Cell Host & Microbe
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Extended, Branched Human-type Receptors,
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e All H3N2 influenza viruses recognize human-type receptors
with extended glycan chains

e Recent H3 and pandemic H1 hemagglutinins prefer
extended, branched N-glycan receptors

e Lipid-linked glycan receptors restore infectivity to receptor-
deficient MDCK cells

e Molecular dynamics simulation shows bidentate binding of
N-glycans to one HA trimer
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In Brief

To clarify H3N2 human influenza virus
receptor specificity, Peng et al.
developed a glycan array that included
extended glycans. Recent H3N2 and 2009
pandemic H1N1 viruses share specificity
for human-type receptors with extended
glycan chains, conferring potential for
increased avidity by simultaneously
binding two subunits of a single
hemagglutinin trimer.
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SUMMARY

Human and avian influenza viruses recognize
different sialic acid-containing receptors, referred
to as human-type (NeuAca2-6Gal) and avian-type
(NeuAca2-3Gal), respectively. This presents a spe-
cies barrier for aerosol droplet transmission of avian
viruses in humans and ferrets. Recent reports have
suggested that current human H3N2 viruses no
longer have strict specificity toward human-type re-
ceptors. Using an influenza receptor glycan microar-
ray with extended airway glycans, we find that H3N2
viruses have in fact maintained human-type speci-
ficity, but they have evolved preference for a subset
of receptors comprising branched glycans with
extended poly-N-acetyl-lactosamine (poly-LacNAc)
chains, a specificity shared with the 2009 pandemic
H1N1 (Cal/04) hemagglutinin. Lipid-linked versions
of extended sialoside receptors can restore suscep-
tibility of sialidase-treated MDCK cells to infection
by both recent (A/Victoria/361/11) and historical
(A/Hong Kong/8/1968) H3N2 viruses. Remarkably,
these human-type receptors with elongated bra-
nches have the potential to increase avidity by
simultaneously binding to two subunits of a single
hemagglutinin trimer.

INTRODUCTION

Human and animal influenza viruses are classified by the anti-
genic serotypes of the two major surface glycoproteins, hemag-
glutinin (HA), which binds to sialic acid containing receptors on
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the host cell, and neuraminidase (NA), which destroys receptors
and releases virus progeny from infected cells. Although 18 HA
and 11 NA serotypes are found in influenza A viruses that circu-
late in avian and mammalian species, only three combinations
have successfully adapted to humans (H1N1, H2N2, and
H3N2) (Yoon et al., 2014). Currently, only two viral subtypes
circulate within humans: H3N2, which emerged in the population
in 1968, and the novel HIN1 (pandemic H1N1) established in
2009, which replaced the seasonal H1N1 strains.

Human viruses and their avian virus progenitors differ in their
receptor specificity, which is believed to represent a major bar-
rier for avian virus transmission in humans (de Graaf and Fouch-
ier, 2014; Imai and Kawaoka, 2012; Paulson and de Vries, 2013;
Raman et al., 2014; Shi et al., 2014). Human influenza viruses
prefer receptors that are sialic acid «2-6 linked to galactose
(human-type), which are dominant on epithelial cells of the hu-
man airway. In contrast, avian influenza viruses exhibit preferred
recognition of receptors with sialic acid «2-3 linked to galactose
(avian-type) and bind poorly to human airway epithelium. In pre-
vious human pandemics (H1, H2, and H3) that originated from
avian viruses, only two amino acid mutations in the receptor-
binding pocket of the HA were sufficient to produce a switch
from avian-type to human-type specificity, providing a molecular
basis for this simple receptor paradigm (Connor et al., 1994;
Matrosovich et al., 2000; Skehel and Wiley, 2000; Stevens
et al., 2006).

Evolution of H3N2 influenza viruses through antigenic drift has
produced changes in receptor binding that have begun to blur
the definition of human-type receptor specificity (Li et al., 2013;
Lin et al., 2012). Changes in receptor-binding properties were
first noticed by the lack of agglutination of red blood cells in hem-
agglutination assays and the difficulty in recovery of virus from
patient samples through propagation in laboratory hosts (e.g.,
eggs and MDCK cells). Moreover, recent H3 isolates showed
increasingly reduced avidity and inconsistent specificity for

Cell Host & Microbe 217, 23-34, January 11, 2017 © 2017 Elsevier Inc. 23


mailto:jpaulson@scripps.edu
http://dx.doi.org/10.1016/j.chom.2016.11.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chom.2016.11.004&domain=pdf

Cell’ress

human-type receptors in receptor-binding assays (Gulati et al.,
2013; Lin et al., 2012; Medeiros et al., 2001; Nobusawa et al.,
2000; Stevens et al., 2010; Yang et al.,, 2015). These ob-
servations have suggested that human H3N2 viruses have not
maintained consistent receptor specificity during evolution in
the human population.

