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Influenza A virus

Influenza viruses belong to the Orthomyxoviridae family and are divided into four
genera (A, B, C, and D). Whereas influenza B, C, and D viruses generally only
present mild symptoms, the effects of influenza A viruses (IAVs) can be more
severe [1]. Furthermore, IAVs are the most common of the influenza viruses and
have the potential to cause pandemics in humans [2]. Virus parficles are
enveloped and proteins are encoded on eight single-stranded negative-sense
RNA segments with a total length of 12-14kb (Fig. 1) [3]. IAVs encode for three
subunits of the viral polymerase (PB1, PB2, and PA), a nucleoprotein (NP), a matrix
protein (M1), a membrane protein (M2), two nonstructural proteins (NST and NS2),
and the surface glycoproteins neuraminidase (NA) and hemagglutinin (HA) [4]. In
IAVs, 18 anfigenically distinct HA subtypes and 11 NA subtypes are distinguished
[2, 3] that evolve continuously due to immune selection and adaptations to hosts,
resulting in antigenic and functional drift [4]. Additionally, recombination events
(antigenic shift), in which genetic fragments are exchanged between two virus
parficles, can occur when one individual is infected with two different |AVs
simultaneously [1, 5].
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Fig 1. Representation of an influenza A virus particle. The figure indicates the lipid
envelope, eight negative-sense RNA fragments encoding the different IAV proteins, and
proteins that are present in the virus particle. Figure from [2].
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Avian influenza A viruses

Waterfowl are the main host reservoir for IAV worldwide [3] and, therefore,
recombination events can easily occur in these hosts, as has happened for some
HS5N1 and H7N9 viruses [6]. The coevolution of birds and IAV causes infections to
be often asymptomatic in avian species [7]. However, low pathogenic avian
influenza viruses of the H5 and H7 subtypes can become high pathogenic variants
when the HA proteolytic cleavage site mutates towards multiple basic amino
acids, with mortality rates approaching 100% [7, 8]. Besides infection in wild birds,
the consequences of IAV infections in pouliry (especially of H5, H7, and H?) can
be severe. Since 2005, H5 and H7 IAVs have caused plentiful outbreaks in avian
species (Fig. 2) and were responsible for the death of at least 422 million domestic
birds [?]. Especially the viruses which arose from the A/goose/Guangdong/1/1996
(Gs/GD) lineage of H5 have been circulating in both wild birds and pouliry since
1996 and are causing major problems [8]. These Gs/GD HS5 viruses mutated
towards the highly pathogenic 2.3.4.4b HA subclade which has been circulating
since 2020 and caused over 4000 disease outbreaks. Besides the 2.3.4.4b viruses
causing extremely high mortality in birds, significant transmission to mammails
occurs [10-14]. Furthermore, occasionally other avian IAVs (HS5, H6, H7, H?, and
H10) are tfransmitted to humans [6] and avian H5, H7, and H? IAVs have all caused
epidemics in humans [1]. H5 and H7 avian IAVs have so far caused 2634 human
cases with over 1000 fatalities [9].
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Fig 2. Overview of the number of highly pathogenic avian H5 influenza A virus detections
in 37 countries in domestic and wild birds. Modified from [14].
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Human influenza A viruses

In humans, seasonal influenza strains from the H3N2 and HIN1 subtypes are
circulating [15]. Addifionally, humans are sporadically infected with avian IAVs
(H3, H5, H6, H7, H?, and H10) [13]. An estimated four million severe cases occur
annually, resulting in approximately half a million deaths [1, 2]. The symptoms of
IAV infection in humans include fever, headache, cough, sore throat, myalgia,
nasal congestion, weakness, and loss of appetite [16]. In some cases,
complications affecting the heart, central nervous system, and other organs are
observed. Pneumonia due to IAV or a secondary bacterial infection in the lower
respiratory tract can be lethal [2]. Four IAV pandemics (Fig. 3) of the subtypes HIN1
(1918), H2N2 (1957), H3N2 (1968), and HINT (2009) have struck [15, 17].
Additionally, in 1977, HIN1 viruses started to circulate in the human population
without causing a pandemic [2]. Vaccines for IAV are updated every year to
correct for the continuous antfigenic drift of especially the viral surface
glycoprotein HA, which is the most abundant protein on the virus surface and a
major antigenic determinant [2, 6, 17, 18].

H3N2

H2N2 I
? HIN1 HIN1 l HIN1

1918 1957 1968 1577 2009

Figure 3. Timeline of seasonal influenza A virus in humans. Figure adapted from [2].

Influenza A virus in other mammals

Although most studies investigate either human or avian viruses, IAVs also occur in
different mammalian species (Fig. 4). In horses, only two subtypes of IAVs are
reported, which are divergent from other IAVs. The H7N7 viruses circulated in the
equine population until 1979 but are believed to be extinct since then. Currently,
H3N8 viruses are circulating in horses worldwide. Equine influenza viruses usually
cause mortality of around 1%, but some lineages have had mortalities up to 20%
[19, 20].

The equine H3N8 viruses have also infected dogs. These viruses adapted to dogs
afferward and confinued fo circulate for about 20 years without reinfections of
horses [21-24]. Additionally, H3N2 viruses are endemic in dogs and, sporadically,
dogs are infected with H1 and H5 IAVs [21-24]. Cats have been infected with HT,
H3, H5, and H7 IAVs, but the viruses rarely circulate in cats [22, 23].

In swine, subtypes H1, H3, H4, and H? are detected, of which many are endemic
in various regions of the world. These viruses cause sickness in most animals, but
mortality is generally low, although it can be 10-15% in naive pigs [25, 26]. IAVs
have been reported to fransmit regularly between swine and humans, although
little human-to-human fransmission of swine IAVs has been reported. Additionally,
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swine are thought to be a mixing vessel for IAVs because of the presence of a
wide array of IAV receptors and infection with different subtypes [13, 26].

