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The hemagglutination inhibition (HAI) assay is the primary measurement used for identifying antigenically novel influenza virus
strains. HAI assays measure the amount of reference sera required to prevent virus binding to red blood cells. Receptor binding avidi-
ties of viral strains are not usually taken into account when interpreting these assays. Here, we created antigenic maps of human H3N2
viruses that computationally account for variation in viral receptor binding avidities. These new antigenic maps differ qualitatively
from conventional antigenic maps based on HAI measurements alone. We experimentally focused on an antigenic cluster associated
with a single N145K hemagglutinin (HA) substitution that occurred between 1992 and 1995. Reverse-genetics experiments demon-
strated that the N145K HA mutation increases viral receptor binding avidity. Enzyme-linked immunosorbent assays (ELISA) revealed
that the N145K HA mutation does not prevent antibody binding; rather, viruses possessing this mutation escape antisera in HAI assays
simply by attaching to cells more efficiently. Unexpectedly, we found an asymmetric antigenic effect of the N145K HA mutation. Once
H3N2 viruses acquired K145, an epitope involving amino acid 145 became antigenically dominant. Antisera raised against an H3N2
strain possessing K145 had reduced reactivity to H3N2 strains possessing N145. Thus, individual mutations in HA can influence anti-
genic groupings of strains by altering receptor binding avidity and by changing the dominance of antibody responses. Our results indi-
cate that it will be important to account for variation in viral receptor binding avidity when performing antigenic analyses in order to

identify genuine antigenic differences among influenza virus variants.

Inﬂuenza viruses infect 5 to 20% of the U.S. population on an
annual basis, causing up to 49,000 deaths every year (1). Anti-
bodies (Abs) directed against influenza viruses’ glycoproteins,
hemagglutinin (HA) and neuraminidase (NA), are very effective
in preventing infection. Conventional vaccines are designed to
elicit these types of antibodies; however, influenza viruses con-
stantly accumulate mutations in antibody binding sites on HA and
NA, a process termed antigenic drift. Vaccines currently licensed
by the FDA include only 3 or 4 viral strains (one HINI influenza
A, one H3N2 influenza A, and one or two influenza B viruses).
Devastating consequences occur when vaccine strains are anti-
genically mismatched to circulating strains, as was the case during
the 2003-2004 season (2).

The WHO established the Global Influenza Surveillance Net-
work in 1952 to monitor the spread of antigenically distinct viral
strains. This surveillance team, consisting of over 135 National
Influenza Centers in 105 countries, extensively characterizes
thousands of viral isolates every year (3). The antigenic profile of
each viral isolate is determined through hemagglutination inhibi-
tion (HAI) assays using reference sera generated in ferrets. The
70-year-old HAI assay measures reference sera’s ability to prevent
binding (agglutination) of influenza viruses to red blood cells
(RBCs) (4). This assay is powerful, since it can be completed in a
high-throughput, inexpensive manner in laboratories across the
world. The HAI assay, however, is not perfect; viral isolates that
bind to red blood cells with high avidities can be falsely defined as
antigenically novel, and viral isolates that bind to cells with low
avidities can be falsely defined as antigenically neutral, even if they
are truly antigenically distinct (5-7).
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Influenza virus isolates have a wide range of different receptor
binding avidities (5-11), and viruses with high receptor binding
avidity can escape antibody responses in HAI assays by attaching
to cells more efficiently (5-7, 9). However, vaccines should not
necessarily be updated when viruses acquire mutations that in-
crease viral receptor binding avidity, because many times these
mutations result in limited antigenic changes (5-7, 9). In the
1940s and 1950s, it was quickly noted that changes in viral recep-
tor binding avidity can impact HAI assays (12, 13). However, the
WHO still does not systematically account for this when interpret-
ing HAI data and making vaccine strain recommendations. Re-
cent thermodynamic models have proposed how viral receptor
avidity influences HAI data (14), but to our knowledge, no
method to correct HAI data for receptor variation has been sys-
tematically tested in experimental systems.

