
Influenza, an acute viral disease of the respi-
ratory tract, affects millions of people each 
year. As members of the Orthomyxoviridae 
family, influenza viruses have an envelope 
and a negative sense, single-stranded and 
segmented RNA genome. Of the three 
groups of influenza virus (A, B and C), type 
A accounts for all known major epidemics 
and pandemics. Influenza A virus subtypes 
are named according to their surface anti-
gens: haemagglutinin (HA) and neurami-
nidase (NA). Currently, all sixteen HA (H1 
to H16) and nine NA (N1 to N9) serotypes 
of influenza A virus circulate in the avian 
population and, consequently, birds are 
believed to be an important reservoir for 
influenza A viruses. 

In the past century, influenza A viruses 
with only three HA (H1, H2 and H3) 
and two NA (N1 and N2) serotypes have 
adapted sufficiently to humans to produce 
pandemic strains: H1N1 in 1918, H2N2 
in 1957 and H3N2 in 1968 (REFS 1,2). The 
antigenic shifts that occurred in 1957 and 
1968 were a result of avian–human reas-
sortment: in 1957, three of the eight avian 
gene segments, and in 1968, two avian gene 
segments were reassorted into existing, 
human-adapted viruses. This reassort-
ment event is believed by some to occur 
in animals such as pigs, which can serve 
as a mixing vessel, as these animals are 

susceptible to both avian and human 
influenza virus3. The genetic origin of the 
1918 pandemic H1N1 virus, which killed 
about 50 million people worldwide4 is not 
known, and there is an ongoing debate 
as to whether or not the virus ‘jumped’ 
directly to the human population or 
adapted through reassortment1,5–7.

Since late 2003, circulating H5N1 
avian influenza virus strains have reached 
epizootic levels in both domestic and wild 
bird populations across Asia. Recently, the 
H5N1 avian influenza virus has spread 
into Europe, the Middle East and the 
African continent. An unprecedented 
level of global concern surrounds the 
circulating highly pathogenic H5N1 avian 
influenza A virus, with fears that the next 
human influenza pandemic could arise 
from these strains. So far, the spread of 
H5N1 avian influenza virus to the human 
population has been limited; as of 20 June 
2006 there have been around 228 well-
documented human cases, but these cases 
have been associated with a high mortality 
rate of 130 deaths8, although the rate 
might be inflated by the lack of reporting 
of asymptomatic cases. 

The influenza A virus surface is coated 
with three antigenic proteins: HA, which 
is responsible for virus binding to recep-
tors on the host cell, internalization and 

subsequent membrane fusion events in the 
endosomal pathway of the infected cell; 
NA, which is a sialidase involved in the 
removal of sialic acid from the infected cell 
surface to allow the escape of progenitor 
viral particles after budding; and the M2 
ion channel protein, which is involved in 
the acidification of the inside of the viral 
particle during internalization through 
the endosomal pathway. Although all 
three coat proteins are targets for the host 
immune system, HA is by far the most 
abundant antigen on the viral surface and, 
therefore, harbours the primary epitopes 
for neutralizing antibodies.