In marine mammails, IAVs of the H1, H3, H4, H5, H7, H10, and H13 subtypes have
been reported, affecting up to 20% of the local seal population [27-31].
Furthermore, ferrets are well known to be highly susceptible to infection by human
and many other IAVs [22] and natural infections of the H1, H3, and H5 subtypes
have been reported [13]. Additionally, minks have been infected with H1, H3, H5,
H7, H?, and H10 IAVs [13, 22]. Many other mammals have been reported to be
naturally infected with |AVs, such as pikas (H5, H7, H?), camels (H1, H3, H7), foxes
(H5, H9), cattle, sheep, goats, yaks, water buffalos and deer [13, 25]. In conclusion,
a wide array of mammals can be infected by IAVs, while the lethality can depend
on the adaption of the replication machinery, the glycan-binding capabilities of
the virus, and the glycan display in the different hosts [32-34].
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Fig 4. Schematic overview of the cross-species transmission of different subtypes of
influenza A virus. From [35].

Classical receptor binding epitopes of influenza A viruses

The crucial first step of IAV infection is the binding of the HA to a glycan receptor
on the cell surface. Afterward, the virus is taken up by endocytosis, after which
fusion of the viral envelope and the endosomal membrane leads to the release
of the viral genome into the cytoplasm of the cell [36]. HAs are present on the viral
membrane as homotrimers [36] and bind to receptors using their receptor binding
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site (RBS) through hydrogen bonds and van der Waals contacts [37]. The RBS
consists of three main domains, which are the 130-loop (residues 134-138), the 190-
helix (residues 188-195), and the 220-loop (residues 221-228) (Fig. 5). The main
highly conserved residues that interact with the receptor are Y98, W153, and H183
[18, 36, 37]. The major antigenic sites of IAV are present in the HA and overlap with
the RBS. Immune evasion can be achieved by escape mutations and by
mutations that enable additional N-glycosylation of the HA, thereby shielding the
previously used antigenic sites. Therefore, the immune evasion, which is necessary
for the virus to be maintained in the population, can change and affect the
receptor binding [38-41].

R domain

|
1
| 190 helix
|
|
|
|

Fig 5. The receptor binding site of influenza A virus. The receptor binding site is present in
the hemagglutinin and consists of the 130-loop, 190-helix, and 220-loop. Figure from [36].

The receptors for IAVs are sialic acids (Sias), which are a group of derivate sugars
with nine carbons with neuraminic acid as the core structure (Fig. 6) [42, 43]. Three
main forms of Sias are distinguished by the modification of the 5-carbon position,
which are N-acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic acid
(NeuSGc), and 2-keto-3-deoxynononic acid (KDN). Additionally, the 4, 5, 7, 8, and
9-positions of the Sias can be modified with, among others, acetyl-, sulfo-, methyl-
, lactam-, phospho-, and lactyl-groups, thereby forming more than 50 structurally
distinct molecules [43, 44]. These Sias are capping glycans on glycoproteins and
glycolipids, which are present on the cell surface [45, 46].
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Fig 6. Examples of different forms of sialic acids. Modified from [47].

The vast majority of IAVs use terminal NeuSAc as their receptor, linked to the
penultimate galactose (Gal) on a glycan by either an a2,3- or a2,6-linkage. The
presence of a2,3- and a2,6-linked NeuSAc varies between and within species [42,
48, 49] and is summarized for mammals in chapter 2. The receptor binding of
human and avian IAVs is well characterized and, therefore, here we focus on the
receptor binding of those IAVs. Classically, the a2,3-linked NeuS5Ac is the receptor
of avian IAVs, while the a2,6-linked NeuS5Ac is considered the receptor for human
IAVs, corresponding to the most abundant Sias at the epithelial surfaces that are
infected [2, 6, 18, 50]. Therefore, the ability of the HA to bind either a2,3- or a2,6-
linked NeuSAc is commonly considered a species barrier between avian and
mammalian species [6, 42, 46]. However, receptor binding of IAVs is much more
complex than just binding to a2,3- or a2,6-linked Neu5Ac since the complete
glycan structure, although understudied, is of great relevance [42, 46, 51-53].

a2,6-linked Neu5Ac as the receptor for human influenza A viruses

Human IAVs are known to bind to a2,6-linked Neu5Ac, for which mutations E190D
and D225G in H1 viruses and Q226L and G228S for H2 and H3 viruses are largely
responsible [46, 54, 55]. Since its infroduction in 1968, the receptor binding
specificity of human H3N2 viruses has developed towards strictly binding a2,6-
linked NeuSAc, gradually losing affinity to a2,3-linked Neu5SAc [40, 56]. At the same
time, these H3N2 viruses evolved to evade the human immune system. Since 1968,
the number of N-glycosylation sites in the HA head, in which the RBS is located,
has increased from three to eight per monomer [38]. Immune evasion is thought
to be the reason that recent H3N2 viruses (especially of the 3C.2a subclade)
evolved to binding a more restricted binding repertoire, only binding elongated
glycans with multiple N-acetyllactosamine (LacNAc) repeating units terminating
in an a2,6-linked NeuSAc [38, 50, 56-62].
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a2,3-linked Neu5Ac as the receptor for avian influenza A viruses

It is well recognized that avian IAVs bind to a2,3-linked NeuSAc as their receptors.
When studying the receptor binding of avian I[AVs, most studies have
concentrated on the risk of avian IAVs spreading to humans. This species barrier
(from binding a2,3-linked to a2,6-linked NeuSAc) can be overcome when the HA
mutates at specific locations in or near the RBS, which enables or enhances
interactions or removes an N-glycosylation site to free up binding sites [46, 63-67].
Some H5 and contemporary North American H7 avian viruses can already bind
both a2,3- and a2,6-linked Neu5SAc [5, 68, 69]. Two well-known mutations to play
arole in the receptor switching from a2,3-linked to a2,6-linked NeuSAc are Q226L
and G228S (H3 numbering) [46, 63, 64, 66, 67]. Additionally, many other mutations
were found that can induce binding to a2,6-linked NeuSAc by themselves or in
combination, which is summarized elsewhere for avian H5 and H7 |IAVs [36, 54, 70-
73]. The specificity is most often changed towards a dual receptor specificity of
both a2,3-linked and a2,6-linked Neu5Ac and rarely towards specific binding to
a2,6-linked NeuS5Ac and can be investigated using, for example, binding studies
on glycan microarrays and tissue sections (Fig. 7).

