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Abstract
Haemagglutinin is a determinant of many viral properties, and successful adaptation to a human-
like form is thought to be an important step toward pandemic influenza emergence. The
availability of structurally distinct sialic acid linked receptors in the sites of human and avian
influenza infection are generally held to account for the differences observed, but the relevance of
other selection pressures has not been elucidated. There is evidence for genetic and structural
constraints of haemagglutinin playing a role in restricting haemagglutinin adaptation, and also for
differences in the selection pressure to alter binding, specifically when considering virus
replication within host compared to transmission between hosts. Understanding which
characteristics underlie such adaptations in humans is now possible in greater detail by using
glycan arrays. However, results from these assays must also interpreted in context of an as yet still
to be determined detailed knowledge of the structural diversity of sialic acids in the human
respiratory tract. A clearer understanding of the evolutionary benefits conveyed by different
haemagglutinin properties would have substantial impact and would affect the risk we allocate to
viral propagation in different species, such as swine and poultry. Relevant to the H5N1 threat,
current evidence also suggests that mortality associated with any emergent pandemic from current
strains may be reduced if haemagglutinin specificity changes, further emphasising the importance
of understanding how and if selection pressures in the human will cause such an alteration.

Introduction
The ability to predict the emergence of new pandemic strains is a topical issue. When the
World Health Organisation (WHO) declared the H1N1 swine-flu outbreak a pandemic, it
became the fourth recorded influenza pandemic in a century to emerge from a strain
previously sustained outside the human population. Previous pandemics have consisted of
the zoonosis of another subtype of influenza which, due to genetic diversity, is antigenically
different from the currently circulating strains. Without prior exposure or anticipatory
vaccine cover, the antigenic novelty allows the new strain to transmit rapidly through an
immunogenically naive global population, inevitably resulting in increased mortality. This
change in influenza subtype or 'antigenic shift' had been the major paradigm for future
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pandemics. With the exception of the reintroduction of H1N1 in humans in the early 1970s,
the new subtype results in the replacement of the previous circulating subtype. The H2
subtype replaced H1 in 1957 and was subsequently replaced by H3 in 1968 [1]. Given the
recent circulation of H1N1 in humans, the emergence of swine origin H1N1 in 2009 was
unexpected. Although the 2009 pH1N1 strains were antigenically different from the human
H1N1 strains, which warranted a novel pH1N1 vaccine, there is evidence of prior immunity
in the population [2]. This demonstrates the difficulty in accurately predicting how close any
particular strain may actually be to achieving sustained human spread and forces us to
reconsider the barriers to avian or swine to human zoonosis.

Currently, the H5 subtype is still of great concern, with the current total number of
confirmed human cases at 562 [3], but subtypes H7, H9 & H10 have also been reported in
humans [4] and any new subtype could theoretically be the foundation of the next pandemic.
Although there have already been suspected cases of human-human transmission of H5N1
[5–7], circumstances are generally exceptional and the transmission has not been sustained
[8].

In response to pandemic concerns, structural and genetic properties characteristic of human
viral strains are beginning to be defined. A hope is that through the identification of the key
features that avian viruses require to achieve pandemic spread, we will be able to better
evaluate the true risk posed by current avian strains. Haemagglutinin (HA) has been the
focus of a large area of investigation and many people have reviewed the features of HA
found in viruses that have successfully invaded the human population [9–12]. These
properties are being defined in increasing detail and potential explanations for the
evolutionary forces that shape these characteristics have been put forward. Rarely, however,
has the relevance of each of these evolutionary factors to viral success been discussed in
relation to each other. Here we describe the functional significance of HA in pandemic
emergence before considering evidence for the existence and relative contribution of a
variety of selection pressures imposed upon it. Ways in which more detailed descriptions of
these factors are relevant to prediction and prevention concerning pandemic strains are then
explored, highlighting avenues for further research.