Several factors are involved in host-
range restriction of influenza viruses, 
but these will not be discussed here, 
as they have been reviewed recently2. 
Here, we focus on receptor specificity of 
influenza virus HA. Influenza viruses use 
host glycans, which contain sialic acid 
(N-acetylneuraminic acid (NeuAc)) moie-
ties as cell-surface receptors, which vary in 
structure from species to species. Human-
adapted influenza viruses have HAs with 
a binding preference for cell receptors that 
contain α2-6-linked sialic-acid moieties 
(NeuAcα2-6Gal), which are found pre-
dominately on epithelial cells of the human 
upper respiratory tract, whereas avian 
viruses prefer receptors with α2-3-linked 
sialic acid moieties (NeuAcα2-3Gal)9–11, 
which are found on epithelial cells in the 
intestines and respiratory tract of birds 
(FIG. 1). This subtle difference in the recog-
nition of glycan structure is a key deter-
minant of the species barrier that prevents 
avian influenza viruses from easily infect-
ing humans. Another barrier to infection 
of humans by avian viruses are mucins 
produced by specialized epithelial cells 
that lubricate and protect the otherwise 
exposed upper respiratory tract epithelium. 
These proteins are rich in α2-3-linked 
sialosides (sialylated glycans), and function 
to trap avian influenza viruses and prevent 
their attachment to epithelial cells12. The 
inefficient binding of avian viruses to 
the α2-6-linked sialic-acid moieties on the 
surface of epithelial cells and their entrap-
ment by mucins provide a barrier to virus 
infection of the human upper airway.
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Abstract | New technologies are urgently required for rapid surveillance of the 
current H5N1 avian influenza A outbreaks to gauge the potential for adaptation of 
the virus to the human population, a crucial step in the emergence of pandemic 
influenza virus strains. Owing to the species-specific nature of the interaction 
between the virus and host glycans, attention has recently focused on novel glycan 
array technologies that can rapidly assess virus receptor specificity and the 
potential emergence of human-adapted H5N1 viruses.
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Recent studies have revealed that some 
human epithelial cells in the lower respira-
tory tract contain α2-3-linked sialic acids 
and can be directly infected by avian influ-
enza viruses10,11,13. Although humans have 
been infected by the H5N1 avian influenza 
virus, most documented cases either lived or 
worked in close proximity to infected poul-
try and were, therefore, exposed to a suf-
ficiently high viral load that would increase 
the chances of the virus escaping the protec-
tive mucin layer to infect cells in the lower 
respiratory tract. The restricted replication 
of H5N1 avian influenza viruses in the lower 
respiratory tract in humans, where the virus 
cannot be readily spread by sneezing and 
coughing11, is believed to account in part for 
the inefficient human-to-human transmis-
sion of H5N1 viruses so far.

Several other species have been impli-
cated in the origin of new human influenza 
viruses. The respiratory epithelial cells 
of pigs have receptors that express both 
α2-3- and α2-6-linked sialic acids and can 
be infected by human and avian viruses, 
which indicates that domesticated pigs could 
be a ‘melting pot’ for the emergence of new 

reassortant viruses9 (FIG. 2). There is evidence 
that some terrestrial avian species, such as 
quail, also harbour both types of sialic-acid 
receptor in the trachea and intestine and, 
therefore, could also support the creation 
and spread of reassortments among avian 
and human influenza viruses14,15.

The current H5N1 strains show 
increased transmissibility to other mam-
mals, including domestic cats16, captive 
wild cats (tigers and leopards)17 and 
Indonesian pigs, in which the virus causes 
asymptomatic infection18, although the 
report on Indonesian pigs has yet to be 
confirmed. Importantly, no change has been 
reported in the epidemiology of H5N1 virus 
transmission and it still remains firmly an 
avian virus. However, with the constantly 
increasing host range for H5N1 viruses, 
many believe that intermediate hosts might 
ultimately provide the vehicle for H5N1 
influenza viruses to adapt to the human 
population19. Furthermore, as described 
above, in the correct conditions, the H5N1 
virus can infect humans directly8, and it 
could subsequently mutate to a strain that 
can effect human-to-human transmission.

 In view of the rapid geographic spread of 
the H5N1 avian influenza virus in the bird 
population and the increasing numbers of 
confirmed human cases, new technologies 
are urgently required for the surveillance 
of current influenza outbreaks to gauge 
the potential for adaptation to the human 
population, a crucial step in the emergence 
of a pandemic strain. This Perspective article 
discusses existing methods that are used to 
study influenza virus receptor specificity and 
then introduces recently described glycan 
microarray technologies that are used to 
study the glycan-binding properties of sev-
eral influenza virus HAs, including a current 
H5 HA.

Methods to assess HA receptor specificity
One important aspect of surveillance is 
to determine whether a particular avian 
influenza virus strain is adapting to human 
receptors. For many years, techniques to 
study the interactions of the influenza 
virus with host cell receptors have used 
whole viruses. This includes haemagglu-
tination assays, which measure the ability 
of intact influenza virus and other viruses 
to agglutinate red blood cells (RBCs), and 
haemagglutination inhibition assays, which 
detect and quantify antibodies and soluble 
receptor analogues that inhibit RBC 
agglutination by intact viruses20–24. With 
the identification and isolation of specific 
α2-3-sialidases and α2-6-sialidases, and 
advances in technologies for genetic 
manipulation of the influenza genome, a 
haemadsorption assay based on desialyla-
tion of endogenous sialic acid from RBCs, 
followed by selective linkage-specific 
resialylation of RBCs, and subsequent 
analysis of their binding to viruses or cells 
transfected with influenza HA, has become 
routine in many laboratories21,24. 