O «2-3 Linked Tracheal Sections
B o2-6 Linked Chicken Human
sx10t A/Shanghai/2/2013 (H7)
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Fig 7. The binding specificity of wild-type and mutant (V186G, K193T, G228S) HA of
A/Shanghai/2/2013 (H7) was investigated. The mutations switched the receptor binding
specificity from a2,3-linked Neu5Ac to a2,6-linked Neu5Ac, as shown on the glycan array
(left) and on chicken (high in a2,3-inked NeuS5Ac) and human (high in a2,é-linked
NeuSAc) tracheal tissues (right, red discoloration indicates HA binding). Modified from
[74].

Different glycan cores as potential influenza A virus receptors

The specificity towards a2,3- or a2,6-linked NeuS5Ac is an oversimplification of the
zoonotic abilities of IAVs. The relevance of the complete glycan structure is
increasingly recognized [42, 46, 51-53]. Sias can be presented on different glycan
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cores, of which the three main cores are N-glycans, O-glycans, and glycolipids.
Furthermore, vast variation occurs in the exact glycan structures, for example in in
the number and length of branches and the addition of sugar moieties or
chemical groups. The exact role of the different glycans in IAV infection is currently
unknown [67]. In this dissertation, we aim to further understand the role of the
exact glycan structure on the receptor binding of IAVs.

Glycosphingolipids

The first group of glycans are glycosphingolipids (GSLs), of which the first sugar
moiety is either a galactose (Gal) or glucose (Glc) linked to a ceramide lipid,
respectively forming GalCer and GlcCer [75]. Since GalCer structures are seldom
extended, the GlcCer structures are most relevant for IAVs. The further extension
of the GlcCer structures determines the series in which the GSLs are divided, either
the ganglio-, globo-, isoglobo-, lacto-, neolacto-, mollu-, or arthro-series (Fig. 8)
[75]. GSLs are components of all vertebrate plasma membranes [76] and have
been specifically analyzed in the respiratory tfract of humans and ferrets, in which
many elongated and sialylated structures were found [77, 78].
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Glycosphingolipids

Fig 8. Examples of glycosphingolipids. Different glycosphingolipid series (ganglio-, globo-,
isoglobo-, lacto-, neolacto-, mollu-, and arthro-) and examples of sialylated
glycosphingolipids (GM1, GM3, and GD1a) consisting of N-acetylglucosamine (GIcNAc),
N-acetylgalactosamine (GalNAc), glucose (Glc), galactose (Gal), mannose (Man), and
N-acetylneuraminic acid (NeuSAc).

For IAV binding, sialylated GSLs are relevant, which can be extended with 10 or
more sugar moieties (often Glc, Gal, GIcNAc (N-acetylglucosamine), and GalNAc
(N-acetylgalactosamine)) and at least one NeuSAc [76, 79, 80]. Examples of
common sialylated GSLs are GM1, GM3, and GDI1a (Fig. 8). To date, the role of
GSLs in IAV infection remains unclear. IAVs are known to efficiently bind GSLs [53,
81-86], which may aid in the infection. The presence of GSLs is, however, not
essential for IAV infection [87, 88].

O-linked glycans

The second class of glycans are O-linked glycans, which are naturally linked to
serine or threonine residues in a glycoprotein. All O-glycans are built from the first
N-acetylgalactosamine (GalNAc) moiety, after which they can be extended into
eight core structures [89] (Fig. ?). O-glycans are omnipresent and the exact O-
glycan structures in the respiratory tract of swine, humans, and ferrets have been
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investigated, observing a high abundancy of sialylated core 1 and core 2 O-
glycans [77, 90-92].

p6 B6 B e [] GalNAc
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O-glycans

Fig 9. There are eight different O-glycan cores, consisting of N-acetylgalactosamine
(GalNAc), N-acetylglucosamine (GlcNAc), and galactose (Gal) moieties.

Studies investigating O-glycans as potential receptors for |AV are
underrepresented and often binding of IAVs to O-glycans on glycan microarrays
is not thoroughly analyzed [59, 93, 94]. Nevertheless, O-glycans were suggested to
be involved in IAV replication [95-97] and binding of IAVs to O-glycans has been
observed [62, 91].

N-linked glycans

The third class of glycans consists of N-glycans, which are linked to an asparagine
(Asn/N) in a protein. All N-glycans contain a chitobiose core, which can then be
extended into three types of N-glycans (Fig. 10) [89]. The N-glycans in the
respiratory fract of humans, ferrets, pigs, and chickens have been analyzed and
a wide variety of N-glycans (among which elongated glycans and glycan
modifications) were found [58, 77, 78, 90-92, 98-100].

