, and this will be a focus of
future work.

The predictive approach which we have outlined can facili-
tate the development of more accurate predictive models of
antigenic escape by directing the model more clearly to amino
acid substitutions in antibody binding regions and by separat-
ing those responsible for escape in the two typical binding
regions which we have identified. Because the approach can
highlight regions of evolutionary change, it may prove useful in
circumstances where antigenic escape is not detectable by
means of the HI assay.
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