While the terms human-type and avian-type receptor speci-
ficity refer to the sequences NeuAca2-6Gal versus NeuAca2-
3Gal, respectively, these are the terminal sequence fragments
found on a diverse array of glycans that decorate glycoproteins
on the surface of a cell. Thus, these terms belie the true
complexity of the glycome and the potential for other aspects
of glycan structure to be important factors in receptor recogni-
tion. Glycan profiling of a human airway epithelial cell line (Chan-
drasekaran et al., 2008), human and ferret respiratory tract
tissues (Jia et al., 2014; Walther et al., 2013), and porcine airway
epithelial cells (Bateman et al., 2010) has revealed the presence
of Asn-linked glycans (N-glycans) with extended branches as a
unique characteristic of the airway glycome. While the branches
of N-glycans on most cell types extend from the mannose
core (ManzGIcNAc.Asn) by a single LacNAc (GalB1-4GlcNAc)
sequence, N-glycans in airway tissues exhibit extensions with
multiple LacNAc repeats. Although reports have observed that
LacNAc extensions enhance the recognition of human-type re-
ceptors by some human influenza HAs, a consistent picture
has not yet emerged (Chandrasekaran et al., 2008; Gulati
et al., 2013; Nycholat et al., 2012; Yang et al., 2015).

To investigate the importance of this unique feature of glycan
structure and to determine its contribution to receptor prefer-
ence during antigenic drift, we chemo-enzymatically synthesized
a series of N- and O-linked glycans extended with one to five
LacNAc repeats, and we evaluated the specificity of HAs from
H3N2 influenza viruses isolated between 1968 and 2011 using
glycan microarrays. We found that recombinant HAs and whole
H3N2 viruses exhibit preferential recognition of extended N- and
O-glycans terminating in a2-6-linked sialic acids. After 2003,
however, a pronounced preference was observed for branched
glycans that carry two «2-6 sialic acids and at least three LacNAc
repeats. Since little or no binding is observed to the same gly-
cans that terminate with «2-3-linked sialic acids, the basic
H3N2 preference for human receptors is maintained. Initially it
was thought that selectivity for extended glycan chains exhibited
by late H3 isolates might have arisen through steric hindrance by
N-glycans added proximal to the HA receptor-binding pocket
during antigenic drift, thus limiting the ability of shorter receptors
to access the binding site. However, comparison with endogly-
cosidase-treated H3s, and with the 2009 H1N1 pandemic
strain (Cal/04/09), revealed a similar restricted preference for
extended, branched N-glycans. We propose that preference
for branched glycans may result from increased avidity attained
by simultaneous bidentate binding to two HA protomers within
an HA trimer.

RESULTS

Preparation of an Influenza Receptor Glycan Microarray
with Extended Airway Glycans

Glycan microarray technology has become a widely used tool to
rapidly assess the receptor specificity of both HAs and whole

24 Cell Host & Microbe 21, 23-34, January 11, 2017

viruses (Blixt et al., 2004; Childs et al., 2009; Gulati et al., 2013;
Stevens et al., 2006). However, among the glycan arrays avail-
able to date, none have systematically covered N-glycans with
extended poly-N-acetyl-lactosamine (poly-LacNAc) sequences
found in human, swine, and ferret airway tissues. To develop a
glycan array library including these structures, we employed an
efficient chemo-enzymatic approach to extend poly-LacNAc
arms on N- and O-glycan core structures, using H. pylori $1-3
N-acetylglucosaminyltransferase (HP $1-3GnT) and mammalian
B1-4-galactosyltransferase (GalT-1), followed by capping the
terminal galactose residues with sialic acids in either a2-3 or
02-6 linkage, to create an equivalent set of avian-type and
human-type receptor analogs (Figure 1A).

The strategy was applied to six O-glycan cores, prepared as
previously described (Peng et al., 2012), and to four N-glycan
cores, prepared from the sialyl biantennary-N-glyco-hexapep-
tide (SGP) extracted from egg yolk (Seko et al., 1997) as illus-
trated in Figures S1A and S1B. The hexapeptide was retained
as a linker, since we found that trimming to single B-Asn reduces
subsequent printing efficiency on N-Hydroxysuccinimide (NHS)-
activated slides (Nycholat et al., 2012). Treatment of SGP with
neuraminidase and B-galactosidase yielded 53c, which could
be elaborated further to an N-linked core structure containing
Fuca1-6GIcNAc (60c) by reaction with fucosyltransferase FUT8
and GDP-Fuc (lhara et al., 2006). An N-linked core with a third
branch (62c) is produced by reaction with N-acetylglucosaminyl-
transferase GIcNAcT-5 and UDP-GIcNAc (Alvarez-Manilla et al.,
2010), and a core with both a third branch and core fucose was
produced by reaction with both enzymes (65c) (Figure S1B).

An example of the poly-LacNAc extension is illustrated for the
biantennary N-linked Core 53a in Figure S2. Each intermediate
with terminal galactose was further sialylated by either rat
ST3Gal-lll or human ST6Gal-I sialyltransferases to elaborate
the sialylated structures with a2-3 or #2-6 sialic acid, respec-
tively. For each step, prior to purification, the reaction mixture
was subjected to analysis by mass spectrometry to ensure that
no starting material remained. The homogeneous product was
obtained by size exclusion chromatography and characterized
by nuclear magnetic resonance (NMR) and/or MS analysis. In to-
tal, over 70 new sialylated O- and N-glycans were prepared with
extended chains comprising one to five LacNAc repeats, as
summarized in Figure 1B. Details of the synthesis and character-
ization of these compounds are provided in the Supplemental
Information.