@ Man
Q% B GIcNAc
_ 4 () Gal
p4 9 NeuSAc

Chitobiose High-mannose Complex Hybrid
core type type type

N-glycans

Fig 10. N-glycan core and types consist of mannose (Man), N-Acetylglucosamine
(GlcNAc), galactose (Gal), and N-acetylneuraminic acid (Neu5Ac).
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Since complex N-glycans are considered to be the most relevant receptors for
IAVs [101, 102] and their isolation is relatively straightforward, the binding of IAVs
to N-glycans has gained the most attention [103-105]. However, the influence of
the exact glycan structures (for example, branching, additional sugar moieties,
and different Sias) is largely unknown. Therefore, in chapter 4, we investigated the
binding of IAVs to different Sias (NeuSAc and Neu5Gc) presented on N-glycans.
In chapter 5 and 6, we investigated the receptor binding to tri-antennary N-
glycans. We showed that IAVs generally bind stronger to N-glycans than to linear
glycans, and some N-glycan structures were preferred over others by certain IAVs,
highlighting the importance of the exact glycan structure.

The impact of LacNAc modifications on influenza A virus
receptor binding

The different glycan cores can be extended with many different epitopes, which
are potentially more important for IAV than differences in the core structures [46,
67]. Typically, IAV receptors consist of a NeuSAc presented on the galactose (Gal)
of a LacNAc repeating unit, which consists of a Gal pB1,4-linked to a N-
acetylglucosamine (GIcNAc) moiety. A wide variety of modifications can occur
on LacNAc repeating units, such as sulfation, fucosylation, or a combination
thereof (Fig. 11). Furthermore, variation is possible in the number and length of the
branches of especially N-glycans. Additionally, different forms of (modified) Sias
can be displayed at the non-reducing end. The impact of all these variations on
IAV binding is largely unknown, especially in the context of biologically relevant
glycans such as N- or O-glycans. Therefore, in this dissertation, we aimed to
increase our understanding of these modifications on IAV receptor binding.

a0 B GicNAc
M O aal
B3 o3 a3 o3 v Fuc
g | "B "B-6s @ NeusAc

Elongated Neu5Gc Sialyl-LewisX Sulfation <> NeudGc
LacNAc

Fig 11. Examples of terminal epitopes that can be presented on glycans. The glycans
consist  of N-acetylglucosamine (GIcNAc), galactose (Gal), fucose (Fuc), N-
acetylneuraminic acid (NeuSAc), and N-glycolylneuraminic acid (Neu5Gc).

Number of LacNAc repeating units

One relevant variation is the length of the branches on which the Neu5Ac is
presented. The length of a glycan is determined by the number of LacNAc
repeating units. Elongated N-glycans with at least three consecutive LacNAc
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repeating units terminated with an a2,6-linked Neu5Ac were shown to be present
in low quantities (at most 0.3% of the total N-glycans) in the respiratory tract of
humans, ferrets, and pigs [58, 77, 78, 90, ?1].

Glycans with multiple consecutive LacNAc repeating units were shown to be the
preferred receptor for pandemic HIN1 viruses (starting from 2009) [105]. Moreover,
contemporary H3N2 viruses only bind to glycans having multiple LacNAc
repeating units (Fig. 12) [38, 50, 56-62]. The binding specificity for elongated
glycans is most obvious for H3N2 |AVs of subclade 3C.2a that emerged in 2014
[106] since those require at least three subsequent LacNAc repeating units for
binding [103]. This specificity for longer glycans is thought to be caused by a
combination of residues in the 150-loop (155T, 156H, 159Y), 190-helix (186G, 194L),
and 220-loop (220R, 222R, 225D) [38, 52]. However, the increased specificity came
at a cost since the affinity for the receptors has been decreasing since 2000 [39,
107, 108]. The introduction of asparagine at position 133 or threonine at position
135 introduced an N-glycosylation site, resulting in a decreased binding affinity,
potentially by partially shielding the RBS [39, 40]. Furthermore, the intfroduction of
asparagine at position 225 of the HA decreased the binding by 10-fold, which
appeared to be caused by the receptor sitting less deep in the HA binding pocket
[107].
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Fig 12. Evolution of human H3N2 viruses (from 1991, 2003, and 2019) towards only binding
glycans with at least three consecutive LacNAc repeating units. Modified from [103].

The receptor binding properties of especially 3C.2a viruses make it increasingly
difficult to isolate these viruses, thereby greatly hampering the further study of
these viruses [39, 59, 109-111]. N-glycan analysis of the cells that are currently used
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for virus isolation and propagation (MDCK and hCK cells) indicated a low
abundance of glycans with at least three successive LacNAc repeating units
terminating in an a2,6-linked NeuSAc [112, 113], thereby posing the question of
whether an increase of these receptors would also increase virus isolation and
propagation. Therefore, in chapter 2, we modified cells to present a higher
number of elongated glycans with at least three consecutive LacNAc repeating
units.

Sialic acid modifications

As described above, the sialic acids (Sia) are a group of derivate sugars with nine
carbons with neuraminic acid as the core structure (Fig. 6) [42-44]. Additional
modifications can be present at the 4-, 5-, 7-, 8-, and 9-positions. All types of
modifications can be found in vertebrates [43, 114-116]. Most IAVs use terminal
NeuSAc as their receptor. KDN has so far not been reported to be bound by wild-
type IAVs [117]. Only in rare cases, binding of IAV to further modified Sias was
observed. Some H3 IAVs have been reported to bind 9-O-acetylated or 4-O-
acetylated NeuSAc [118-121], while other H1 and H3 viruses bound 9-O-lactoyl-
acetylneuraminic acid (NeuS5Ac9Lt) or Neu5Gc containing an additional methyl
group (Neu50OMeGc) [47, 117].

Specific binding to Neu5Gc has only been described for extinct equine H7/N7
viruses [104, 122], although binding to Neu5Gc, both in the a2,3-linked and a2,6-
linked form, has also been described for IAVs from the subtypes H1, H2, H3, H7, and
H11 [118, 123-128]. Neu5Gc can be formed in species that express an active form
of the enzyme cytidine monophosphate-N-acetylneuraminic acid hydroxylase
(CMAH), which facilitates the hydroxylation of Neu5Ac to convert it to Neu5Gc.
The presence of Neu5Gc in different species is addressed in several publications
[129-133]. In short, NeuS5Gc is present in many species, but it is absent in for
example humans, ferrets, European dogs, many monkey species, and seals. The
presence of Neu5Gc in some hosts, but not others, suggests a potential species
barrier for IAVs.