Smith et al. created antigenic maps using HAI data generated
with 273 human H3N?2 viral isolates and 79 postinfection ferret
antisera (15). This study showed that viruses can be grouped into
distinct antigenic clusters over time, and that large antigenic
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changes occur every few years. Importantly, this analysis identified
specific HA amino acid substitutions that are responsible for tran-
sitions to new antigenic clusters. Many antigenic cluster transi-
tions are caused by amino acid substitutions in several antigenic
sites. For example, a new antigenic cluster appearing in 1977 was
caused by 13 amino acid substitutions in all 5 HA antigenic sites,
and a new antigenic cluster in 1997 resulted from 6 mutations in 4
HA antigenic sites (15). However, some antigenic cluster transi-
tions are caused by amino acid substitutions that have dispropor-
tionately large antigenic effects. A new cluster that appeared in
1979 was caused by mutations in only 2 antigenic sites, and even
more striking, antigenic cluster transitions in 1987 and 1992 were
caused by a single HA amino acid substitution (N145K). Notably,
the Smith et al. analysis did not directly account for variations in
viral receptor binding avidities.

We hypothesize that disproportionately large HAI antigenic
effects can be caused by single HA mutations that alter viral recep-
tor binding avidity. In the current study, we test this hypothesis by
creating antigenic maps of human H3N2 viruses that computa-
tionally account for variation in receptor binding avidities. We
then use reverse-genetics approaches to mechanistically deter-
mine how a single HA mutation affects antigenic clustering of
human H3N2 viruses.

MATERIALS AND METHODS

Viruses. Viruses possessing the HA of A/Nanchang/933/95 or A/New
York/774/93 were rescued via reverse genetics using NA and internal
genes of A/Nanchang/933/95. A/Nanchang/933/95 (GenBank accession
number AFG72625) has a lysine at position 145, and A/New York/774/93
(GenBank accession number ABI21310) has an asparagine at position
145. We cloned the HA of A/New York/774/93 into the pHW2000 plas-
mid, and A/Nanchang/933/95 plasmids were provided by Jesse Bloom
(Fred Hutchinson Cancer Center). Single-amino-acid changes to the HA
genes were made using the QuikChange site-directed mutagenesis kit
(Stratagene, LaJolla, CA). All viruses were propagated in MDCK cells, and
the supernatant was harvested through a 0.45-pm filter (Millipore, Bil-
lerica, MA). The HA genes of viruses were sequenced to verify that addi-
tional mutations did not arise during propagation.

Antisera. Ferret antisera were prepared at the AAALAC-accredited
company, Spring Valley Laboratories (Woodbine, MD), using protocols
approved by the Spring Valley Laboratories Animal Care and Use Com-
mittee. Ferrets were intranasally infected with 1 X 10° 50% tissue culture
infectious doses (TCIDs,) of each virus in 0.5 ml and bled 14 days later. All
serum samples were pretreated with receptor-destroying enzyme (RDE;
cholera filtrate; Sigma, St. Louis, MO) overnight at 37°C.

HAI assay. As previously described (6), HAI titrations were per-
formed in 96-well round plates (BD, Franklin Lakes, NJ). Sera were
treated overnight with RDE to remove nonspecific inhibitors. Sera were
serially diluted 2-fold and added to 4 agglutinating doses of virus in a total
volume of 100 p.l, after which 12.5 wl of a 2% (vol/vol) solution of turkey
red blood cells (Lampire Biological Laboratories, Pipersville, PA) was
added. The sera, virus, and red blood cells were mixed, and the assay was
read out after incubating for 1 h at room temperature. HAI titers were
recorded as the inverse of the highest dilution that inhibited hemaggluti-
nation of turkey red blood cells.

Receptor binding assay. Turkey red blood cells were pretreated with
different amounts (0.5 to 80 pg/ml) of RDE (a neuraminidase) for 1 h at
37°C. The red blood cells were then washed once with phosphate-buffered
saline (PBS), and then 2% (vol/vol) red blood cell solutions were made
using PBS. Aliquots (12.5 pl) of each 2% solution were added to 4 agglu-
tinating doses of influenza A virus (as determined on non-RDE-treated
red blood cells) in a total volume of 62.5 pl. Virus- and RDE-treated red
blood cells were allowed to incubate for 1 h at room temperature, and then
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agglutination was measured. Data are expressed as the maximal concen-
tration of RDE that still allowed for full agglutination.

Enzyme-linked immunosorbent assays (ELISAs). Sucrose gradient-
purified viruses were diluted in PBS and added to 96-well flat-bottom
microtiter plates (Thermo Fisher Scientific, Waltham, MA) at 15 hemag-
glutinating units (HAU) per well. An H3-specific mouse monoclonal an-
tibody generated in our laboratory (clone K1-4C10) was used to verify
that equal amounts of each virus were used in these studies. After incuba-
tion for >15 h at 4°C, wells were blocked with PBS-bovine serum albumin
(BSA). Ferret sera then were added (serial 2-fold dilutions) and allowed to
incubate for 2 h at room temperature. After washing, goat anti-ferret
horseradish peroxidase (HRP) antibody (Abcam, Cambridge, MA) was
added and allowed to incubate for 1 h at room temperature. After wash-
ing, TMB substrate (KPL Biomedical, Gaithersburg, MD) was added and
the reaction was stopped by adding HCI, and the amount of HRP product
was determined using a plate reader.