A sialoside glycan array was prepared for analysis of influenza
receptor specificity by combining a library of the newly syn-
thesized sialosides with a library of sialylated glycans reported
previously (Nycholat et al., 2012; Wang et al., 2013) and printing
directly onto NHS-activated glass slides. The resulting sialoside
microarray contained 135 glycans, including ten non-sialylated
glycans controls (1-10), 69 avian-type sialosides (11-79), and
56 human-type sialosides (80-135) (Table S1). Arrays were sub-
jected torigid quality control analysis using plant lectins, such as
SNA, AAL, and RCA (Figure S3).

Receptor Specificity of HAs from Human H3N2 Viruses,
1968-2011

Several reports document loss of H3 avidity to human-type re-
ceptors during antigenic drift, which has been attributed to the
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Figure 1. Chemo-Enzymatically Synthesized «2-3 and «2-6 Sialo-
sides with Poly-LacNAc Extensions on N-Linked and O-Linked
Core Structures

(A) Scheme for the addition of poly-LacNAc structures on N-linked and
O-linked glycan core structures. Terminal Gal residues on core structures (R)
are iteratively elongated to contain a poly-LacNAc chain using H. pylori f1-3
N-acetylglucosaminyltransferase (a) and mammalian B1-4-galactosyltrans-
ferase (b, GalT-1). Each compound with terminal galactose is sialylated by
either rat ST3Gal-Ill or human ST6Gal-I sialyltransferases (c) to elaborate the
final sialylated structures with «2-3- or «2-6-linked sialic acid, respectively.
Synthesis of O-linked and N-glycan core structures are summarized in Fig-
ure S1. An example of the poly-LacNAc extension for a biantennary N-glycan is
shown in Figure S2.

(B) List of sialosides with poly-LacNAc extended O-linked and N-glycan cores
prepared for the glycan array. Compound numbers are used in glycan array
figures and throughout the manuscript. See also Figure S3 and Table S1.

accumulation of N-glycosylation that impacts receptor binding,
protein folding, and shielding of immunogenic sites (Gulati
et al., 2013; Lin et al., 2012; Medeiros et al., 2001; Nobusawa
et al., 2000; Skehel et al., 1984; Vigerust et al., 2007) (Table
S2). The potential for glycans added near the receptor-binding
pocket to impact receptor interactions is illustrated in Figure 2A
with a biantennary N-glycan modeled at each confirmed glyco-
sylation site on the HA trimer. To compare the impact of anti-
genic drift of H3 viruses on receptor avidity and on receptor
specificity, we produced representative recombinant HAs
spanning 1968-2011 in mammalian cells (293F) (Figure S4).

The avidity of the HAs for simple sialosides was assessed us-
ing an ELISA-like assay that was adapted to microarray format
by the immobilization of linear NeuAca2-3diLacNAc (3SLN,-L)
or NeuAca2-6diLacNAc (6SLN,-L) sialosides conjugated to
polyacrylamide (PAA) in micro wells of a glass slide (Figure 2B)
(McBride et al., 2016; Zhang et al., 2015). All H3 proteins from
1968 to 2003 showed high avidity and specificity to 6SLN,,
with no apparent binding to 3SLN,. By contrast, later H3 pro-
teins, Perth/09 and Vic/11, lost all binding avidity to 6SLNo..
These results are in agreement with previous reports.

In contrast to the altered binding in the ELISA assay, HAs from
1968 to 2011 all exhibited remarkably similar receptor specificity
on the expanded sialoside array, with exclusive binding to «2-6
sialosides (Figure 2C). On further inspection, the earliest HAs
bound a broader range of glycans than the later strains. Binding
of HAs to linear fragments of larger glycans (83-86) and linear
O-glycans (87-91, 99-103, 109, and 110) was most variable,
with weakest binding to glycans with only one or two LacNAc
(83, 84, 86, 87, 88, 92, 93, 99, and 100). Branched O-glycans
with at least three LacNAc repeats were strongly bound by all
the HAs (95-98 and 106-108), while glycans with one or two re-
peats were bound more weakly (92, 93, 104, and 105). Strikingly,
the region of the array displaying N-glycans (116-131) exhibited
a comb-like appearance for HAs after 1975. The strongest bind-
ing was observed to extended glycans with three to five LacNAc
repeats in each core series, including biantennary glycans
without (120-122) and with (124 and 125) core fucose and trian-
tennary chains both without (127 and 128) or with (130 and 131)
core fucose (see Figure 1B). Conversely, in each series, there
was relatively poor binding to glycans with two LacNAc repeats
(118, 123, 126, and 129), resulting in the gaps and a comb-like
appearance. Although one N-glycan with three LacNAc repeats
(119) showed less avid binding, this glycan had a single B-Asn
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Figure 2. Receptor Specificity of Recombi-
nant H3 Hemagglutinins Spanning 1968-
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(A) Visualization of the increase in the number of
N-glycans that have accrued during H3N2 anti-
genic drift. A top view of HA is shown with the HA
protein in gray with sialic acid (magenta) «2-6 linked
to a galactose (yellow) in the receptor-binding site
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biantennary-N-glycans (red spheres) are modeled
at each known glycosylation site on the HA surface
(see also Figures S4 and S5 and Table S2). Strain-
specific glycosylation sites are modeled onto the
structure of Vic/11 H3 in each case.
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(C) Recombinant H3 HA proteins exhibit specificity
for a subset of human-type receptors. Glycans on
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dependent replicates on the array after removal of
the highest and lowest signals.

