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Abstract

While all viruses must transit the plasma membrane of mammalian cells to initiate infection, we
know little about the complex processes involved in viral attachment, which commonly involve
recognition of glycans by viral proteins. Glycan microarrays derived from both synthetic glycans
and natural glycans isolated through shotgun glycomics approaches provide novel platforms for
interrogating diverse glycans as potential viral receptors. Recent studies with influenza and
rotaviruses using such glycan microarrays provide examples of their utility in exploring the
challenging questions raised in efforts to define the complex mechanistic protein-glycan
interactions that regulate virus attachment to host cells.

Introduction

The initial step in viral infections of living cells typically involves the interaction of a virus
with a cell surface receptor in order to be eventually transported through the plasma
membrane into the cell interior. The plasma membrane andexterior of all living cells is
comprised of a thick wrapping of complex cell surface glycans on glycoproteins and
glycolipids, sometimes referred to as the glycocalyx (1). The surface of cells has evolved in
an environment of constant exposure to pathogens that bind to specific glycans on cells, thus
evolutionarily helping to drive the creation of a hugely diverse set of glycan structures, as
cells balance their glycan functions and structures with pressures to evade pathogen
recognition. At the same time pathogens evolve by changing their glycan coat to appear
more host-like, and in addition pathogens exploit host glycans for initial interaction by
constantly modifying their glycan recognition molecules in response to glycan structural
changes at the host cell surface. This complex interplay is a driving force for molecular
evolution at the glycan and protein levels (2-4), reflecting the literal war between viruses
and animal cells that is fought on a battlefield of cell surface glycans.
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Observations in the 1930’s and 1940°s on many viruses including influenza viruses
indicated that viruses could agglutinate vertebrate erythrocytes, and it was subsequently
shown for influenza virus that the receptors and hemagglutinating potential of the
erythrocytes were eventually lost upon long exposure to virus (5, 6). The erythrocyte
receptors recognized by influenza virus were eventually identified as N-acetylneuraminic
acid (sialic acid), and the “receptor-destroying enzyme” was discovered to be a
neuraminidase (NA or sialidase), which was independent of the hemagglutinin (HA)(7, 8).
Remarkably and despite these early observations and many years of research on virus-host
interactions, it is still not clear exactly how these processes operate in the mechanisms of
viral infection, but an optimal balance between the HA and the NA is probably key (9).

Cell surface carbohydrate, however, appears to be a major pathway of entry for influenza as
well as other viruses, and the initial virus-host interactions involve recognition among a
diverse set of glycan structures; thus, the specificities of viral surface adhesion molecules
are thought to play important roles in viral tropism. This concept was demonstrated by the
observation in the early 1980’s showing that the hemagglutinins (HA) of human influenza
viruses prefer a2—6 linked sialic acid while avian viruses prefer the a2-3 linked form
(Figure 1), and that a single amino acid substitution was responsible for the specificity
switch (10-12). The proposed location of these linkages in the intestinal tract of birds and
upper respiratory tract of humans is thought to correspond with the specificity of the
appropriate HA (13). Although many viruses including norovirus, polyomavirus, rotavirus,
and paramyxovirus exploit surface carbohydrate to facilitate entry into cells (14, 15), we will
specifically focus on influenza viruses and rotaviruses, which have received significant
attention in recent years.

Analysis of Influenza A binding specificity on defined glycan microarrays

The Consortium for Functional Glycomics (CFG), a National Institute of General Medical
Sciences-funded program, developed a glycan microarray of >600 defined glycans including
>160 sialylated structures that could be interrogated with fluorescence labeled glycan
binding proteins or intact viruses simultaneously generated significant interest in defining
the fine specificity of influenza HAs to determine the relationship of the glycan structures
underlying the terminal sialic acid to infection and transmission of influenza (16-18)
(www.functionalglycomics.org/). This resource was made available to investigators
worldwide and was a revolutionary development in the area of protein-glycan interactions,
since both the glycan microarray resources as well as database of results were freely
available.