Although such assays potentially reflect 
the natural binding of a virus to host cell 
receptors, the outcome is subject to many 
factors that are often difficult to control. 
For example, the quality of cell preparations 
can vary owing to the relative instability 
of RBCs, and the extensive variability in 
transfection efficiencies. The activity of 
the sialyltransferase enzymes might differ 
substantially between batches and suppliers 
and lead to varying degrees of enzymatic 
resialylation, which can skew results and 
mask any important specificity differences 
among viral strains. Another factor to 
consider when using whole-cell assays is 
the polyvalent cooperative effect of the 
virus interaction with multiple heterogene-
ous receptor ligands on the cell surface. 

Figure 1 | Glycans and influenza virus specificity. a | The two possible positions of the sialic-acid 
linkage to a vicinal galactose (α2-6 and α2-3), which are crucial for recognition by the haemag-
glutinin (HA) proteins of avian and human viruses, are shown in the left panel. The sialic-acid moiety 
is highlighted by red shading. Cartoon representations of the typical sialic-acid linkage that is bound 
by avian and human influenza virus HAs are shown in the right panel. b | Cartoon representations of 
some of the different glycans used in the microarray experiments and discussed in the main text are 
shown. To simplify glycan descriptions, a symbol and text nomenclature has been developed by the 
Nomenclature Committee of the Consortium for Functional Glycomics.
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Therefore, these assays reflect only the over-
all ‘global’ affinity for α2-3- or α2-6-linked 
sialic-acid receptors and cannot distinguish 
among the various classes and modifications 
of sialylated glycans.

Since the early 1990s, new technologies 
have emerged to overcome the problems 
of cell-based assays. One of the most suc-
cessful methods reported in recent years 
uses an assay that is based on competition 

for binding to solid-phase immobilized 
virus between a horseradish-peroxidase-
conjugated blood sialyl glycoprotein, 
called fetuin, and unlabelled α2-3 and 
α2-6 sialyloligosaccharides25. The α2-3 
and α2-6 sialyloligosaccharides are 
coupled to polyacrylamide, providing 
increased valency to compensate for the 
low HA affinity (mM range) for receptor 
analogues26–28. Such assays have increased 
our understanding of the diversity of the 
receptor specificities of influenza viruses 
from both birds and mammals14,29–32, 
including H5 influenza viruses33,34. These 
assays have been used to evaluate details of 
influenza virus receptor specificity beyond 
the standard analysis for recognition of 
NeuAcα2-3Gal and NeuAcα2-6Gal link-
ages, demonstrating that influenza virus 
receptor specificity is more complex than 
previously recognized.

However, major drawbacks of these assays 
are that they are relatively low throughput, 
and have been optimized for screening with 
whole viruses, thereby restricting the study 
of new pathogenic strains to specialized 
laboratories. In the United States, biosafety 
level 2 (BSL-2) facilities are recommended 
for working with contemporary, circulating 
human influenza strains, low pathogenicity 
avian influenza strains, and equine and 
swine influenza viruses35, whereas increased 
biosafety level 3 (BSL-3) practices are 
recommended for non-contemporary and 
highly pathogenic avian influenza (HPAI) 
viruses. Indeed, all of the reconstructed 
viruses that contain one or more gene 

segments from the 1918 influenza virus 
were generated and handled under BSL-3 
enhanced (BSL-3+) laboratory conditions36, 
in accordance with the guidelines from 
the National Institutes of Health and the 

CDC35. Any study that analyses potential 
humanization of the current H5 HPAI 
strains by mutagenesis of the viral genome 
would require extreme care and a minimum 
of BSL-3 facilities (TABLE 1).