Antigenic map analysis. Using a biophysical model of HAI, one may
decompose any given measured HAI titer, denoted H*", between virus X
and antiserum raised against virus Y, into three basic components (14):

HXY = AY gXY X (1)
where AY denotes the concentration of Abs found in serum Y, KXY denotes
the average affinity of those Abs for virus X, and JXisa factor to account for
nonantigenic properties of virus X that influence the HAI titer. The pri-
mary such nonantigenic factor, provided the assay has controlled the con-
centration of red blood cells and virus, is the avidity of the virus for red
blood cells.

Most existing antigenic maps of viral strains do not control for viral
receptor binding avidity, either implicitly or explicitly. Such maps are
constructed based on the standard antigenic distance between virus X and
virus Y after normalizing HYY by the homologous titer, H YY (16, 17):

Y
d(X, Y) = log, (W) (2)

An alternative normalization used in the original studies of Smith et al. is
the maximum titer raised against antiserum Y in a panel of trial strains
(15). Both of these approaches have the virtue of controlling for the con-
centrations of Abs in serum Y, which would confound estimates of anti-
genic differences between X and Y. However, according to equation 1, this
commonly used metric does not control for variation in viral receptor
binding avidities, because

Ky
! ) (3)

d(X, Y) = logz (KTY]X

depends on the difference in viral receptor binding avidity between virus
X and virus Y (namely, the JY/J7X ratio).

To control for receptor binding avidity variation between viral strains
without measuring viral receptor binding avidity directly, we used the
Archetti-Horsfall antigenic distance metric, which requires homologous
and heterologous HAI titers for viruses X and Y and the following equa-
tion (12, 18):

HYYHXX KYYKXX
dyp(X,Y) = Ing(\/nyny) :10g2<\/nyny> (4)

This measure is approximately independent of the viral receptor binding
avidities of viruses X and Y (equation 4). We used this simple mathemat-
ical fact to estimate antigenic distances among the large number of strains
that have already been subjected to HAI assays, controlling for avidity
variation.

For the purpose of comparing results from the above-described anti-
genic distance metrics (d from equation 2 and d,,; from equation 4),
antigenic maps were generated using the subset of antigens from Smith et
al. (15), for which both H*Y and H** are known (Fig. 1). In the case of the
standard antigenic map (Fig. 1A, utilizing d), the configuration of anti-
genic positions was taken from previous work (15). Further minimizing
the cost function starting from this configuration did not affect the con-
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FIG 1 Conventional and receptor binding avidity-adjusted antigenic maps.
(A) Conventional antigenic maps of H3N2 viruses circulating from 1968 to
2002 were created using HAI data from Smith et al. (15). Pink and green circles
are drawn around the isolates belonging to the 1989-1992 and 1992-1995
clusters, respectively, as defined by Smith et al. (15). Variation in viral receptor
binding avidity was accounted for by using the Archetti-Horsfall equation (see
Materials and Methods). (B) New antigenic maps were created using the Smith
et al. HAI data after adjusting for inferred receptor binding avidities. Pink and
green circles are drawn around new (k-means) clusters for which the majority
of isolates correspond to the Smith et al. 1989-1992 and 1992-1995 clusters,
respectively. The x and y axes represent antigenic distance, and the spacing
between grid lines corresponds to 2-fold dilutions of antisera in HAI assays.
Rigidity confidence areas are shown for each cluster.

clusions drawn from the map. The map controlling for variation in viral
receptor binding avidity (Fig. 1B, utilizing d,;;) was generated by mini-
mizing (using the method of conjugate gradients) the map error function
(15), where the target distance between each pair of antigens, X and Y, was
defined using equation 4. To illustrate the robustness of the maps, we
follow previous work by presenting the “rigidity confidence area” (15) for
each individual antigen in the maps. Thus, for each antigen, all other
antigens (and sera, in the case of Fig. 1A) were held fixed, and the sensi-
tivity of the map error function to displacement of the target antigen was
determined. The outline of each antigen’s map location indicates an in-
crease of 0.5 of the map error function. Colored contours illustrate the rate
of error increase for each antigen, from black (zero error) to the base color
of the antigenic cluster (0.5 error) at the periphery (Fig. 1).