Investigating the binding specificity of different virus strains on a glycan microarray is
typically accomplished by analysis of recombinant HA or intact viruses. Since the
interaction of the recombinant HA with receptor is relatively weak with dissociation
constant in the mM range (19), which is below the detection limit of a GBP on the CFG
array, the avidity of this system is increased by pre-complexing the His-tagged trimer with
fluorescence labeled mouse anti-HisTag-1gG and fluorescence labeled anti-mouse-1gGin
approximate molar ratio of 4:2:1 (16, 20). This protocol has been generally used for
analyzing the specificity of recombinant, His-tagged HA in large-scale screening. An
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alternate approach has been the analysis of fluorescent labeled whole virus (21, 22) that is
directly labeled with a fluorescent dye and assayed post labeling with hemagglutination
assays to ensure no loss of binding activity during the labeling procedure and to have an
estimate of the amount of virus added to the array so that analyses can be carried out at
multiple concentrations of virus for detection of strongest binding glycans (19). Both of
these approaches have been used extensively by the CFG Protein-Glycan Interaction
Resource at Emory University and by the Centers for Disease Control and Prevention in
Atlanta, GA for determining specificities of virus binding to arrays of glycans with
comparable results (19).

After nearly a decade of studies on influenza virus recognition of glycans using defined
glycan microarrays, the general conclusion is that most, but not all, avian and human virus
HA retain their canonical specificity for Siaa2-3Gal- and Siaa2-6Gal-, respectively.
However, the underlying glycan structure is increasingly recognized as also being critical to
recognition. For example, human virus HAs may prefer the presentation or topology of
Siaa2-6 expression on extended poly-N-acetyllactosamine (PL) [-3Galp1-4GIcNACB1-],
glycans (23, 24). Other studies evaluating the binding of influenza virus to synthetic
sialylated PLs noted that while most influenza virus strains demonstrated differences in their
preference for the structures presented on glycan arrays, there appears to be no consistent
recognition pattern associated with the underlying glycan structures. Such results suggest
that the fine specificity of the receptors may drift due to antigenic selective pressure, while
binding glycans with a Siaa2-6 determinant might be sufficient for infection and
transmission (25). This observation is in agreement with the results of a systematic
investigation of human H3N2 influenza viruses (26). In that study the binding properties of
all major variants of human H3N2 viruses from their appearance in 1968 to 2012 were
characterized on the large CFG defined glycan microarray. The binding specificity of
viruses isolated in the same season was similar, but the specificities showed significant
variation from year-to-year (26). Since all viruses were representative of epidemic strains,
they all could infect and transmit efficiently among humans. The results indicate that the
year-to-year variation in binding specificity is due to amino acid sequence changes driven by
antigenic drift, and that in spite of having different binding specificity and avidity the
viruses were still able to infect and transmit in the population.

Thus, the idea that influenza viruses simply recognize the terminal sialic acid in a specific
linkage to galactose without regard for the underlying glycan structure is no longer tenable.
Many additional studies using infection-based approaches have also identified interesting
exceptions to the current paradigm. For example, influenza virus can infect cells from which
surface Sia has enzymatically removed (27, 28), and avian viruses with Siaa2-3 specificity
have recently been shown to replicate and transmit in mice (29). Human influenza virus with
specificity for Siaa2-6 effectively replicate in mice lacking Siaa.2-6 linkages on N-glycans
in the respiratory tract (30). Furthermore, a laboratory mutant (Y98F at a conserved residue
in the receptor binding pocket of HA) of influenza replicates efficiently in MDCK cells, but
fails to agglutinate erythrocytes and is highly attenuated for replication in mice following
intranasal infection (31, 32). The novel H7N9 viruses, through substitutions at residues 186
and 226 in their HA have acquired the ability to bind to human-like Siaa2-6 receptors, and
such mutations occur in most novel human H7N9 viruses as well as in the majority of novel
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avian H7N9 1AVs (33). Finally, several mutant viruses derived from the Y98F mutant
restored the capacity for hemagglutination and replication in the mouse respiratory tract, yet
none of these viruses bind to any glycans present on the CFG microarrays (31).