It is currently unknown which amino acids enable binding to Neu5Gc. Furthermore,
the relevance of Neu5Gc in IAV infection remains largely unclear and is often not
considered when choosing which animals models to use for studying IAVs.
Therefore, we investigated the presence of Neu5Gc in animal models relevant for
studying human IAVs in chapter 3 and concluded that ferrets are the most
appropriate animal model for studying human IAVs. Additionally, we found that
Neu5Gc is not used as a decoy receptor and can therefore, potentially, acts as a
functional receptor. Next, we investigated the molecular determinants of
Neu5Gc-binding in chapter 4 and we showed that mutation A135E enabled dual
NeuS5Ac and Neu5Gc receptor specificity, while adding four mutations enabled
specific binding to Neu5Gc.

Sulfation

One additional LacNAc modification that can occur is sulfation, in which the
GIcNAc moiety is sulfated at the é-position. Sulfated glycans are, so far, only
reported to be present in the respiratory and intestinal tract of chickens and
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turkeys, as well as the duck colon and pig lung [98, 99, 134]. The exact structure of
these sulfated glycans is, however, often unknown since it is difficult to determine
the exact position of the sulfate in a complex glycan structure.

Some IAVs of the subtypes H6 and H? specifically bind sulfated glycans with an
a2,3-linked NeuSAc [66, 135, 136]. This specificity is thought to be mediated
through amino acids at mainly position 190 (H3 numbering) of the HA [135], at
which the absence of a negatively charged amino acid promotes binding to
sulfated glycans [51, 136-138]. IAVs from other subtypes (except H8 and H15) are
also known to bind to sulfated glycans with an a2,3-linked NeuSAc to a certain
degree [138-145]. Furthermore, IAVs from several subtypes (H1, H2, H3, H4, H5, Hé6,
H7, H?, H13, H14, and H16) were reported to bind sulfated sialyl-LewisX (sLeX)
epitopes, which have an additional al,3-linked fucose to the GIcNAc of a LacNac
[38, 51, 139, 146, 147]. Additionally, glycans with an a2,é-linked NeuSAc can be
sulfated and were reported to be bound by some subtypes of IAVs (H1, H3, H7, H?,
and H16) [61, 68, 90, 145, 148-151]. Nevertheless, most of these studies are
performed with tri- and tetrasaccharides and not in the context of a glycan that
occurs in nature, such as N-glycans and O-glycans. Therefore, it is currently unclear
whether sulfated glycans are used as receptors for IAV and whether the presence
of sulfated glycans affects infection.

Sialyl-LewisX epitopes

Sialyl-LewisX (sLeX) epitopes are formed when a fucose is al,3-linked to the
GIcNAc of a LacNac that is terminated in an a2,3-linked NeuSAc (Fig. 11). In the
tfrachea and intestine, relevant tissues for IAV infection, sLeX epitopes were found
to be present in chickens, ducks, turkeys, pheasants, guinea fowls, pigeons, and
dogs [98, 134, 142, 152-154]. No sLeX epitopes were observed in the respiratory
tract of ferrefts, swine (frachea and lung), and horses (trachea) [78, 90, 92, 99, 153].
In humans, no sLeX was found in the frachea [155], while most studies found sLeX
to be present in the lung [58, 77, 21, 100]. Using an anti-sLeX antibody, we found
the sLeX epitope to be present in the trachea and intestine of chickens, but not
ducks, as described in chapter 5. Furthermore, in chapter 6, we show that sLeX
epitopes are present on the tfracheal tissue of chickens, turkeys, and guinea fowl,
but not pigeons, ducks, horses, pigs, and humans. The exact structures of glycans
containing sLeX epitopes remain, however, largely unclear due to a lack of
techniques to analyze exact glycan structures [?1, 92, 100, 156-158].

It was suggested that sLeX structures facilitate infection of some avian H7 IAVs [152,
159]. 1AVs from all subtypes, except H15, have been shown to bind to some extent
to sLeX epitopes [137, 139, 148, 151, 153, 160-163]. Some H3 and H5 IAVs bind
specifically to sLeX structures [86, 154, 160, 161]. In H5 HAs, mutations (222Q/R and
227R) are known that enable binding sLeX [142, 160, 161], while in H7 viruses, sLeX-
binding appears to be caused by 193K [152]. However, due to a lack of sLeX
epitopes on complex N- or O-linked glycans on glycan arrays, sLeX specificities
and the influence of the glycan structure have been understudied. Most of these
studies were performed with the tetrasaccharide epitope of sLeX and occasionally
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linear glycans ending in sLeX were used, both of which do not occur in nature as
such. Therefore, the function of IAVs binding to sLeX is still largely unclear.

In this dissertation, we address this knowledge gap by investigating the binding of
different IAVs to sLeX epitopes presented on biologically relevant glycan cores. In
chapter 5, we use tri-antennary N-glycans presenting sLeX epitopes to investigate
the receptor binding of H7 and H15 viruses. We showed that both subtypes strongly
bind sLeX epitopes, which was previously unknown for H15 viruses, but binding to
sLeX epitopes appears not to be essential for viral replication. Furthermore, binding
to sLeX epitopes was only observed when the epitopes were presented on tri-
antennary N-glycans and not on linear glycans, thereby highlighting the
importance of the complete glycan structure for receptor binding. In chapter 6,
we investigated the receptor binding of avian H5 IAVs to tri-antennary N-glycans
on which the sLeX epitopes were presented on different arms. We showed that the
binding to these glycans overshadows the binding to linear glycans and that some
H5 viruses prefer to bind to glycans on which the sLeX epitope is presented on a
specific arm, thereby again highlighting the relevance of the complete glycan
structure for receptor binding. In conclusion, in this dissertation, we showed the
relevance of presenting sLeX epitopes on biologically relevant glycan cores, since
the complete glycan structure is relevant for the binding of IAVs.