aliquots of eight of the same viruses
that were isolated from respiratory secre-
tions and produced in MDCK cells, we
evaluated receptor specificities on the
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linker that had reduced coupling to the NHS-activated slides
compared to the hexapeptide linker of the other N-glycans
(118 and 120-131). In summary, despite the apparent loss of
avidity of H3 after 2003, these HAs maintained binding to
extended, branched N- and O-glycans on the array, providing
evidence of conserved receptor specificity during almost 50
years of antigenic drift.

Comparison with Previous Specificity Results of
2006-2007 H3N2 Viruses

Previous glycan array analysis of influenza viruses isolated in
2006 and 2007 reported widely varying receptor specificity for
different isolates and inconsistent preference for human-type
22-6 sialosides (Gulati et al., 2013; Stevens et al., 2010). Using
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expanded array (Figure 3). It was
apparent that these viruses have a very
similar binding pattern compared to one
another and to recombinant H3 HAs (Fig-
ure 2). All H3N2 viruses consistently
bound to branched o2-6 sialosides
with three to five LacNAc repeat unit ex-
tensions, including, for most viruses, the
comb-like pattern resulting from reduced binding to di-LacNAc
extended glycans for each N-glycan core (116-131).

These results are in contrast to glycan array analyses reported
previously for the same viruses (Stevens et al., 2010), where it
was concluded that there was no consistent receptor specificity
and that some viruses bound preferentially or equally to 2.2-3 sia-
losides. In light of data presented here, this discrepancy now
clearly resulted from a lack of extended receptors on previously
available glycans arrays (Figure 1B). Our expanded array library
also features glycans employed in these earlier studies that are
shown in red in Figure 3. Looking at the red highlighted signals,
it is apparent that binding to these receptors was weak relative
to the robust binding to extended «2-6 sialylated glycans. More-
over, if the highlighted red signals in Figure 3 are normalized to full
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Figure 3. Receptor Specificity of 2006/2007 Human Influenza A H3N2 Viruses

(A-H) Intact H3N2 viruses exhibit consistent human-type receptor specificity on the expanded sialoside array. Viruses tested were from frozen aliquots of human
influenza isolates grown on MDCK cells Florida/06 (A), Georgia/06 (B), Honduras/06 (C), New Hampshire/06 (D), New Jersey/06 (E), New York/2/06 (F), New York/
3/06 (G), and Pennsylvania/07 (H), and they were identical to those previously found to have varied specificity on a glycan array without poly-LacNAc extended
N-linked and O-linked glycans (Stevens et al., 2010). The signals highlighted in red correspond to the glycan structures on the microarray used in the previous

study. See also Table S1.

Signals are the mean and SE calculated for six independent replicates on the array after removal of the highest and lowest signals.

scale (as normally done in array experiments) and only these sig-
nals are considered in assigning receptor specificity, specificity
of the various viruses does indeed appear varied as reported pre-
viously (Stevens et al., 2010). However, on this expanded array
that includes glycans with extended glycan chains, the receptor
specificities of the viruses are remarkably similar.

Specificity of H5N1, Avian H3N8, Human H3N2, and
Pandemic HIN1 HAs

To place the preference of H3 HAs for extended o2-6 sialosides
into a broader context, we compared receptor specificities from
an H5N1 virus (A/VN/1203/04, isolated from human but with
avian-type receptor specificity), the avian H3 pandemic progen-
itor virus (A/Duck/UKR/63 [H3N8]), a human 2010 H3N2 virus
sequenced directly from the clinical isolate without prior growth

in laboratory hosts (A/HK/6934/10), and the H1N1 2009
pandemic virus (A/Cal/04/09) (Figure 4). The H5 and avian H3
progenitor HAs recognized only 2-3 sialosides, with a prefer-
ence for branched N- and O-glycans and little selectivity for
length, thus confirming that the specificity of these avian viruses
is maintained across a diverse range of glycans (Figures 4A and
4B). In contrast, the 2010 H3N2 clinical isolate exhibited the most
restricted specificity, binding exclusively to branched N- and
O-linked =2-6 sialosides (Figure 4C).

The 2009 H1N1 pandemic virus Cal/04/09 is well documented
to exhibit low avidity in receptor-binding assays, precluding
analysis of receptor specificity on glycan microarrays due to inef-
ficient binding (Stevens et al., 2010). Remarkably, on this
expanded array, Cal/04/09 HA exhibited robust and restricted
binding to extended, branched «2-6 sialosides with preference
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Figure 4. Receptor Specificity of HA Proteins from a Human
H5N1 Infection, an Avian H3N8, a Clinical H3N2 Isolate, and 2009
Pandemic H1N1

(A and B) Glycan microarray analyses of (A) recombinant H5 HA from A/Viet-
nam/1203/04 H5N1 and (B) an avian H3 precursor to the 1968 human
pandemic strain (A/Duck/Ukraine/1/1963 [H3N8]) show typical avian-type
specificity for «2-3 sialosides.