Glycan microarray technologies
Since 2002, studies of the interactions of 
glycan-binding proteins with their glycan 
ligands have advanced significantly through 
the development of glycan microarray 
technologies37–43. Such technologies allow 
investigation of glycan-binding protein 
interactions on a single chip to which hun-
dreds of different glycan structures can be 
coupled40. Arrays have already been used for 

Figure 2 | Known mechanisms for the emergence of pandemic influenza A virus strains. Two 
of the three pandemic influenza A virus strains during the past century, H2N2 in 1957 (which caused 
Asian flu) and H3N2 in 1968 (which caused Hong Kong flu), arose from genetic reassortment, in which 
gene segments from an avian virus were mixed with genetic material from a co-infecting human virus, 
probably through an intermediate host, such as a pig (the mixing vessel theory). The haemagglutinin 
(HA) of human influenza A viruses has a binding preference for cell receptors that contain α2-6-linked 
sialic-acid moieties, whereas avian viruses bind preferentially to α2-3-linked sialic acids moieties. The 
respiratory epithelial cells of pigs have receptors that express both α2-3- and α2-6-linked sialic-acid 
moieties, and can be infected by both human and avian viruses. The resulting viral progeny will either 
be intact avian or human virus, which can only infect their respective hosts or, if reassortment yields 
functional virus (usually swapped HA, PB2 and/or neuraminidase (NA)), a new pandemic strain might 
emerge with the ability to retain efficient human-to-human transfer, but be sufficiently different (for 
example, by a species change in HA) to reduce the ability of the host to mount an effective immune 
response. PB2, polymerase basic-2 protein.

Table 1 | Comparison of glycan microarray analysis of whole-influenza virus versus recombinant haemagglutinin protein 

Whole-virus assay Recombinant HA assay

Biosafety requirements BSL-2, 3 or 3+ (or requires inactivation) None

Sample preparation Days to weeks ~1 month

Assay considerations May be influenced by NA No NA activity

Mutational analysis Straightforward, but obvious biosafety issues with 
unknown viruses

Straightforward, and no biosafety concerns

Binding High valency, high avidity Low valency, HA binding sites weaker avidity (12 per complex)

Detection Unknown as yet whether high valency and avidity 
will distinguish between weak and strong binders

Can distinguish between weak and strong binders

BSL, biosafety level; HA, haemagglutinin; NA; neuraminidase.
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the analysis of a number of glycan-binding 
proteins, such as glycan-specific antibodies 
against tumours and HIV40,44–46, plant and 
microbial lectins37,40,47, human glycan-bind-
ing proteins involved in both the innate and 
adaptive immune system40,48–57, virus glycan-
binding proteins40,58 and even the binding of 
whole cells59.

A glycan microarray that is well 
suited for the analysis of influenza virus 
receptor specificity was developed by the 
Consortium for Functional Glycomics 
(CFG), funded by the National Institute of 
General Medical Sciences40. The microarray 
comprises a library of structurally defined 
sugars with amino-terminal linkers that 
are robotically printed on amino-reactive 
N-hydroxysuccinimide-activated glass slides 
to yield a covalent amide bond. The library 
of more than 260 glycans range in size 

from monosaccharides to decasaccharides, 
61 of which contain NeuAc, the type of 
sialic-acid moiety found in humans.  Of 
these, 38 contain NeuAc in α2-3 linkages, 
16 have α2-6 linkages and 7 have α2-8 
linkages, and a further 16 contain sialic 
acids found in other species (for example, 
N-glycolylneuraminic acid), sialic-acid 
analogues or have β-linkages. Therefore, the 
array offers an unprecedented opportunity 
to simultaneously assess the details of the 
specificity of influenza virus HAs towards 
numerous glycans that have not been 
previously studied. 

From studies conducted so far, the 
array seems to have value for analysis 
of both whole virus and recombinant 
HA (FIG. 3). Simultaneous binding of 
recombinant HAs to the different glycans 
is detected by fluorescent antibodies 

that bind to a histidine (His) tag on the 
recombinant HA (FIG. 3). Details of the 
general properties, use and design of 
this technology have been well described 
elsewhere42,43, and a regularly updated 
database of over 300 published and 
unpublished examples of plant, microbial 
and mammalian glycan-binding proteins 
analysed on the CFG glycan array can be 
found online (see Further information). 
Here, we focus specifically on the applica-
tions of glycan microarrays to characterize 
influenza–host-receptor interactions.