The function and significance of the Influenza Haemagglutinin protein
Influenza haemagglutinin (HA) is a glycoprotein coded in the HA gene segment of the
influenza virus and along with neuraminidase, is expressed as a trimer on the surface of the
viral capsid. HA allows the recognition of cells in the upper respiratory tract or erythrocytes
by binding to glycans containing the monosaccharide sialic acid. The virus is subsequently
engulfed by the cell into an endosome and the lower pH of the endosome facilitates a
structural rearrangement of HA. HA then fuses with the membrane of the endosome and
allows release of the ribonucleoproteins (RNPs) into the cytoplasm. The RNPs are
transported into the nucleus followed by transcription, and replication of the viral genome.
The HA, along with the other newly generated viral proteins and a replicated genome, is
then incorporated into the envelope of the influenza virion as it buds from an infected host
cell. The neuraminidase gene of the virus is then required for efficient release of the newly
formed virion.

Despite the focus of this review on HA, the relevance of adaptation in other viral proteins as
part of the generation of pandemic strains should certainly not be forgotten. Even in the
wider context of the whole viral lifecycle however, HA is a uniquely significant component
of the virus; structural variations greatly affect viral antigenicity, while its function in
cellular attachment through membrane fusion makes it an important determinant of other
viral properties including host specificity, replication potential, transmissibility and
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pathogenicity [13]. Ultimately, HA is involved in a number of steps that may represent
many of the most substantial barriers to productive human infections by otherwise avian
strains (summarised in Figure 1).

In seasonal influenza, the most significant currently understood predictor of viral strain
success is the extent to which HA differs antigenically from the currently circulating strains.
This knowledge has meant that direct measurements of antigenic similarity can be employed
to make effective predictions as to which viral strains are likely to propagate most
effectively through the global population [14, 15]. Even ignoring the exceptionally deadly
1918 pandemic, the last two pandemics of the 20th century caused over one million deaths
each [16]. The value of pre-empting the emergence of pandemic strains in a similar way to
the efforts with seasonal viral strains is self-evident. To date, however, the properties that
contribute to the success of novel avian strains in human hosts are far less clearly defined,
but are equally important in our understanding of how new viral strains invade the global
population. In this respect, the direct effect HA has upon a number of viral characteristics
has made it an important area for investigation.

Avian and human receptor specificities
HA has been implicated as a key determinant of host specificity and consequently,
adaptation of avian HA to humans was an important stage in the evolution of previous
pandemic strains. In the life cycle of the virus, HA functions to bind sialic acids (SA) on
host cell surfaces, the first stage in a process that leads to internalisation of the virus and
invasion into the cell body. SA are a diverse family of sugars with a nine carbon backbone,
which exist in a variety of arrangements, branched and unbranched, and with a range of
associated chemical groups. They are typically found at the distal end of glycan chains,
which are a feature of all cell types. Consequently, a capability to bind to the kinds of SA
present in the human respiratory tract is an important feature of human influenza strains
[17].

In 1983, Rogers and Paulson first demonstrated that H3 avian viruses showed a significant
preference for binding erythrocytes derivatised to contain SA with an α2–3 linkage,
compared to those with an α2–6 linkage [18]. In contrast, human isolates were shown to
have the reverse preference. Later, this pattern was also identified in larger studies,
including studies investigating H1 & H2 subtypes [10, 19]. Further results from Paulson and
colleagues, which demonstrated an apparent abundance of SA with α2–6 linkages in the
human respiratory tract, have often been taken as evidence that avian viruses cannot infect
humans because of a paucity of suitable SA on human respiratory cells. Perhaps for this
reason it has been commonly assumed that, in terms of HA, adaptation to bind the more
abundant α2–6 linkages has been the overriding evolutionary barrier to human infection for
avian strains. In support of this hypothesis, experiments have correlated changes in HA
receptor preference strongly with changes in transmissibility [20–23]. However, it is always
important to consider that it does not necessarily follow that binding to α2–6 linkages on
mammalian cells is the most significant HA property that has been affected under such
modification.