(C and D) Glycan microarray analyses of (C) recombinant H3 from an A/HK/
6934/2010 (H3N2) patient isolate and (D) H1 Cal/04/09 HA show binding
almost exclusively to N-glycans with three or more LacNAc repeats.

Signals are the mean and SE calculated for six independent replicates on the
array after removal of the highest and lowest signals.

for N-glycans with three or more LacNAc repeats (120-122, 124,
125, 127, 128, 130, and 131) and a single branched O-glycan
with five LacNAc repeats (108). Thus, as exemplified by the H3
HAs (Figures 2 and 3) and this low-avidity 2009 pandemic virus
(Figure 4D), human influenza HAs consistently bind branched
N- and O-glycans with three or more LacNAc repeats with higher
avidity than linear glycans and branched glycans with shorter
chains.
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Extended Glycan Receptors Increase Avidity and
Support H3N2 Infection of MDCK Cells

To directly assess the biological impact of glycan length, we
coupled linear and N-glycans with one to four LacNAc repeats
to biotin for ELISA-type assays and to lipids to assess their
ability to serve as receptors for virus infection in MDCK cells
(Figure 5A). The avidity of H3 HAs from HK/68 and Vic/11,
representative of early and late strains, was assessed by over-
laying purified HA onto biotinylated glycans adsorbed to strep-
tavidin-coated plates. For HK/68 H3, binding to linear glycans
(6SLN4_4-L) was weak and had little dependence on glycan
length. Binding to shorter branched N-glycans (6SLNi_o-N)
showed similarly low avidity to linear receptors, while binding
to longer N-glycans (6SLN3;_4-N) was dramatically stronger
(Figure 5B, left). In contrast, for Vic/11 HA, binding was strongly
dependent on glycan length for both linear and branched
N-glycans. Indeed, there was no detectable binding to shorter
receptors (6SLN;_>-L and 6SLN_-N) over the avian virus
receptor control (3SLN,-L), and there was strong binding to
longer glycans (6SLN3 4-L and 6SLN3z 4-N), amounting
to >100-fold higher avidity relative to the non-binding shorter
glycans (Figure 5B, right).

To assess the length dependence of sialosides as receptors
for infection, we reasoned that MDCK cells could be engi-
neered to carry synthetic sialoside receptors coupled to lipid
anchors that would spontaneously insert into the cell mem-
brane, as shown for glycolipid receptors of Sendai virus (Mark-
well and Paulson, 1980; Markwell et al., 1981). To this end,
MDCK cells were treated with C. perfringens neuraminidase
(CPN) to destroy endogenous receptors, overlaid with lipid-
conjugated glycans, and incubated briefly with low-titer virus
samples. After washing, bound viruses were allowed to repli-
cate for 48 hr and final titers were assessed by plaque assay.
For both HK/68 and Vic/11, CPN pre-treatment of cells effec-
tively abolished susceptibility to infection, while cells treated
with the lipid-linked avian-type receptor (3SLN3) produced no
virus. However, for HK/68, susceptibility to infection was
fully restored by lipid-linked human-type receptor glycans
(6SLN4_3-L and 6SLN4_3-N) regardless of length (one to three
LacNAc repeats) or branching (Figure 5C, left). In contrast, for
Vic/11, susceptibility to infection was restored more selectively,
with strong preference for longer glycans. For the linear series,
B6SLN3-L restored replication equivalent to native MDCK cells,
with 6SLN,-L somewhat less, and the virus did not replicate
with 6SLN;-L (Figure 5C, right). For the biantennary N-glycans,
only the longest human-type receptor (6SLN3-N) restored
replication, recapitulating the binding activity results of the
ELISA assays and glycan arrays.

Preference for Extended, Branched N-Linked Receptors
Is Not Due to the HA Glycan Shield

One possible explanation for the striking preference of the exem-
plary Vic/11 HAs for extended glycan receptors is that they are of
sufficient length to allow the sialic acid to reach the receptor-
binding site without being sterically restricted by N-glycans
added around the HA receptor-binding site. To directly assess
this possibility, we expressed the A/Vic/11 and A/HK/68 HAs in
HEK293S cells that produce only high mannose glycans, allow-
ing them to be removed by treatment with endoglycosidase H
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Figure 6. HA Deglycosylation Does Not Restore Binding to Shorter
Glycan Receptors in Vic/11

(A) Vic/11 HA was expressed in 293S cells (left) and natively deglycosylated
using Endo H (center). As a control, a small HA sample was denatured prior to
Endo H treatment (right) to ensure complete deglycosylation of the folded
protein.

(B) Receptor specificities of glycosylated (upper) and Endo H-treated (lower)
Vic/11 HA were analyzed by glycan microarray. See also Figure S7.

Signals are the mean and SE calculated for six independent replicates on the
array after removal of the highest and lowest signals.