Recombinant HA assays. While the CFG 
glycan microarray was being developed, 
a research programme was initiated to 
structurally characterize the HA from the 
1918 influenza virus. The usual method for 
HA production is bromelain release from 
intact viruses, followed by sucrose density 
gradient centrifugation and anion-exchange 
chromatography60. However, owing to the 
increased biosafety requirements for making 
intact 1918 viruses, a new recombinant route 
was sought.

HA is normally expressed on the 
influenza A virus as a homotrimeric, mem-
brane-bound glycoprotein. Each monomer 
is synthesized as a single polypeptide (HA0) 
that is cleaved by specific host proteases into 
two subunits, a membrane-proximal HA2 
chain and a membrane-distal HA1 chain, 
that forms the receptor-binding pocket for 
binding to complex glycans with terminal 
sialic acids.

To form functional trimers, HA was 
produced in a baculovirus expression 
system61 with the ectodomain engineered 
as a fusion construct to a carboxy-terminal, 
trimerizing ‘foldon’ sequence from the 
bacteriophage T4 fibritin62. After removal 
of the trimerization domain by thrombin 
cleavage, the intact HA0 was crystal-
lized and its structure was solved61. This 
important methodological advance for 
the production of the 1918 pandemic HA 
has recently been applied to determine the 
crystal structure of an avian influenza H5 
HA63 and a homotrimeric viral coat protein 
from the parainfluenza virus64, demonstrat-
ing its usefulness for the production of 
other homotrimeric proteins for structural 
and immunological analysis.

For glycan microarray analysis, glycan-
binding proteins have to be directly or 
indirectly labelled with a fluorescent tag43. 
The HA cloning strategy introduces a His 
tag at the carboxyl terminus of the HA2 
chain to enable rapid purification from 
the culture media. With the commercial 

Figure 3 | Schematic representation of the two assays for analysis of the influenza A virus 
receptor-binding domain. Recombinant haemagglutinin (HA) analysis involves cloning, expression 
and purification of recombinant viral HA, with the incorporation of a histidine (His) tag. Approximately 
200 different glycans are bound to a glass slide, and the binding of recombinant HA proteins to the 
different glycans is detected by fluorescent antibodies that bind to a His tag on the recombinant HA. 
Preliminary experiments65 used His-tagged recombinant HA pre-complexed to a mouse fluorescent 
anti-penta-His antibody (six HA-binding sites per complex), but this failed to detect binding to the 
array owing to the weak HA affinity (mM range) for receptor analogues26. Binding to a secondary fluo-
rescent anti-mouse-IgG1 antibody (resulting in twelve HA-binding sites per complex) allowed the 
detection of fluorescence. It was concluded that the additional multivalency enabled detection 
through avidity effects, comparable to the natural interaction of HA trimers on the viral envelope with 
the host cell. The intensity of the fluorescent signal determines whether the binding is recorded as 
strong, weak or absent. The HA produced by this method can also be used for crystallization and 
structural studies. Whole-virus analysis involves glycan microarray analysis with intact virus.  IEX, ion-
exchange chromatography; NA, neuraminidase; M2, M2 ion-channel protein; SEC, size exclusion 
chromatography.
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availability of anti-His-tag antibodies, the 
HA can be pre-complexed with fluorescent 
primary and/or secondary antibodies 
(FIG. 3). Because the affinity of HA for its 
glycan ligand is low (mM range)26, the 
use of such complexes has proved highly 
advantageous as the secondary antibodies 
provide increased valency to obtain detect-
able signals. Another advantage of this 
technology is the small amount of protein 
that is required for analysis (~1.5–15 µg), 
so that the bulk of the expressed protein 
can be used for crystallization trials.