Although widespread, the correlation first observed by Paulson et al. is not absolute and
there are examples of avian isolate strains that have been shown to possess a preference for
binding SA with α2–6 linkages [24], while equally, some human isolates have retained an
α2–3 linkage preference, an example being recent H5N1 viruses isolated from humans [25].
With some qualification, however, α2–3 and α2–6 binding preference has remained an
important phenomenon since although α2–3 binders can infect humans in exceptional
circumstances, all strains successfully propagating as an epidemic or pandemic in the human
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population appear to have an α2–6 preference, or at least joint α2–6, α2–3 affinity. Some
early H2 epidemic strains were described with a preference for α2–3 linked SA [26, 27] but
such reports often identify serial egg passaging as part of the viral preparation, a technique
that can create an artificial switch in receptor preference of human viral strains to one for
α2–3 linked SA [28]. Significantly, no contemporary epidemic strains have displayed such
characteristics.

Selection pressures during infection and transmission
Importantly, α2–3 and α2–6 linked SA are heterogeneously distributed in the human
respiratory tract. The prevalence of α2–6 linkages in the upper respiratory tract (URT)
declines with depth, until it reaches an approximately equal ratio to that of SA with α2–3
linkages in the alveoli (Figure 2) [29]. It has been shown that initially, human viruses
preferentially infected nonciliated cells, which predominantly contain α2–6 SA, whereas
avian viruses mainly infected ciliated cells in the LRT, which predominantly contain α2–3
SA [30, 31]. Later in an infection, only the human viruses were able to infect all cell types.
Although avian viruses can infect human epithelium, their replication and subsequent spread
was limited [30, 31]. The fact that receptor specificity of avian strains does not alter during
the course of a human infection can be explained by at least two hypotheses: a lack of time
or sufficient pressure to select for mutants with a different binding profile; and/or genetic or
structural constraints against the adoption of mutations necessary to achieve this.

Strains with an α2–3 binding preference may not experience a pressure to alter binding once
they begin successfully replicating if they have already located to the lower respiratory tract
(LRT) where the advantage of α2–6 binding is lower. Unusually, high viral titres of H5N1
infection have been isolated from the nose and throat of infected individuals [32] and there
is no indication that these isolates had a human α2–6 preference. Whether such reports
represent actual viral replication or simply contamination of this area from lower areas is
unclear and is worthy of further investigation. However, ferrets display a similar virus
attachment pattern in the respiratory tract compared to humans and although H5N1 viruses
bind to the lower respiratory tract tissue of ferrets, H5N1 infection does result in robust
replication of H5N1 in the UTR [21, 33, 34]. Another possibility is that selection pressures
against virions produced without an α2–6 preference are not as relevant once infection has
established, even where the environment is prevalent in α2–6 linkages.

An alternative hypothesis for a lack of HA adaptation is that genetic barriers or structural
constraints prevent a switch from readily occurring. HAmutations permitting adaptation to
egg environments have been described but these frequently require a number of passages to
appear [28]. The capacity for adaptation of H9N2 HA following repeated passages has also
been shown in ferrets, although similarly, this took time, with anything up to 9 inoculations
of the same viral strain through a sequence of hosts [35]. Both of these results suggest that
HA adaptation may be slowed by the need for simultaneous mutations to retain fitness. In
support of these results, there is evidence that part of the reason H5N1 has so far failed to
achieve sustained human-human transmission is that adaptation to URT binding in the
human requires such a set of mutations, each shown to reduce viral fitness if occurring
separately [36]. In a recent exception, Chutinimitkul et al. demonstrated that in one avian
viral strain tested, only one amino acid substitution was required to acquire both a human
receptor specificity and binding profile [37]. Significantly, however, although replicative
capacity was maintained, this mutation was still associated with a reduction in viral fitness.
This result suggests that complementary mutations in other gene segments may also be
required before such a mutant could dominate in a host. To date, although potentially
achieved in isolation, it still cannot be ruled out that the appearance of HA adaptation could
be substantially slowed by the requirement for complementary mutations.
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When answering the question of why human tracheal binding characteristics are not always
readily adopted during human infection, there is reason to believe that both hypotheses
outlined above play a role, but neither has been fully elucidated. An emphasis is often placed
in the literature on the role of genetic factors in preventing the appearance of human tracheal
binding, but currently there are no experiments that can quantify their relative importance
accurately enough. The extent to which selection pressures differ throughout each stage of
human infection and across different areas of the respiratory tract should also not be ignored.