(Endo H). As shown in Figure 6A, Endo H removed the glycans
efficiently, yielding an apparent molecular weight (63.2 kDa)
equivalent to that of Endo H-treated HK/68 HA (Figure S7A).
Remarkably, glycan arrays showed no change in specificity as
a result of deglycosylation (Figures 6B and S7B). In particular,
Vic/11 maintained its extreme preference for human-type
branched N-glycans with at least three LacNAc repeats, result-
ing in the familiar comb-like appearance for binding to N-glycans
115-131.
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Molecular Dynamics Simulation of Bidentate Binding

of an N-Glycan to an HA Trimer

Itis striking that H3 HAs from 1989 to 2011 and the Cal/04/09 H1
HA bind with higher avidity to branched, extended N-glycans
with more than two LacNAc repeats. Since this specificity
does not appear to be sensitive to the presence of HAN-glycans,
we considered that the extended, branched glycans could adopt
a unique geometry that permits simultaneous bidentate binding
to receptor sites on two protomers within the same HA trimer,
which are ~45 A apart (Figures 7A and 7B). To assess this pos-
sibility, 3D structures for biantennary glycans were generated
and grafted (Nivedha et al., 2014) onto the bound receptor oligo-
saccharide in a crystal structure of HA (CA/04/09; PDB: 3UBE),
such that the NeuAca2-6Gal receptor fragment was constrained
to bind in the same conformation in the reported structure (Grant
et al., 2016; Xu et al., 2012). NeuAca2-6Gal on the other arm of
the glycan was then brought toward the binding site of an adja-
cent protomer by varying the intervening glycosidic linkages
within normal angular bounds (Nivedha et al., 2014). Structures
that were closest to displaying bidentate binding were subse-
quently refined using molecular dynamics simulation. Modeling
data showed that SLN, glycans were too short to form bidendate
complexes (Figure 7C), whereas longer glycans with SLNg,
SLN4, and SLN5 extensions were capable of adopting low-en-
ergy shapes that permitted simultaneous binding of the two
arms, as illustrated for SLNz in Figure 7D (see also Movies S1,
S2, S3, and S4). It is notable that attempts to simultaneously
dock both branches of a biantennary SLN5s glycan terminating
with the NeuAcu2-3Gal linkage failed to generate bidentate
complexes.

Modeling also confirmed the potential for bidentate binding to
the HA of glycosylated H3N2 viruses. To generate an ensemble
of conformations, molecular dynamics (MD) simulations for a
glycosylated model of an H3 (Vic/11; PDB: 405N) trimer with
asialo-LacNAc-biantennary-N-glycans at positions N165 and
N246 were performed. Although some conformations of glycans
at N165 and N246 led to clashes with a bound bidentate receptor
glycan, orientations of glycans at N165 and N246 were identified
that tolerated bidentate binding (see Figure S5).

The results confirm the ability of extended (SLN3 or longer)
branched glycans to form bidentate complexes with either
glycosylated or non-glycosylated H3 HAs. Bidentate binding
would increase the avidity of the glycan-HA binding, consistent
with the comb-like binding pattern in the glycan array data
(Figures 2, 3, and 4).

DISCUSSION

Despite reports that evolution of the human H3N2 virus has been
accompanied by diminished recognition of human-type recep-
tors (Gulati et al., 2013; Yang et al., 2015), we find that the virus
has maintained consistent specificity for a subset of branched
human-type receptors that have sialic acid #2-6 linked to poly-
LacNAc extended glycans, with little or no binding to the same
glycans with «.2-3 sialic acids. Although the preference for longer
glycans has become exaggerated over time and coincides with
the acquisition of additional glycans around the receptor-binding
pocket during antigenic drift, we show here that restricted spec-
ificity of the recent H3 isolates is unrelated to the steric clash of
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Figure 7. Proposed Model of Bidentate Binding of N-glycans into the H1 Cal/04/09 HA Trimer
(A) Summary of the distances between the C2 atoms in the sialic acids in each arm of each biantennary N-glycan is shown (see Figure S6 for triantennary

sialosides).

(B) The distance between the C2 atoms of the sialic acid in two binding sites (cyan) of the HA1 head group trimer. Bound disaccharide ligands (NeuAca2-6Gal) are

shown in sticks (magenta/yellow).

(C) The di-LacNAc sialoside 118 is incapable of bivalent binding to two receptor-binding sites within a Cal/04 HA trimer.
(D) The tri-LacNAc sialoside 120 is capable of spanning the distance between two receptor-binding sites within an H1 Cal/04/09 HA trimer. Inset: the sialic acid of
the biantennary N-glycan adopts the same conformation as the receptor glycan (NeuAca2-6Gal) in the crystal structure (see also Movies S1, S2, S3, and S4 and

Figure S5 for a top view of the H3 HA trimer in complex with sialoside 120).

glycans added to the HA (Figure 6). We suggest that the strong
preference for branched longer-chain glycans of the receptor
can result from the potential to increase avidity by binding to
two protomers of the same HA trimer. It appears that the
enhanced specificity of late H3N2 isolates is largely due to a
process of avidity maturation, where H3 HAs are evolving a
binding mode favoring multivalent receptor interactions and
simultaneously losing specificity for shorter, linear receptors
incapable of supporting these contacts.