The distribution of the glycan receptors in animal tissues has been based largely on
histochemical studies using lectins, such as the plant lectins Sambucus nigra agglutinin
(SNA) (for Siaa2-6)(34, 35) and Maackia amurensis leukoagglutinin (MAL, also termed
MAA) (for Siaa2-3)(36). But while these lectins can recognize many glycans containing
that simple terminal substituent, their recognition is also dependent on the glycan
substructure (37). Interestingly, a recent glycomic analysis of human respiratory tissue
indicated the presence of both Siaa2-3- and Siaa2-6-terminated glycans in both lung and
bronchus (38). These and other observations raise questions regarding the current paradigms
in this field, and support the notion that binding of influenza virus to cells in host tissues is a
complex process involving not only sialic acid recognition and removal together with
recognition of the underlying glycan structures, but also the presentation of glycans, their
specific location in the glycocalyx, and the glycans associated with the mucins and other
glycoconjugates in the immediate environment of the infection/uptake process.

Shotgun Glycan Microarrays

While defined glycan microarrays have generated a large body of data demonstrating that
there are indeed differences between the specificity of if various isolates of Influenza virus,
conclusions regarding the role of the underlying glycan structures are lacking, as well as the
actual glycan structures in endogenous tissues that are recognized by viruses. This may be
related to the fact that the specificities of HAs are deduced from glycan microarray data
comprised of common, mammalian cell glycans that actually represent far less than 10% of
the glycans proposed to comprise the human glycome (39, 40); thus, any conclusions
relative to physiologically relevant glycans must be cautiously considered. This limitation of
defined glycan microarrays is often overlooked and the assumption is made that the CFG
glycan microarray and other such glycan microarrays (41, 42), while not complete, represent
all possible glycan determinants present in the human glycome; however, this assumption
suffers from our lack of knowledge of the human glycome or any glycome. Thus, current
analyses using defined microarrays are limited to what structures are known and printed on
the array and how these compare to the glycomic profiles by MS analyses of a cell or tissue
of interest. Significant interest in the glycomics of the swine respiratory tract stems from the
fact that pigs serve as host for both avian and human viruses, and the pig has been proposed
as a “mixing vessel” for the generation of pandemic viruses (43, 44). Several recent studies
have analyzed the glycans in pig lung and trachea and cell-derived materials. One of these
studies involving glycomic analysis of pig trachea and lung indicated a predominance of
Siaa2-6Gal in these tissues and suggested this could provide selective pressure for
generation of Influenza variants that prefer the human Siaa2-6Gal receptor (45). That study
identified the predominant structures as being disialylated biantennary complex type N-
glycans similar to structures that bound human influenza viruses on glycan arrays. An earlier
analysis showing the glycomic profile of primary swine respiratory epithelial cells also
demonstrated that these cultured cells presented a larger proportion of Siaa2-6Gal compared
to Siaa3-6Gal, but proposed that Siaa2-6-PL glycans play a major role in human virus
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infection based on their presence in the pig respiratory cells and the observation that the
synthetic Siaa2-6-PL containing glycans on the defined CFG microarray also bound human
influenza virus (46). A second study in 2013 also reported the analyses of sialylated N-
glycans and O-glycans of isolated pig tracheobronchial epithelium and lung parenchymal
mucosa and interestingly correlations were reported between the glycomic analyses and the
ex-vivo avian influenza virus infection of pig cells (47). Infection with avian viruses was
confined primarily to lung bronchioles rather than trachea and parenchyma. Major
differences in N-glycan structures were noted, with the pig glycans having higher relative
ratios of glycans terminating in Neu5Gc, Siaa2-6Gal-R and Gala1-3Gal-R than those
reported for the human respiratory tract. Interestingly, similar to what was found in other
studies, they also found PL sequences in sialylated multi-antennary glycans (47). These
results provide indirect evidence that sialylated N-glycans and perhaps those containing
sialylated PL sequences may be important in virus binding.