So far, several viral HAs from human 
and avian H1, H3 and H5 serotypes 
have been produced and analysed on the 
array, including variants from the 1918 
pandemic influenza virus, and from the 
highly pathogenic H5 avian influenza 
strain Viet04 (A/Vietnam/1203/2004)63,65. 
Striking differences in the receptor specifi-
city of the different HAs were revealed not 
only for the type of glycan sialic-acid link-
age, that is, either an α2-3 and/or an α2-6 
sialic-acid linkage, but also in the fine 
specificity of HAs for other glycan modi-
fications, such as fucosylation, sulphation 
and additional sialylation63,65 (FIG. 4). For 
example, a single amino-acid difference 
between the two variants of the 1918 
pandemic influenza virus was sufficient to 
switch the HA from a classic human α2-6-
linked sialoside-binding pattern (Asp225), 
as seen with the A/South Carolina/1/1918 
(SC) HA, to mixed specificity with a 
significant reduction in binding to α2-6-
linked sialosides and an increased affinity 
for α2-3-linked sialosides, particularly for 
glycans with an additional negative charge, 
such as a sulphate or sialic acid (FIG. 4a,b) 
for the A/New York/1/1918 (NY) strain 
HA (Gly225)65. From these results, it was 
proposed that the extra cavity arising from 
Gly225 in the 1918 NY strain HA might 
allow more flexibility in its glycan binding. 
This would enable N-acetylglucosamine 
(GlcNAc) to adopt an orientation within 
the HA receptor-binding site, that would 
allow Lys222, which is maintained in nearly 
all HAs from avian and human H1, H2 
and H5 serotypes, to interact preferentially 
with the 6-sulphated moieties. Although 
the biological significance of binding to 
sialylated and sulphated glycans is not 
clear at present, human mucins have been 
shown to contain 6-sulphated glycans, 
demonstrating that the necessary enzymes 
are present in the human epithelium and, 
therefore, that sialylated sulphated struc-
tures might be of importance in virus–host 
interactions33,66.

Whereas binding of both the SC and 
the H3 (A/Moscow/10/1999) human 
viruses are highly restricted to α2-6-linked 
sialosides (FIG. 4a,e), the array data clearly 
showed that not all human HAs have 
identical ligand preferences. For example, 
the human H1 (A/Texas/36/1991) HA has a 
strong preference for α2-6 human receptor 
analogues, but also binds weakly to a range 
of α2-3-linked sialosides65 (FIG. 4c). It is of 
interest that this relatively recent H1 strain 
also has the Asp190 Gly225 combination, 
similar to the 1918 NY strain (FIG. 4b), yet 
results from the glycan microarray show 
that it is better adapted to human recep-
tors with a higher preference for α2-6 
sialosides, presumably owing to other 
as-yet-unidentified residues.

Both the avian H5 (A/Vietnam/1203/2004) 
and H3 (A/Duck/Ukraine/1/1963) sero-
type HAs reveal a classic preference for 
α2-3 avian receptor analogues (FIG. 4d,f). 
Comparison between these two avian 
subtypes shows the power of the array in 
differentiating HA binding to glycan ligands 
that contain additional fucose linkages to 
GlcNAc. Ligands 25–29 on the array are all 
fucosylated glycans and it is clear that the 
human H3 HA does not bind to such ligands 
(FIG. 4f), whereas the H5 HA does bind 
them, albeit weakly (FIG. 4d). The use of such 
analyses allows the ready identification of a 
receptor footprint for each virus. Therefore, 
it is clear that, although human and avian 
virus HAs have a primary specificity for 
either α2-6- or α2-3-linked sialosides, each 
virus might use a different range of glycan 
receptors for cell entry, and the ability of a 
virus to infect a host cell might depend on 
features in the glycan structure, other than 
simply the type of sialic-acid linkage.

It has been suggested that the use of 
recombinant HAs produced in baculovirus 
expression systems in these microarray 
studies might not reflect the situation of 
natural virus HA expression. Like mamma-
lian cells, insect cells can assemble, transfer 
and trim N-glycans to produce high 
mannose or paucimannose products67. But 
insect cells differ from mammalian cells 
in that they are unable to process these 
glycan products any further to produce 
complex glycans that contain terminal 
galactose and/or sialic acids. However, 
the presence of influenza NA, a sialidase, 
ensures that complex glycans of influenza 
HAs usually terminate only in galactose 
and, therefore, the size of the N-glycans 
that are elaborated by insect cells approxi-
mate the size of the complex N-glycans in 
mammalian host cells. Indeed, our studies 

using insect-cell-produced HAs, and 
cell-based assays with whole viruses show 
that glycans produced in both systems can 
affect receptor binding through steric hin-
drance if the N-glycan is positioned close 
enough to the receptor-binding site of the 
HA65,68. In addition, results for both avian 
H3 (A/duck/Ukraine/1/1963) and H1 
(A/Duck/Alberta/35/1976) HAs63,65 were 
in agreement with previous whole-viral 
studies21,23.