N-glycans used in our array here are observed in respiratory
tissue of different influenza-susceptible species including
humans. Although the requirement for N-glycans in cell-based
experiments is still unclear (Chu and Whittaker, 2004; de Vries
et al.,, 2012), it is remarkable that the extended biantennary
N-glycans linked to lipids could by themselves restore infection
to receptor-deficient MDCK cells. Clearly, they are sufficient to
mediate binding of the virus to the surface of the cell; however,
we know that sialic acids are replaced on the surface of
neuraminidase-treated cells within hours of treatment. Thus, it
remains to be seen if the lipid-linked glycans mediate binding
only or both binding and endocytosis of the virus.

Here we also provide evidence that branched N-glycans with
at least three LacNAc repeats are capable of forming bidentate

binding with their sialic acid termini, where two branches can
bridge the binding sites of two protomers on the same HA trimer.
This binding mode effectively increases avidity, and it is particu-
larly relevant to the human 2009 pandemic Cal/04/09 H1N1
virus, which has the strictest specificity for branched N-glycans
(Figure 4D). In this context, it is notable that the NeuAco2-6Gal
linkage has a preferred low-energy solution conformation of
the terminal tri-saccharide that allows NeuAca2-6Galf1-
4GIcNAc to project the glycan chain up over the 190 helix toward
the top of HA (Chandrasekaran et al., 2008), and, as a conse-
quence, positions the rest of the glycan at the apex of the trimer,
allowing the other branch to bridge to the receptor-binding site of
an adjacent HA subunit (Figure 7; Movies S1, S2, S3, and S4).
In this report, observations of H3 HA binding to a series of
structurally related glycans in different assays and use of an
expanded glycan array provide relevant insights into ambiguous
receptor specificity analyses from previous studies. For recent
H3 isolates, it is evident that shorter glycans cannot reliably be
used to assess receptor specificity, since the binding mode
over the evolution of H3N2 from 1968 to present day favors re-
ceptors with extended glycans without any change in specificity
for human-type receptors. We and others have shown that his-
toric H3N2 strains bind to linear a2-6 sialylated glycans (Gulati

Cell Host & Microbe 21, 23-34, January 11,2017 31

CellPress




Cell’ress

et al., 2013; Lin et al., 2012; Yang et al., 2015). However, after
2003, H3 HAs appear to exhibit relatively weak and inconsistent
binding to linear glycans, even when featuring up to five LacNAc
repeats (e.g., glycans 83-85 and 87-91). However, N-glycans
with three or more LacNAc units exhibit robust and reproducible
binding to all H3s tested (Figures 2, 3, and 4).

While these observations fully support our proposed model of
bidentate binding, factors other than glycan structure can influ-
ence binding avidity. For instance, in the glycan array, the linear
glycans are coupled to the array surface with a short linker (etha-
nolamine), while the N-glycans are further extended from the
array surface by the Man3;GIcNA, core and a hexapeptide linker.
In the ELISA assay, the same glycans are uniformly coupled to
longer biotinylated linkers (LCLC-biotin) bound to streptavidin.
Here, linear glycans featuring four LacNAc repeats exhibit com-
parable avidities to N-linked counterparts when binding to Vic/11
HA. In infectivity assays, glycans are attached to lipid via a
2000 MW PEG linker, dramatically extending distance from the
surface again. In this format, linear glycans now with only two
or three LacNAc repeats are able to restore infectivity to recep-
tor-deficient MDCK cells. Converse to this apparent linear vari-
ability, in all three assays, length dependence for biantennary
N-glycans is far more strongly conserved, with three or more
LacNAc repeats required for binding. This suggests that, for re-
ceptors featuring multiple antennae, the length of the glycan arm
relative to its attachment to the branching core is what is impor-
tant, and extending the linker has no additional impact.

Although glycomic profiling of an airway epithelial cell line
(Chandrasekaran et al., 2008), human and ferret respiratory
lung tissues (Jia et al., 2014; Walther et al., 2013), and swine res-
piratory epithelium (Bateman et al., 2010) suggests the presence
of extended, branched N-glycans similar to those studied here,
definitive analysis of human airway epithelium and, in particular,
different sections of the airway still remains to be carried out.
A recent report suggesting that the soft palate of ferrets plays
a prominent role in the selection of HA mutations that promote
a switch from avian-type to human-type receptor specificity
(Lakdawala et al., 2015) emphasizes how potential variation in
the expression of receptor glycans in different regions of the up-
per airway could account for selection of viruses with specificity
for extended human-type receptors. Clearly, additional informa-
tion on the types of glycans expressed along the human airway
epithelium will help refine our understanding of selective pres-
sures that maintain human-type receptor specificity in human
influenza viruses and the role of receptor binding as a barrier
for the emergence of new pandemic viruses from avian and other
animal influenza viruses.

The practical implications of these findings extend to the diffi-
culty of isolating and propagating recent H3N2 viruses for the
production of vaccines (Asaoka et al., 2006). It is well docu-
mented that the propagation of primary isolates in MDCK cells
and eggs is difficult, and it often results in mutations in the HA
and neuraminidase (NA) that compensate for weak binding of
the virus to receptor glycans found in those hosts (Hardy et al.,
1995; Lee et al., 2013; Nobusawa et al., 2000). When the problem
for isolation of virus in MDCK cells was first recognized, MDCK
cells engineered to contain a higher density of human-type re-
ceptors were found to improve recovery of virus from human
samples (Oh et al., 2008; Hatakeyama et al., 2005). Knowledge
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that recent H3N2 viruses prefer extended, branched glycan re-
ceptors provides a further rational basis to identify or engineer
laboratory hosts that contain receptors favorable for binding of
human influenza viruses.