In order to directly address the question of endogenous glycan ligands for influenza viruses,
we have taken a functional approach to glycomic analysis using a shotgun glycomics (48)
(Figure 2). For the analysis of pig lung glycans that might be recognized by influenza
viruses, the total released N- and O-glycans from pig lung glycoproteins and free glycans
derived from glycolipids were fluorescently-tagged and separated by multidimensional
HPLC to generated a tagged glycan library (TGL). The individual glycans were covalently
printed to generate pig lung shotgun glycan microarrays, which were then interrogated with
selected influenza virus strains as summarized in Figure 2 (49). In shotgun glycomics the
glycans of interest can be retrieved from the TGL for the difficult task of defining structure.
All viruses assayed bound one or more sialylated N-glycans, but not O-glycans or
glycolipid-derived glycans, and each virus was different with respect to endogenous N-
glycan recognition. The results illustrated the repertoire of N-glycans in pig lung
glycoproteins that can bind influenza virus recognition, and this approach provides a new
direction for identifying endogenous glycans that may functions in viral pathogenesis (49).
In this study the structures, selected based on their binding by influenza virus and
availability, were di- and tri-sialylated bi- and tri-antennary complex type N-glycans, which
was consistent with the data obtained for fresh pig trachea and lung mentioned above, but
different in conclusions with the earlier study that identified Siaa2-6-PL glycans as
important virus-binding glycans. However, the latter glycomic analysis was of cultured
explants and not fresh tissue. Nevertheless, taken together the results suggest that a variety
of porcine-derived N-glycan structures, some with and without PL sequences may be
selectively recognized by different strains of influenza virus. Clearly, more work remains to
thoroughly identify the lung glycomes of humans and other influenza virus host animals,
and to define the spatial and temporal nature of the glycan expression, as well as developing
physiological approaches to assess the functional importance of glycans in actual cell
infections.

In spite of significant data accumulated from many investigators on analyses of influenza A
virus binding to defined sialylated glycans on glycan microarrays, the exact structures of
glycan receptors that function in productive infection of cells have not been defined. In a
recent extensive, multidisciplinary study of influenza A virus-glycan interactions using a
glycomics approach (38), the N-glycan and O-glycan composition of human lung and
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bronchus were analyzed by mass spectrometry (MS). The MS data permitted structural
predictions that were used in combination with influenza A virus binding data from four
published defined glycan arrays to determine if any array could predict replication of
human, avian, and swine viruses in human ex vivo respiratory tract tissues. While the CFG
array possessed the greatest diversity of sialylated glycans, the influenza A binding data
from this array was not predictive of productive virus replication in human respiratory tract
tissue. The authors concluded that more comprehensive and focused arrays need to be
developed to evaluate emerging influenza A viruses. One solution to this dilemma is simply
to synthesize the glycans corresponding to the sialylated glycans predicted by glycomics
analyses; however, the glycan structures based on profiling are predicted structures and the
synthesis of all possible structures is a formidable task that is currently not possible. Thus,
the shotgun glycomics approach, which will obtain and identify the glycans from the natural
source of tissue or glycoconjugate, has a high potential of presenting cellular glycans that
function as viral receptors. The success of the Shotgun glycomics approach has been
demonstrated using rotavirus virus spike protein for seeking specific virus-binding glycans.

Analysis of Rotavirus binding specificity on glycan microarrays

Rotaviruses are the major cause of severe diarrhea in infants and children worldwide causing
more than 500,000 deaths in children under 5 years old. They are among the viruses that use
attachment to cell surface glycans as their initial interaction with host cells, a process that is
mediated by the VP8* domain of the rotavirus spike protein VP4 (50). In spite of significant
investigation on the glycan specificity of rotavirus interactions, like Influenza A virus, the
picture is murky (51, 52). The early observation that some rotavirus had hemagglutination
activity led to studies indicating that binding and infectivity could be destroyed by treatment
of the host cells with various neuraminidases or could be inhibited by incubating virus with
sialic acid containing compounds. These types of viruses were originally called sialic acid-
dependent, but that term was changed to neuraminidase-sensitive to accommodate the
observation that some sialic acids (the internal Siaa2-3Gal in GM) may be resistant to
neuraminidase and thus continue to be available for binding after neuraminidase treatment
(51, 53) (see Table 1). The uncertainty and controversy over the role of sialic acid in
rotavirus binding and infection, similar to the current status of our understanding of
Influenza virus binding and infection, continues due to the complexity of the glycan ligands
and the difficulty of technically separating the various steps in the process. Clearly there are
differences in animal rotaviruses versus human rotaviruses, and the available evidence
suggests that while many animal rotaviruses require sialylated glycans for binding, most
human rotaviruses do not (54, 55).