A key advantage of the baculovirus 
expression of recombinant HA is the ability 
to introduce specific mutations in the HA 
receptor-binding site to assess their effect 
on receptor specificity using the array. For 
example, different mutations known to 
switch the receptor specificity of pandemic 
H1, H2 and H3 viruses from an avian to 
a human preference were introduced into 
the H5N1 viral isolate, Viet04, one of the 
most pathogenic viruses studied so far 69,70. 
In pandemic H1, H2 and H3 viruses, two 
different combinations of two mutations 
effectively switched receptor specificity 
from α2-6 to α2-3-linked glycans and vice-
versa. Although no clear switch in receptor 
specificity was observed for the H5 HA, 
the mutations that switched the specificity 
of H3 viruses from avian to human (at 
residues 226 and 228) not only reduced 
overall avian specificity for the H5 HA, but 
also increased specificity/avidity towards 
biantennary sialosides63, which might func-
tion as receptors on human lung epithelial 
cells. These combined effects could allow 
an H5N1 virus to escape entrapment by 
mucins and increase binding to susceptible 
lung epithelial cells and so might provide 
a possible route by which H5N1 viruses 
could become established in the human 
population. Current studies are ongoing to 
determine whether mutations of any other 
residues around the HA binding pocket can 
cause a more obvious switch in specificity. 
Therefore, incorporation of mutations in 
and around the receptor-binding site into 
the recombinant HA can assess the effects 
on binding specificity without the need 
to generate potentially dangerous mutant 
viruses.

Whole-virus assays. Although the glycan 
microarray technologies are still in their 
infancy, the use of this technology for the 
analysis of whole viruses is an important 
goal, and the preliminary results so far look 
promising. Experiments with A/Puerto 
Rico/8/1934 virus reveal both α2-3 and 
α2-6 receptor specificity, which is in agree-
ment with experiments from cell-based 
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Figure 4 | Glycan microarray analysis of human H1, human H3, avian 
H5 and duck H3 influenza virus haemagglutinins. Glycan binding 
analyses as measured by fluorescence intensity are presented for natu-
ral haemagglutinins (HAs) from influenza viruses circulating during the 
1918 pandemic (A/South Carolina/1/1918 (a) and A/New York/1/1918 
(b)), a human H1 (A/Texas/1991) (c), an avian H5 originally isolated from 
a  10-year-old  Vietnamese boy who died from bird  f lu  (A/
Vietnam/1203/2004) (d), a human H3 (A/Moscow/10/1999) (e) and a 
duck H3 (A/Duck/Ukraine/1963), the probable progenitor of the pan-
demic 1968 Hong Kong virus (f). Binding results for glycoproteins 

(highlighted in red), α2-3-linked sialosides (highlighted in yellow) and 
α2-6-linked sialosides (highlighted in green) are shown. The bars cor-
responding to signals generated by binding to sulphated or additional 
negatively charged glycans are coloured red. Owing to continual glycan 
microarray development, a number of new ligands were printed for the 
analysis of A/Vietnam/1203/2004 HA. Therefore, binding to glycans 37–44 
and 58–60 was not determined, except for the A/Vietnam/1203/2004. 
Cartoon representations of the glycans bound to different spots on the 
array (numbered 1 to 60) are shown. AGP, α1-acid glycoprotein. Data 
adapted from REF. 63 and REF. 65.
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assays23,40. Studies that compare viruses 
with their equivalent recombinant HAs 
are ongoing but have to take into account 
the increased valency of the virus, which 
might enhance binding to weak ligands. 
Furthermore, activity of the viral NA can 
also influence the outcome by destroying 
glycans on the array; or the NA itself could 
mediate binding of the virus, although the 
use of NA inhibitors could provide a partial 
solution for both scenarios.