Understanding each of these considerations may have implications for the risk we allocate to
human infections. For example, if it were only genetic or structural barriers that constrained
successful adaptation of viruses, each individual infected with an avian virus would
represent a pressure selecting for binding to the URT, characteristic of more efficient
transmission. Each case therefore increases the chance of a strain accumulating the correct
set of mutations to make the step toward pandemic emergence.

What underlies the avian-like α2–3 and human-like α2–6 preference?
Efforts have also been made to describe more precisely how SA features of the human
respiratory tract give rise to host specificities. Recently, Chandrasekaran et al. [38]
suggested that it is not the α2–6 linkage itself, but a characteristic structural topography,
which in part determined by the linkage, that enables binding of HA to human SA in the
URT. The authors distinguish two structural conformations: cone-like and umbrella- like. At
the heart of their analysis is the notion that the angle constrained by the α2–6 linkage causes
it to adopt the umbrella-like form, but only if the SA has sufficient length. Shorter SA with
this linkage will adopt the less spread out cone-like topology. Due to a straighter profile, all
SA with an α2–3 linkage will also adopt a cone-like structure (Figure 3). Their conclusion is
that only viruses capable of binding the umbrella-like conformation gain potential for human
transmission. It is therefore mutations that convey binding to the umbrella conformation that
are positively selected for in human strains, and not binding to the α2–6 linkage itself. They
propose that strains which display an ability to bind α2–6 linkages but do not transmit
efficiently can be explained in that they bind only the shorter SA variants. Others have also
found a tendency for human adapted viruses to bind longer oligosaccharide chains, but the
distinction is not so absolute, with exceptions such as disaccharide binding [39]. However,
as shown by Stevens et al. [40] following their own investigation into viral glycan binding
characteristics, it is becoming increasingly evident that beyond a general preference for α2–
6 linkages, human viruses bind to a structurally diverse set of α2–6 SA. Although
Chandrasekaran implies that longer α2–6 linked SA are characteristic of the URT, the fact is
that the detailed structures of the vast majority of human or avian SA remain obscure.
Additionally, the cone-like topography shared by both α2–3 and short α2–6 linked SA fails
to account for those viruses, at least as seen in glycan arrays, which are capable of binding
α2–3 but not α2–6 in any form.

Glycan arrays are a good tool to investigate how HA binding preferences vary for the
increasingly specific types of SA. However, Kumari et al. [39] found that H3N2 viruses with
identical binding patterns on glycan arrays did not always have similar agglutination results.
The authors suggest that variable HA density, rather than SA affinity, could explain these
results. Studies like this demonstrate how successful viral replication in cells cannot always
be inferred directly from binding preference alone. If we are to understand which HA
features are positively selected for (or negatively against), it must be acknowledged that
factors other than receptor binding and SA specificity can influence the probability of
successful viral-cell attachment in the human respiratory environment.
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Evidence for selection against α2–3 binding in human strains
It is still not apparent whether the selective pressure on HA binding in humans is chiefly for
gaining affinity to α2–6 linked SA, or if there are also additional pressures against the
binding of SA with an α2–3 linkage. It has been shown that fully adapted human viruses
bind to the α2–6 rich URT more readily than avian viruses [41] with the reverse being true
[42]. An analysis of the alterations in HA receptor binding properties from influenza strains
isolated soon after introduction into mammals found that, besides increased affinity for α2–
6 linked SA, there was a substantially decreased affinity for α2–3 linked SA [11].