Aim and dissertation outline

In this dissertation, we aimed to investigate the fine receptor specificities of IAVs
and the molecular determinants responsible for this binding, looking beyond the
classically considered a2,3-inked and a2,6-linked NeuSAc. We aimed fto
investigate biologically relevant N-glycan cores presenting a diverse repertoire of
epitopes, such as elongated branches, multiple branches, Neu5Ac, Neu5Gc, and
sLeX epitopes.

In chapter 2, we produced cells that presented elongated glycans and
investigated the binding and infection of contemporary human H3N2 IAVs using
these cells.

In chapter 3, we studied the presence of Neu5Gc, a2,3-linked, and a2,6-linked Sias
in animal models used to study human |IAVs. We also investigated the role of
Neu5Gc in IAV infection.

In chapter 4, we explored which amino acids in avian H7 and H15 HAs are
responsible for switching the receptor binding specificity from Neu5Ac to Neu5Gc.

In chapter 5, we examined the binding of Neu5Gc-adapted avian H7 viruses to
sLeX epitopes and the effect of the Neu5Gc-adaptation on the infection of ducks
and chickens.

In chapter 6, we studied the binding of avian HS5 IAVs to tri-antennary N-glycans
presenting sLeX epitopes on different arms. Additionally, we investigated the
presence of sLeX epitopes on the tracheal tissues of several avian and mammalian
species.
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Finally, in chapter 7, we summarize the results of all research presented in this
dissertation and provide a future outlook.
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Abstract

Recent human H3N2 influenza A viruses (IAV) have evolved to employ elongated
glycans terminating in a2,6-linked sialic acid as their receptors. These glycans are
displayed in low abundancies by (humanized) Madin-Darby Canine Kidney cells
(MDCK and hCK) which are commonly employed to propagate IAV, resulting in
low or no viral propagation. Here, we examined whether the overexpression of the
glycosyltransferases B3GNT2 and B4GALT1, which are responsible for the
elongation of poly-N-acetyllactosamines (LacNAc), would result in improved
A/H3N2 propagation. Stable overexpression of B3GNT2 and B4GALT1 in MDCK and
hCK cells was achieved by lenfiviral integration and subsequent antibiotic
selection and confirmed by gPCR and protein mass spectrometry experiments.
Flow cytometry and glycan mass spectrometry experiments using the B3GNT2
and/or B4GALT1 knock-in cells demonstrated increased binding of viral
hemagglutinins and the presence of a larger number of LAacNAc repeating units,
especially on hCK-B3GNT2 cells. An increase in the number of glycan receptors
did, however, not result in a greater infection efficiency of recent human H3N2
viruses. Based on these results, we propose that H3N2 IAVs require a low number
of suitable glycan receptors to infect cells and that an increase in the glycan
receptor display above this threshold does not result in improved infection
efficiency.
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Influenza A viruses (IAV) of the H3N2 subtype cause seasonal epidemics, leading
to illness, hospitalizations, and deaths in humans [1]. The crucial first step of
infection is the binding of the viral hemagglutinin (HA) to a receptor on a cell,
which are glycans terminating in a2,6-linked sialic acids (Sia) for human IAVs [2, 3].
Due to continuous immune evasion, antigenic drift of the surface proteins of IAVs
takes place. This antigenic drift of IAVs has changed receptor specificities [4] and
pandemic HINT viruses (starting from 2009) were shown to prefer binding to
glycans with multiple consecutive LacNAc repeating units [5]. Furthermore, recent
H3N2 viruses only bind to longer glycans having multiple consecutive oligo-N-
acetyllactosamine (LacNAc) moieties terminating in an a2,6-linked Sia [2, 4, 6-12].
This specificity is most pronounced for H3N2 viruses of subclade 3C.2a, which
require at least three subsequent LacNAc repeating units for binding [13].

These altered receptor specificities make it difficult to isolate and propagate H3N2
viruses, greatly hampering the further study of these viruses [9, 14-17]. Even when
virus isolation is successful, viruses may have acquired adaptive mutations in the
receptor binding site of HA, especially when isolated in eggs instead of MDCK
(Madin-Darby Canine Kidney) cells, which are often used for the propagation of
IAV [14, 16, 18-21]. MDCK cells have previously been modified to produce more
a2,6-linked Sias by the overexpression of the enzyme ST6GALT, resulting in MDCK-
SIATT [22] and MDCK-AX4 [23] cells. These cells enabled the isolation of H3N2
viruses, especially of the 3C.2a and 3C.3a subclades, and resulted in higher titers
of viral stocks [17, 24]. To allow the isolation of further evolved contemporary H3N2
viruses, with higher titers and fewer mutations, MDCK cells were further modified
to eliminate a2,3-linked Sias while also overexpressing a2,6-linked Sias, resulting in
“humanized” MDCK (hCK) cells [16].

Analysis of the N-glycans of MDCK, MDCK-SIATT, and hCK cells indicated a low
abundance of glycans with at least three successive LacNAc repeating units
terminating in an a2,6-linked Sia (Fig. S1) [25]. The enzyme p1,3-N-
acetylglucosaminyltransferase (B3GNT2) is responsible for the addition of N-
acetylglucosamine to glycans, while the galactose is fransferred to the glycan by
the enzyme B-1,4-galactosyliransferase 1 (B4GALT1). Previously, we successfully
used these two enzymes to elongate LacNAc repeating units both in
chemoenzymatic synthesis [26, 27] and on biological membrane surfaces of
erythrocytes [13].