Figure 1 shows that although the traditional antigenic map (Fig. 1A)
shares many similarities with the antigenic map controlling for viral re-
ceptor binding avidity (Fig. 1B), there are also notable qualitative differ-
ences. To formally quantify these differences, we followed the clustering
analysis of Smith et al. (Fig. 1A) by identifying and comparing the anti-
genic clusters in the map of Fig. 1B using k-means clustering with k = 10
(15). For an objective analysis, the strains that were placed into antigenic
clusters manually in the previous work of Smith et al. (BI/628/76, B1/2271/
76, TE/1/77, V1/7/87, OK/5/88, and V1/1/88) were excluded from our
analysis. Of particular interest, our comparison identified key members of
the 1989-1992 and 1992-1995 clusters that, when viral receptor binding
avidity is accounted for, are formally reclassified. Specifically, when ac-
counting for viral receptor binding avidity (Fig. 1B), the 1989-1992 cluster
gains two members (FI/338/95 and GE/A9509/95) from the 1992-1995
cluster, and the 1992-1995 cluster gains one member (NL/18/94) from the
1989-1992 cluster. These changes in clustering were robust with respect to
the confidence areas around the antigenic positions on the map.
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RESULTS

Generation of antigenic maps that account for changes in viral
receptor binding avidity. Classical antigenic maps are con-
structed by finding a two-dimensional embedding of viral isolates
and antisera that respects the antigenic distances among them as
determined from HAI measurements. To address whether varia-
tion in viral receptor binding avidities can affect antigenic cluster
transitions, we used the Archetti-Horsfall antigenic distance met-
ric (12, 18) to computationally account for variation in viral re-
ceptor binding avidities of the viruses used in the Smith et al. study
(15). This metric requires both homologous and heterologous
titers for all isolates being compared (see Materials and Methods),
and it provides a computational correction for variation in recep-
tor binding avidities. Upon generating a new antigenic map using
the Archetti-Horsfall metric (Fig. 1), we observed that a previously
identified antigenic cluster that was triggered in the 1992-1995
period by the single N145K HA mutation splits into two, such that
some isolates previously identified in one cluster move to the
other cluster and vice versa. This qualitative observation was ver-
ified in a formal k-means clustering analysis (see Materials and
Methods). The interdigitation of strains previously characterized
as antigenically distinct suggests that variation in viral receptor
binding avidity, as opposed to genuine antigenic change, influ-
enced these antigenic groupings in the original map by Smith et al.
(15). Although the most dramatic differences between the two
different types of map involved the 1992-1995 clusters, there were
other notable differences in the receptor binding avidity-adjusted
antigenic map (Fig. 1A and B). For example, the 1987-1989, 1979-
1987, and 1997-2002 clusters became more compact, and the
1995-1997 cluster became more dispersed after adjusting for vari-
ation in viral receptor binding avidities. Some antigenic clusters
(such as the 1968-1972 cluster) contained relatively limited
amounts of data, which introduced large confidence regions in
their two-dimensional embeddings. These data strongly support
the hypothesis that antigenic positioning of viral isolates is influ-
enced, at least in part, by changes in viral receptor binding avidity.

N145K HA mutation increases receptor binding avidity of
H3N2 strains. We experimentally focused on the N145K HA mu-
tation that is associated with an antigenic cluster transition be-
tween 1992 and 1995 in conventional antigenic maps. Amino acid
position 145 is located in antigenic site A of H3, adjacent to the
sialic acid binding domain (Fig. 2). The N145K HA mutation is
not predicted to result in a loss of a glycosylation site. To ad-
dress if HA amino acid position 145 alters receptor binding
avidity, we used reverse genetics to introduce an N145K muta-
tion into the HA of A/New York/774/93 and a K145N mutation
into the HA of A/Nanchang/933/95. On both genetic back-
grounds, viruses possessing K145 HA bound to red blood cells
more avidly than viruses containing N145 HA (Fig. 3). The
A/New York/774/93 virus possessing K145 HA bound to red
blood cells treated with 16-fold higher RDE concentrations
than the same virus possessing N145 HA, and the A/Nanchang/
933/95 virus possessing K145 HA bound to red blood cells
treated with 4-fold higher RDE concentrations than the same
virus possessing N145 HA (Fig. 3).