The defined glycan microarray developed by the CFG has been shown to be a useful
platform for investigating this question. The availability of the recombinant VP8* domain as
a GST-fusion protein, provides a convenient GBP for interaction with solid phase glycans as
well as a source of protein for structural detailed structural analyses (50, 52, 55). Sensitive
detection of glycan binding on solid phases is straightforward using fluorescent-labeled anti-
GST antibody. In a systematic analysis of a large number of rotavirus strains from humans
and animals (56), it was shown that in most cases cell surface sialic acid was not required
for infection, which led to investigations of what alternative cell surface glycan structures

Curr Opin Virol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Smith and Cummings

Page 7

might be involved in this process. The human histo-blood group antigens (HBGAS) were
likely candidates based on their presence in mucosal epithelia of the digestive tract and the
ability of many rotavirus to agglutinate human erythrocytes (57). The first application of the
defined glycan array to a rotavirus was the analysis of the VP8*-GST fusion protein of the
human rotavirus strain HAL1166 (55). Comparison of the structure of the HAL1166 VP8*
with other VVP8* structures previously determined indicated that it was not compatible with
Sia binding. Thus, with 511 glycans including >150 sialylated structures on that version of
the CFG glycan microarray it was possible to determine if this neuraminidase-insensitive
human rotavirus recognized ganglioside-derived glycans with an internal Sia or other
glycans. The only structures bound by the HAL1166 VVP8* were glycans with terminal
GalNAcal-3 (Fucal-2) Galpl-4GIlcNAc, the A-type HBGA. The HAL1166 VP* was co-
crystallized with the tri- and tetra-saccharides of the A-type HBGA to explain the detail
interactions supporting the conclusion that this glycan structure is a cell attachment factor
for HAL1166 representing the P[14] genotype. These conclusions were further supported by
demonstrating that HT29 cells that express human blood group A were infected in a dose
dependent manner by this strain of virus and that infectivity could be specifically inhibited
by anti-A antibody, demonstrating a structural interaction between a human rotavirus \VP8*
and a cell surface glycan as well as demonstrating that sialylated glycans are not required for
binding by neuraminidase-insensitive strains.

The defined glycan microarray has been used to screening a number of different rotavirus
fusion proteins including the VVP8* of a neonatal G10P[11] rotavirus, identified to be a
bovine reassortant possessing a bovine rotavirus derived VP8* (58). The glycan array
analyses indicated that this VP8*-domain showed a binding motif primarily toward glycans
containing Galp1-4GIcNAc presented as polylactosamine with 2 or more LacNAc units. An
independent analysis of the VP8*-GST fusion protein from the identical strain generated
identical results (59), and both groups interpreted the data to indicate that the binding was
directed toward long, linear sequences of PL that may be biologically significant in the
propensity of this rotavirus strain to infect neonates. They speculated that based on reports
of developmental changes of linear to branched PL in blood and saliva of developing
infants, infection by this strain of rotavirus might be restricted to neonates.

To date there are limited published studies of rotavirus attachment proteins on the defined
CFG glycan array, but it is clear that this platform can provide useful screening data for on
many defined glycan structures to generate useful hypotheses on the structure and function
of these viruses with cellular glycans. However, the limitation of the defined array is
primarily in the paucity of glycan structures represented on the array compared the
thousands of glycan structures estimated to comprise the human glycome. As described
above for Influenza virus, an alternative approach is a more functional shotgun glycomic
analyses using arrays of glycans comprising complete metaglycomes look for biologically
relevant structures, which can then be structurally characterized to define binding motifs and
identify novel structures as opposed to arrays comprised of known structures.

For example, it has been speculated for a long time that the free glycans of human milk,
which are thought to be similar in structure to many glycans on epithelial cell surfaces,
might play a protective role in the infant intestine as receptor decoys for certain pathogens
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(60). The human milk free glycans, larger than lactose, are biosynthesized as linear and
branched type 2 (Galp1-4GIcNAC) or type 1 (Galp1-3GIcNACc) LacNAc extensions of
lactose and substituted with fucose and sialic acid (61). Since these structures are not
metabolized, many of them are present in relatively high concentrations and may interfere
with infections of pathogens that exploit cell surface glycans as receptors.