We previously showed that the supplementation of sialic acid-depleted MDCK
cells with N-glycans bearing three consecutive LGcNAc repeating units is essential
for infection of contemporary H3N2 viruses, as N-glycans with 1 or 2 LacNAc
repeating units did not support infection [?9]. However, such an approach is not
viable for many laboratories as the methods and means for glycolipid-engineering
of cells are not widely available. Here, we genetically installed N-glycans having
elongated LacNAc moieties on MDCK and hCK cells by the overexpression of
B3GNT2 and B4GALT1, to obtain a cell line that can be used by many laboratories
to study viral propagation. Surprisingly, although the BSGNT2/B4GALT1 knock-in
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cells exhibited elevated binding of recent H3 HAs, the overexpression did not lead
to improved virus isolation and infection efficiency. Several studies have indicated
that a higher display of appropriate receptors leads to increased infectivity [16,
22, 23, 28], while others indicated that only low amounts of receptors are required
for infection [29-31]. Based on our studies, we concluded that above a required
threshold, a greater number of suitable glycan receptors for H3N2 IAVs does not
result in increased infection efficiency.

Results
Generation of stable B3GNT2 and BAGALT1 knock-in MDCK and hCK cell lines

Recently, we and others have shown that poly-LacNAc containing N-glycans are
critical for the binding of contemporary H3N2 viruses and pandemic HINT viruses
[5, 9, 13]. Therefore, we used the glycosyliransferases BAGNT2 and B4GALT1 to
increase the biosynthesis of LacNAcC repeating units fo produce extended N-
glycans [13, 26, 27, 32]. We hypothesized that the overexpression of BAGNT2
and/or B4GALT1 in MDCK and hCK cells would produce appropriate glycan
receptors for recent H3N2 (subclade 3C.2a) IAVs.
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Fig 1. Construction of MDCK and hCK cells that overexpress B3GNT2 and/or BAGALT1. (A)
MDCK and hCK cells were modified with recombinant lentiviruses containing fransfer
plasmids for the insertion of the B3GNT2 and/or B4AGALTI gene and the Hygromycin B
resistance gene. The knock-in cells were selected with 300 ug/ml Hygromycin B. (B) RT-
gPCR was performed with primers that anneal to both the human and dog B3GNT2,
B4GALTI1, or ST6GALI genes. The values relative to the dog GAPDH gene were used, which
were then normalized to the highest value of each gene. Mean and SD (n=3) are shown.
(C) Peptide mass spectrometry of the BAGNT2, B4GALTI, and ST6GAL1 proteins. Only
peptides unique to human proteins were selected. All samples were normalized against
tubulin-B and then normalized to the highest value of each protein. Mean and SD (n=3)
are shown.
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To accomplish the overexpression of these genes in MDCK and hCK cells, lentiviral
transfer plasmids encoding the human BSGNT2 and/or BAGALTI genes, together
with the Hygromycin B resistance gene, were constructed. The genes were
expressed from one human EF-1a promoter [33] and separated by P2A (and for
double glycosyltransferase knock-ins also T2A) self-cleaving peptides. Lentiviruses
were produced with a transfer plasmid and packaging plasmids, after which the
viruses were used to fransduce MDCK and hCK cells (Fig. 1A). Cells in which the
genes were inserted in the genome were selected with Hygromycin B.

Stable overexpression of BSGNT2 and B4GALTI was confirmed by RT-gPCR analysis
on isolated cellular RNA. Primers for the BSGNT2, BAGALTI, and ST6GALI genes
were used, and the obtained values were normalized to the reference gene
GAPDH (Fig. 1B). Overexpression of the control gene ST6GALI was clearly shown
in hCK but not MDCK cells. Furthermore, the overexpression of B3GNT2 and
B4GALTI was present in all glycoengineered cell lines in which these knock-ins
were made. It should be noted that expression levels in the double knock-in cell
lines showed lower expression of the glycosyltransferases, especially for BSGNT2 in
MDCK-B3GNT2-B4GALT1 cells.

Thereafter, the protein levels of B3GNT2, BAGALT1, and ST6GALI in cell lysates were
measured using proteomic experiments based on liquid chromatography
coupled to tandem mass spectrometry, using label-free quantitation relative to
tubulin-p expression (Fig. 1C). Only peptides unique for the human B3GNT2,
B4GALT1, and ST6GAL1 were selected. The proteomic data is comparable to the
RT-gPCR data since elevated protein levels in the cell lines with knock-ins were
observed. Collectively, the data showed that the stable overexpression of BSGNT2
and B4GALT1 in MDCK and hCK was successful.

Flow cytometric characterization of B3GNT2 and B4GALT1 knock-in cells with
plant and viral lectins

Next attention was focused on whether the overexpression of B3GNT2 and/or
B4GALTI led to a display of a higher number of LacNAc repeating units on N-
glycans. The glycans on the cell surface were first characterized using flow
cytometry with standard lectins (Fig. 2B, specificities are summarized in Table SI).
An alive, single-cell population was selected using a standard gating strategy,
and mean fluorescence intensities were calculated over the cell population (Fig.
2A).