EXPERIMENTAL PROCEDURES

Synthesis of Glycans

Glycan core structures were prepared as previously described (Peng et al.,
2012). The poly-LacNAc chains were obtained by chemo-enzymatic extension
using H. pylori 1,3-GIcNAcT and mammalian GalT-1, subsequently followed
with sialylation by either hNST6Gal-I or rST3Gal-IIl (Figure 1A). Full details of all
synthesis steps are included in the Supplemental Experimental Procedures.

Glycan Array Printing and Quality Control

Glycan arrays were custom printed on a MicroGridll (Digilab) using a contact
microarray robot equipped with StealthSMP4B microarray pins (Telechem),
as previously described (Xu et al., 2012). Briefly, samples of each glycan
were diluted to 100 uM in 150 mM NazPO, buffer (pH 8.4). Aliquots of 10 ul
were loaded in 384-well plates and imprinted on NHS-activated glass slides
(SlideH, Schott/Nexterion), each containing six replicates of each glycan. Re-
maining NHS-ester residues were quenched by immersing slides in 50 mM
ethanolamine in 50 mM borate buffer (pH 9.2) for 1 hr. Blocked slides were
washed with water, centrifuged dry, and stored at room temperature until use.

Expression and Purification of Recombinant HA

Recombinant H3 subtype HAs from 1968 to 2011 viral isolates, A/HK/1/68
(HK/68), A/Victoria/3/77, A/Beijing/353/89, A/Wyoming/3/03, A/Perth/16/09,
and A/Victoria/361/11 (Vic/11), were expressed in 293F freestyle expression
system as described previously (Lee et al., 2014). H1 A/Cal/04/09 (Cal/04/
09), H3 A/HK/6934/10, H3 A/Duck/UKR/63, and H5 A/VN/1203/04, and for
some experiments Vic/11, HAs were expressed in HEK293S (GnTI™/") cells
and purified from the cell culture supernatants as described previously
(de Vries et al., 2013).

Preparation of H3N2 Viruses

The H3N2 viruses used in this study, A/Florida/2/06, A/Georgia/4/06,
A/Honduras/3112/06, A/New Hampshire/3/06, A/New Jersey/2/06, A/New
York/2/06, A/New York/3/06, A/Pennsylvania/4/07, and Vic/11, were obtained
from the Centers for Disease Control and Prevention (CDC) and the CDC-Influ-
enza Reagent Resource (CDC-IRR). They were grown in MDCK cells, purified,
and frozen in aliquots for glycan array analysis, as previously described
(Stevens et al., 2010).

Glycan Array Analysis Experiments

Purified, soluble trimeric HA (50 ng/mL) was pre-complexed with either an anti-
HIS or anti-Strep mouse antibody and an Alexa647-linked anti-mouse IgG was
added (4:2:1 molarratio) for 15 min onicein 100 uL PBS-T; this was incubated on
the array surface in a humidified chamber for 90 min. Array analysis of inacti-
vated virus stocks was performed as described previously (Stevens et al., 2010).

ELISA with Biotinylated Glycans

For glycan ELISA, purified HA trimers were concentrated to 500 pg/mL, pre-
complexed with anti-HIS mouse antibody and HRP-conjugated anti-mouse
IgG, then diluted in series to appropriate assay concentrations (typically
40-0.05 pg/mL final). Preparation of streptavidin-coated plates with bio-
tinylated glycans, incubation, and washing of pre-complexed HA dilutions
was exactly as previously described (Chandrasekaran et al., 2008).

Virus Infection Study

MDCK cells were grown to confluency in six-well tissue culture trays and di-
gested with 50 units (per well) of commercial CPN (New England BiolLabs).
Cells were then incubated with 3 uM (final) glycolipid (6SLN4_s-L/N lipid) for
20 min, followed by 50-80 plaque-forming units (PFUs) virus for 10 min. Bound
virus was allowed to grow for 48 hr at 37°C, with final solution titers assessed
by plaque assay. Full virus infection protocols are described in the Supple-
mental Experimental Procedures.



Molecular Modeling

For 3D structure generation, initial conformations for biantennary o2-6 di-, tri-,
tetra-, and penta-LacNAc glycans were built and energy minimized using
GLYCAM-Web (http://www.glycam.org). The trimeric HA1 domains of H1
Cal/04/09 and H3 Vic/11 were generated from PDB: 3UBE and 405N, respec-
tively. For complexes, each N-glycan receptor was grafted into an HA-binding
site by superimposing the NeuAca2-6Gal-binding motif of one branch onto
the crystal structure of the ligand bound to the HA. Structures were then
refined and energy minimized to assess the ability of the sialic acid on the other
branch to reach the binding site of another protomer. Details are provided in
the Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, two tables, and four movies and can be found with this article
online at http://dx.doi.org/10.1016/j.chom.2016.11.004.
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