Evaluating the role of intermediate hosts and genetics
Pigs are often thought to play a role in pandemic emergence because of their permissiveness
for infection with both avian and human influenza strains and subsequent potential for
reassortment of gene segments from both viruses [43, 44]. Genetic analysis of the 2009
pandemic showed evidence of multiple such reassortant events in pigs occurring over a
number of years [45]. The respiratory tract of pigs contains a mixture of both α2–3 and α2–
6 forms (Figure 4) [46] and avian origin H3N2 strains with an α2–6 receptor affinity have
been identified in swine populations [47]. Significantly, although pigs were once thought to
support a distribution of strains that included both viruses with avian-like and viruses with
human-like binding preferences, this is now less certain and such receptor switching may be
commonplace. An analysis of the binding preference of H1 and H3 of swine strains cultured
in MDCK cells revealed that none of the strains showed any α2–3 binding, in contrast to
other swine strains which had been cultured in eggs [8]. An analysis of the amino acid
sequence of the egg cultured swine strains revealed that all had a Asp225Gly substitution in
HA, an adaptation known to alter SA specificity [48]. However, since none of the swine
strains were cultured in both MDCK cells and eggs, a direct interpretation of the role of such
egg adaptation is difficult.

Whether results such as this could be indicative of an even more important role of pigs in
facilitating human adaptation will depend upon how far the shared preference for α2–6
linkages in swine and human propagated strains translates to similar viral attributes beyond
this. Importantly, other than this apparent benefit they create for an α2–6 binding
preference, the extent to which the selection pressures in pigs mirror those within humans
has not been described. Patterns of viral binding in the respiratory epithelium of the pig do
closely mirror those found in the human but they are not identical (Table 1) [42]

Understanding more clearly the importance of potential HA selection pressures such as
decoy receptor evasion would help assess the risk posed by various species. For example,
H5N1 viruses isolated from domestic poultry have been shown to have a lower affinity for
α2–3 linked SA [25] with no concomitant increase in α2–6 affinity. These strains may be
less affected by factors such as mucin binding.

Aside from the inter-species differences in influenza infection, incidences of H5N1 often
include more than one family member and there has been speculation that this is suggestive
of shared genetic characteristics, despite the fact that similar exposure can also account for
this phenomenon [49]. The extent of the role of innate immunity in protecting against avian
strains is poorly understood. Variation of SA found in an individual’s respiratory tract would
be a clear way in which susceptibility for avian strains could be increased. Congenital
variations in SA expression are a well-documented cause of pathology and the notion that
SA can be used to predict the risk of certain diseases is not a new concept [50].
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Predicting the pathogenicity of emergent strains
A final important implication of HA adaptation, and an understanding of its drivers, is the
potential to predict not only properties necessary for human transmission, but also how
properties such as the pathogenicity are likely to alter upon the acquisition of pandemic
capability. Pathogenicity itself has been a notably variable feature in previous influenza
pandemics and is a property that proved very difficult to predict in the most recent H1N1
pandemic. Currently, H5N1 is approximated to have a mortality of 59% [3] and this has
obviously been of great concern [50]. Despite this, and although such pathogenicity is
undoubtedly a multigenic trait, there is reason to link it at least in part to HA binding
specificity. In particular, one hypothesis states that in making the switch from preference
from α2–3 to α2–6 binding, the severity of the disease will decrease since it is likely to
infect the URT rather than, as currently assumed, in the LRT (Figure 5) [34, 52]. In support
of the hypothesis that an avian binding profile causes an increased mortality, clinical
reviews of H5N1 infections identify the most common cause of death as respiratory failure
due to diffuse alveolar damage [52, 53]. Additionally, experiments investigating cell tropism
of H5N1 have regularly identified a strong binding preference in the alveoli for type II
pneumocytes [34, 42]. The high metabolic activity (and therefore potentially increased viral
production) associated with these cells and their role in surfactant production has led to
speculation that, beyond simply LRT localisation, even tropism to this particular cell may be
an important factor in the severity of lower respiratory complications associated with H5N1.