Categorizing influenza virus recep-
tor specificity into two main types based 
on preferential recognition of α2-6 and 
α2-3 linkages continues to be useful for 
understanding the adaptation of influenza 
strains to the individual receptors that are 
present on the epithelial cells of different 
host species. Most recently, staining of 
human airway epithelium by plant lectins 
documented for the first time that human 
upper airway cells have predominantly 
α2-6-linked glycans, whereas the lower air-
way surprisingly has increasing numbers of 
cells that express α2-3-linked glycans11–13,71. 
As avian viruses have now been shown 
to infect human epithelial cells that have 
α2-3-linked glycans10,11,13, this observation 
has been proposed to account for the pro-
pensity of the H5N1 virus to localize to the 
lower lung during human infection and, as 
mentioned previously, the subsequent lack 
of human-to-human transmission by virus 
shedding11,13.

However, the ability to screen for the 
receptor specificity of influenza virus for a 
highly diverse set of sialic-acid-containing 
glycans has revealed that the situation is 
more complex, with different virus strains 
binding preferentially to novel structures 
(such as sulphated and sialylated glycans) 
and markedly different binding patterns to 
glycan structures in a given class33,63,65.

Conclusions and future outlook
The biological relevance of this new bind-
ing data is not yet fully understood, in part 
owing to a lack of knowledge about the range 
of glycan structures on the surface of human 
and avian epithelial cells and the protective 
mucin secretions66. Additional information 
about the glycan structures produced by the 
natural hosts of influenza combined with 
the emerging data from glycan array analysis 
is certain to provide new biological insights 
relevant to modes of influenza adaptation 
across species barriers.

A major goal for worldwide influenza 
surveillance is the continuing develop-
ment of new technologies that can rapidly 
characterize the evolution of strains that 

emerge in humans and in avian popula-
tions. Currently, viruses are collected, 
shipped to the WHO or other secure 
facilities, such as the CDC, where the 
viruses are serotyped and undergo partial 
sequence analysis, before informed guesses 
are made as to whether any identified muta-
tions signify antigenic drift that is relevant 
for incorporation into the next influenza 
vaccine or, in the case of avian viruses, 
signal significant adaptation to the human 
population. This powerful glycan micro-
array technology can now facilitate 
mapping of the coarse and fine specificity 
of previous, current and emerging influenza 
viruses. 

A key advantage of using the baculo-
virus expression system described here 
is that we can now obtain specificity data 
directly from pathological specimens 
without the need for prior growth in eggs 
or other laboratory hosts. This issue is 
important because several earlier observa-
tions show that HA receptor variants of 
human viruses can be selected by growth 
in eggs, which could bias subsequent 
binding studies72. The use of such a recom-
binant system reduces the probability 
of unwanted mutations that can happen 
when maintaining whole viruses in a 
laboratory environment.

The technology described here, however, 
is limited by its reliance on existing WHO 
surveillance methods to correctly identify 
the type and subtype of each virus before 
any analysis can be done. The recombinant 
assay requires knowledge of the DNA 
sequence of the HA prior to cloning and 
expression studies, whereas the whole-cell 
assay requires a prior knowledge of the virus 
subtype to select a suitable reactive antibody. 
Of interest are recent advances in DNA array 
technologies for influenza A typing: current 
methods for identification require 3–7 days, 
but a recent report describes the develop-
ment of a low-density oligonucleotide array 
technology (FluChip) for rapid identifica-
tion of H1N1, H3N2 and H5N1 influenza 
A virus subtypes within 12 hours (with an 
accuracy of >72%)73,74. Commercial products 
are already available, such as an influenza 
microarray from CombiMatrix Corporation 
that requires <5 hours for completion, 
and that is claimed to be able to identify all 
known strains of influenza A, including dif-
ferentiating between highly pathogenic and 
less pathogenic strains75.

By working together, future develop-
ment of DNA and glycan microarray 
technologies could enable rapid assess-
ment of emerging viruses to detect virus 

subtypes and receptor specificities that 
increase the risk to the human population, 
and to eliminate guesswork from sequence 
analyses alone. A recent and exciting 
development is an agreement between 
the CDC and the CFG that will provide a 
customized influenza glycan microarray 
to allow the CDC to assess its usefulness 
for screening influenza field isolates. 
Although such technological develop-
ments still require improvement in both 
their accuracy and sensitivity of detection, 
in the future, portable machines might 
be used to conduct such tests in the field, 
adding a new dimension to characterizing 
and assessing avian influenza outbreaks. 
Such knowledge could aid decisions for 
deployment of emergency services to 
contain a potential outbreak.
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