As a resource of the National Center for Functional Glycomics (www.biochem.emory.edu/
emory-ncfg/) to evaluate potential functions of human milk glycans, we have developed a
human milk shotgun glycan microarray comprised of over 240 human milk free glycan
targets. The glycans were isolated from a pool of 10 milk donors representing all of the
Lewis blood groups to encompass the entire human milk free glycan metaglycome. The
neutral, monosialyl- and disialylglycans were then labeled with a fluorescent linker and each
class of glycans was separated into individual components using multidimensional
chromatography. MS analysis of the isolated glycans indicated that most of the glycan in the
tagged glycan library (TGL) used for printing the array were comprised of single glycans or
mixtures of seldom more than 3 structures. This array is now available for analysis with
glycan binding proteins, viruses, or microorganisms, and we have initiated collaborative
projects using recombinant VP8*-GST fusion proteins of the rotavirus outer capsid spike
protein VP4 from human neonatal strains, N155 (G10P[11]) and RV3 (G3P[6]), and a
bovine strain, B223 (G10P[11]) provided by B.V.V. Prasad and M.K. Estes (Baylor College
of Medicine, Houston, TX). The results of this study, which also included collaborative
studies on the milk glycan structures with Vernon Reinhold and David Ashline (University
of New Hampshire), have been submitted for publication.

We were surprised to find that while all of these attachment proteins from neonatal strains
bound polylactosamines on the defined CFG array, each could distinguish different synthetic
polylactosamine structures. However, the significance of these observations are not known,
since little is known about either the quantitative expression, occurrence, or distribution of
such multi-antennary N-glycans with extended PL. On the human milk array, which does
not present PL structures, the three proteins analyzed bound to three distinct groups of
glycans. None of the proteins required sialic acid for binding; in fact, the presence of
terminal sialic acid, in some cases, prevented binding. Since the structures of the bound
glycans were not known, we selected 32 glycan targets and determined the structures bound
by each individual VP8*. Remarkably, each VP8* recognized specific glycan determinants
within a unique subset of related glycan structures and the specificity differences were a
result of subtle differences in glycan structures. Among the 32 glycan targets analyzed, 40
structures were reported, 21 of which had not been previously described as free glycans in
human milk, and may not have been identified if we had not observed them as isolated
glycans binding to these VP8* domains.

In the near future we will make the human milk shotgun glycan microarray and other similar
glycan arrays publicly available for the screening of viruses and viral attachment proteins to
address questions related to the mechanisms of binding and infection of viruses that exploit
cell surface glycans for host cell attachment.
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Concluding Remarks

The use of glycan microarrays to explore glycan recognition by viruses is growing in
importance as the technology is becoming more robust and publicly available. Both
structurally defined glycan microarrays as well as shotgun glycomics microarrays of natural
glycans in target tissues are now leading the way to a better understanding of potential
glycan recognition important for virus attachment and entry. However, much remains to be
done in further exploring the physiological roles of glycans identified through array
screening and further defining the molecular interactions of viral adhesion molecules for
specific glycans, as well as the native glycoconjugates, e.g. glycoproteins and glycolipids,
which carry the glycans.
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Figure 1.
Depiction of sialic acid linked to galactose in either a2—6 or a2-3 linkages.
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Figure 2.
Shotgun Glycomics is a functional approach to glycomic analysis of cells and tissues. We

used it to explore the repertoire of glycans in pig lung that may function as productive
influenza virus receptors. The N- and O-linked glycans and glycolipid-derived glycans are
released from tissue by chemical or enzymatic methods (1), labeled with a fluorescent tag
(2) and separated into individual glycan components by multidimensional chromatography
(3) to produce a TGL (4). The components of the TGL are then printed as a microarray and
interrogated to identify relevant glycans (5). Glycans of interest are then retrieved from the
TGL and subjected to structural analysis using Metadata Assisted Glycan Sequencing
(MAGS) techniques (6). As the glycans in the TGL are structurally defined, the Shotgun
Glycan Array becomes a Defined Glycan Array and a resource for determining specificities
of other viruses and glycan binding proteins.
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Table 1

Examples of Glycan Ligands for Animal and Human Rotaviruses
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Rotavirus Strain Neuraminidase Sensitivity Structure Reference
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