Concluding remarks
There is evidence that the human respiratory environment exerts several types of selection
pressures upon influenza HA, beyond simply receptor type and availability. Each appears to
influence the fate of viral strains during human infection, yet it is still unclear to what extent
each dictates viral success in the human. In particular, the identification of further
complexities behind HA features such as α2–3 and α2–6 binding preferences thought
classically human and avian, illustrates how important it is that analysis of these features is
paralleled by direct exploration, rather than inference, of the nature of the selective pressures
that have maintained them. This knowledge will not only help in the explanation of the
characteristics observed in current human strains, but will also help focus the expectations
we can reasonably have of the alterations that will accompany avian strains should they
successfully mutate to achieve pandemic potential. In the future, more detailed
characterisation of the structure of SA in the human respiratory tract will aid in the
interpretation of the increasingly sensitive binding comparisons resulting from glycan
microarray technology. A twinned approach, investigating properties of the virus as well as
the viral environment should help with more reliable identification of the genetic and
structural attributes that form the markers of efficient human-human transmission.

Highlights

Haemagglutinin is a determinant of many viral properties.

Specificity derived from different human and avian sialic acid linked receptors.

There is evidence for genetic and structural constraints on haemagglutinin.

Mortality of emergent pandemic may be reduced if haemagglutinin specificity changes.
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Figure 1. The role of HA in steps to productive human infection
1. Evasion of acquired immunity, through novel antigenic features. 2. Avoidance of innate
immunity, including possible loss of 'decoy' receptor binding to mucin. 3. Productive SA
binding, specifically to a2–6 linkages prevalent in the human upper respiratory tract. 4.
Effective membrane fusion. 5. Efficient viral budding, for example through an appropriate
"HA/NA balance".
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Figure 2. Reactivity of human respiratory tissues with lectins specific for different sialic acid
linkages
Res, respiratory bronchiole (adjacent to alveoli); Ter, terminal bronchiole (distal to alveoli);
Alv, alveolus. The green shows reaction with Sambucus nigra lectin, which indicates the
presence of sialic acid linked to galactose by an α2–6-linkage. The red shows reaction with
Maackia amurensis lectin, indicating the presence of sialic acid linked to galactose by an
α2–6-linkage. (Reprinted by permission from Macmillan Publishers Ltd: images reproduced
from Shinya et al. 2006 [29])
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Figure 3. The cone-like (left) and umbrella-like (right) topologies presented by Chandrasekaran
et al.
The umbrella conformation is unique to sialic acids with an α2–6 linkage and chains of
sufficient length. As illustrated above, the topology is alleged to result from both the angle
constrained by the linkage and the open spread allowed by the longer chain. (Reprinted by
permission from Macmillan Publishers Ltd: Chandrasekaran et al. Nat Biotechnol 2008 Jan;
26(1):107–13).
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Figure 4. Lectin staining in the pig trachea
M. amurensis lectin was used to detect SA with α2–3 linkages, while S. nigra was used to
detect SA with α2–6 linkages. The green and orange in the images indicates both are present
in the pig trachea. Blue staining in the connective tissue represents autofluorescence. (Image
reproduced from Ito et al. 1998 with permission from American Society for Microbiology
[46])
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Figure 5. Attachment of H5N1 virus to regions of the human respiratory tract
Red is representative of viral binding, which is shown to increase with depth in the
respiratory tract. Image reproduced from van Riel et al. 2007 [42] with permission from
Elsevier)
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