N145K HA mutation does not physically prevent antibody
binding. HAI titers are dependent on interactions between anti-
bodies and virus and interactions between virus and receptors on
red blood cell surfaces. Therefore, HAI titers can be decreased by
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FIG 2 Location of HA mutations associated with the 1992-1995 antigenic cluster transition. Amino acids 145 (gold) and 226 (purple) are highlighted on the X-31
H3 structure (Protein Data Bank entry IHGG). The glycan receptor is shown in black.

HA mutations that reduce antibody binding to virus and/or in-
crease virus binding to red blood cells (5-7, 9). Consistent with
data generated by Smith et al. (15), virus possessing K145 HA
escaped ferret antisera generated against virus possessing N145
HA 2-fold in HAI assays (Table 1). To differentiate how the
N145K HA mutation promotes viral escape in HAI assays, we
introduced a secondary 1226V HA mutation which has previously
been shown to influence receptor binding properties (19-21). In-
troduction of the 1226V HA mutation decreased receptor binding
avidity of A/Nanchang/933/95 virus possessing K145 HA (Fig.
3B). We used this double mutant virus to determine if the N145K
mutation promotes HAI escape through increasing receptor bind-
ing avidity or through significant antigenic change. If the N145K
HA mutation causes a significant antigenic change, the double
mutant virus would be expected to escape sera in HAI assays
despite having lower receptor binding avidity. However, A/
Nanchang/933/1995 possessing both K145 and the 1226V HA mu-
tation failed to escape ferret antisera generated against virus pos-
sessing N145 HA in HAI assays (Table 1).

Direct antibody binding ELISAs confirmed that N145K does
not result in a significant antigenic change; sera generated against
a virus possessing N145 HA bound similarly to viruses possessing
either N145 or K145 HA (Fig. 4A). As expected based on the bur-
ied location of amino acid 226 (Fig. 2), sera generated against a
virus possessing N145 HA also bound efficiently to a virus pos-
sessing both the N145K and 1226V mutations (Fig. 4A). Taken
together, these data indicate that the N145K mutation promotes
HAI escape by increasing viral receptor binding avidity and not by
preventing antibody binding.
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N145K HA mutation causes an asymmetric antigenic change.
We anticipated that viruses possessing the N145K HA mutation
would escape homologous antisera (sera generated against viruses
possessing K145), since the N145K mutation promotes escape of
heterologous antisera (sera generated against viruses possessing
N145) by increasing receptor binding avidity. However, despite
having lower receptor binding avidity (Fig. 3B), viruses possessing
N145 HA escaped antisera generated against virus possessing
K145 HA in HAI assays (Table 1). Viruses possessing both K145
and V226 HA actually had slightly higher HAI titers than viruses
possessing only K145 HA (Table 1), consistent with the observa-
tion that the 1226V HA mutation decreases receptor binding avid-
ity (Fig. 3B). Direct antibody binding ELISAs confirmed that an-
tisera generated against viruses possessing K145 HA binds poorly
to viruses possessing N145 HA (Fig. 4B).

Collectively, these data suggest that the N145K HA mutation
leads to an asymmetric antigenic change. Antibody responses gen-
erated against viruses possessing N145 HA are directed against
regions other than amino acid 145, and viruses possessing the
N145K HA mutation escape these antibodies by binding to cells
with a greater avidity. Conversely, a large portion of antibodies
generated against viruses possessing K145 HA are directed against
an epitope involving amino acid 145, and viruses possessing N145
HA escape these antibodies by physically altering this epitope.

DISCUSSION

The choice of seasonal vaccine composition is naturally a compli-
cated decision involving many factors, scientific and practical
alike; e.g., the ability of strains to grow in eggs, the production
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FIG 3 N145K HA mutation increases receptor binding avidity of H3N2 vi-
ruses. Viruses expressing A/New York/774/93 (A) or A/Nanchang/933/95 (B)
HA with either asparagine (N) or lysine (K) at amino acid 145 were generated
by reverse genetics. A secondary 1226V HA mutation was also introduced into
A/Nanchang/933/95 viruses that possessed K145 (B). Relative viral receptor
binding avidities were determined by hemagglutination of red blood cells pre-
treated with increasing amounts of neuraminidase (RDE). Data are expressed
as the maximal amount of neuraminidase that allowed full agglutination.
Means and standard errors of the means from triplicate samples are shown.
The data are representative of three independent experiments.

readiness of various vaccine manufacturers, and recent epidemi-
ological data on spatial spread. This decision is heavily influenced
by antigenicity studies using HAI assays. Recent advances in anti-
genic cartography (15,22, 23) have greatly improved our interpre-
tation of HAI data. However, even though the outcome of the HAI

TABLE 1 HAT titers using A/Nanchang/933/95 variants

HAI titers” using
ferret antisera
againstanti-A/

Nanchang/933/

95 variant:
A/Nanchang/933/95 Receptor binding varan
variant avidity? N145 K145
N145 + 640 320
K145 +++ 320 1,920
K145 plus 1226V + 640 2,560

@ HALI assays were performed using turkey RBCs. HAI titers are expressed as the inverse
of the highest serum dilution that inhibited hemagglutination. Data are representative
of 4 independent experiments. Boldface indicates homologous titers.

b Receptor avidity values are shown in Fig. 3.
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FIG 4 N145K HA mutation leads to an asymmetric antigenic change. Direct
antibody binding to different viruses was determined by ELISA using sera
isolated from ferrets infected with A/Nanchang/933/95 possessing N145 HA
(A) or K145 (B). Means and SEM from triplicate samples are shown. The data
are representative of three independent experiments. O.D., optical density.

assay for a given viral isolate and serum clearly depends on a dy-
namic competition of virus-antibody interactions with virus-cell
interactions, there is a tendency to tacitly assume that standard
notions of antigenic distance relate solely to virus-antibody bind-
ing affinity (24-26). Variation in viral receptor binding avidity has
not been taken into account when creating antigenic maps, and
the WHO does not systematically account for virus-red blood cell
receptor binding avidities when interpreting HAI data and mak-
ing vaccine strain recommendations.

It has been commonly thought that influenza viruses escape
antibody responses primarily by acquiring mutations that physi-
cally abrogate antibody binding. Indeed, when grown in the pres-
ence of a single anti-HA monoclonal antibody in ovo, influenza
viruses readily acquire a single HA mutation that physically pre-
vents binding of the selecting monoclonal antibody (27). How-
ever, recent mechanistic studies suggest that antigenic drift of in-
fluenza viruses is heavily dependent on mutations that alter both
antigenicity and receptor binding avidity (6). In these studies, sin-
gle HA mutations that increase receptor binding avidity quickly
emerged when virus was passaged in vivo in vaccinated mice.
Therefore, influenza neutralization efficiency is dependent on an-
tibody binding affinity to HA and HA binding avidity to cellular
receptors. Since receptor-altering mutations are located on ex-
posed regions of HA, many of these mutations simultaneously
alter antigenic sites (6).

It is important to note that these previous receptor binding
avidity studies were completed in a mouse model (6). It is
unknown how changes in receptor binding avidity affect anti-
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genic drift of human influenza viruses, but it is very interesting
that H3N2 viruses possessing the N145K HA mutation (which
increases receptor binding avidity) accumulated the secondary
1226V HA mutation (which decreases receptor binding avidity)
before widely circulating in the state of New York (28, 29).
High-avidity viruses can escape antibodies by efficiently enter-
ing cells; however, there is a fitness cost associated with in-
creased avidity. This fitness cost is likely due to imbalances
between viral entry and viral release, since high-avidity virions
are not efficiently released from cells at later stages of the viral
life cycle. Consistent with this, high-avidity viruses quickly ac-
cumulate secondary mutations that decrease receptor binding
avidity when passaged in naive mice (6). Computational stud-
ies have recently identified pairs of epistatic HA mutations
(30), and it remains to be determined if these mutations alter
receptor binding avidity.

Asymmetric HAI assays have been reported (5, 31), but to our
knowledge, our study is the first to document that a single HA
mutation can substantially change the immunodominance of
anti-influenza antibody responses. The addition of the positively
charged lysine at amino acid 145 might dramatically change the
structure of antigenic site A of H3. It is unusual that position 145
has alternated between asparagine and lysine four times since
1975. We speculate that viruses possessing K145 HA have only
appeared transiently in the human population due to heightened
immunodominance of antigenic site A in these viruses.

Regardless of the mechanism(s) that promotes antigenic drift
of influenza viruses, it is clear that there is variation in receptor
binding avidity among influenza strains (5-11). Therefore, we be-
lieve that it is imperative to consider receptor binding avidity mea-
surements when constructing and interpreting antigenic maps
based on HAI data. Our new antigenic maps that account for
variation in viral receptor binding avidities strongly support the
hypothesis that antigenic clustering is influenced by changes in
receptor binding avidity, and we have used experimental ap-
proaches to validate that the 1992-1995 cluster transition is im-
pacted by a single amino acid substitution that alters receptor
binding avidity.
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