Sambucus nigra agglutinin (SNA) [34] was used to detect a2,6-linked Sias, which
are present in higher quantities on hCK cells than MDCK cells due to the
overexpression of STEGALT (Fig. 2B), which is consistent with earlier studies [25]. The
B3GNT2 and/or B4AGALT1 knock-ins caused minimal (less than 2-fold) differences in
a2,6-linked Sia display, which is understandable since we did not interfere with the
sialyltransferases. Lycopersicon esculentum lectin (LEL) recognizes elongated
glycans [35] and we observed that glycans capped with a2,6-linked Sias need at
least four consecutive LacNAc repeating units to be recognized, while glycans
capped with a2,3-linked Sias are recognized when presented on two successive
LacNAc repeating units (Fig. S2), which explains the lower signal for all hCK cells in
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Fig 2. Flow cytometric characterization of B3GNT2/B4GALT1 knock-in MDCK and hCK cells.
(A) The gating strategy that was used to select single, alive cells. (B) Flow cytometry
measurements with lectins SNA (Sambucus nigra agglutinin, recognizes a2,6-Sia), LEL
(Lycopersicon esculentum lectin, recognizes elongated glycans), and ECA (Erythrina
cristagalli lectin, recognizes glycans without Sia) were performed. Furthermore, Gf-CoV-
2014 NTD was used to detect elongated glycans, H5 HA of A/Vietnam/1203/2004 was
used to detect a2,3-Sia, and H1 HA from A/Puerto-Rico/8/1934 was used as a standard
influenza virus. Triplicate measurements were performed, of which the mean and all
individual measurements are displayed. (C) A diverse set of H3 HAs was used to
characterize the cells. Triplicate measurements were performed, of which the mean and
all individual measurements are displayed. Titration curves of A/Hong-Kong/1/1968,
A/Netherlands/109/2003, and A/Singapore/INFH-16-0019/2016 are shown in Fig. S4. Flow
cytometric experiments with neuraminidase treatment of the cells are shown in Fig. S3.

general. An approximately 2-fold increase in the binding of LEL to MDCK-B4GALT1
and MDCK-B3GNT2-B4GALT1 compared to wild-type (WT) MDCK cells was
observed, indicating that the LacNAc repeating units on MDCK cells are indeed
elongated by the overexpression of mainly B4GALT1. Moreover, we observed an
increase in LEL signal in the hCK-B3GNT2 cells compared to the hCK WT cells,
indicating that the overexpression of B3GNT2 resulted in the formation of longer
glycans on hCK cells. Erythrina cristagalli lectin (ECA) recognizes terminal
galactose, and thus glycans lacking Sia capping [36]. The results using ECA
indicated that all MDCK cells have a larger proportion of non-sialylated glycans
compared to all hCK cells, which agrees with the overexpression of ST6GALT in all
hCK cells. No major differences of more than 2-fold in the amount of non-sialylated
glycans between WT and B3GNT2 and/or B4GALT1 knock-in cells were observed.

In addition to commonly employed plant lectins, viral proteins were used to
examine the glycans displayed on the cells (Fig. 2B, specificities are summarized
in  Table SI). The N-terminal domain  of  yCoV/AvCoV/guinea
fowl/France/14032/2014 (Gf-CoV-2014 NTD) is known to bind elongated glycans
[37]. MDCK-B4GALT1 and MDCK-B3GNT2-B4GALT1 cells showed an increased Gf-
CoV-2014 NTD signal compared to MDCK WT cells. Furthermore, hCK WT cells
appeared to have a higher number of LacNAc repeating units on glycans than
MDCK WT cells. The hCK-B3AGNT2 cells, and the hCK-B4GALT1 and hCK-B3GNT2-
B4GALT1 cells to a lesser extent, showed a substantial increase (at least 2-fold) in
Gf-CoV-2014 NTD binding compared to the hCK WT cells, indicating the presence
of additional LacNAc repeating units on glycans. The HA of A/Vietham/1203/2004
H5NT (H5VN) is commonly used to probe the presence of terminal a2,3-linked Sias
[36, 38, 39]. We observed a much lower amount of a2,3-linked Sias in all hCK cells
compared to all MDCK cells, which is in agreement with the knock-outs of all B-
galactoside a-2,3 sialyltransferases that were made in the hCK cells previously [16]
and findings in earlier studies [25]. The BSGNT2/B4GALT1 knock-ins did not alter the
a2,3-linked Sia content. The HA of the human IAV A/Puerto-Rico/8/1934 HINI
(PR8) H1 binds a2,6-linked Sias [40] and showed increased binding to all hCK cells
compared to all MDCK cells, which is related to the overexpression of ST6GALIT in
hCK cells [16]. Increased binding of PR8 to MDCK-B4GALT1 and MDCK-B3GNT2-



30 Chapter 2

B4GALT1 compared to MDCK WT cells was also observed, which is more
pronounced than the results obtained with SNA.

hCK-B3GNT2 cells are preferentially bound by contemporary H3 HAs

After initial characterization, an array of human H3 HAs was used for flow
cytometric binding studies with BSGNT2 and B4GALT1 knock-in cells (Fig. 2C,
specificities are summarized in Table Sl). To cover a broad scope of receptor
binding specificities, HAs from viruses from different years (1968-2019) and
(sub)clades were chosen. Three HAs from the 3C.2a subclade (A/Singapore/INFH-
16-0019/2016, A/Netherlands/00010/2019, and A/Hong-Kong/4801/2014) were
chosen to assess the presence of glycans with elongated LacNAc structures [13]
on the MDCK and hCK WT and B3GNT2/B4GALT1 knock-in cells.

These human H3 HAs prefer binding to terminal a2,6-linked Sias over terminal a2,3-
linked Sias and therefore, in general, more binding is observed to hCK WT cells
than to MDCK WT cells. The HA of A/Hong-Kong/1/1968 does not require multiple
consecutive LacNAc repeating units for binding, but it does show a strong
preference for glycans with three or four consecutive LacNAcC repeating units
compared to glycans with only one or two repeating units [?]. The preference of
the HA of A/Hong-Kong/1/1968 for longer glycans is however not observed in our
flow cytometry experiments, since the B3GNT2 and B4GALT1 knock-in cells did not
show increased binding.

The human H3N2 IAVs A/Netherlands/109/2003 and A/Netherlands/761/2009 were
previously shown to bind terminal a2,6-linked Sias presented on glycans with both
two and three, but not one, consecutive LacNAc repeating units [13]. Increased
binding of at least a 2-fold difference of the HA of A/Netherlands/109/2003 to alll
MDCK knock-in cells and all hCK cells compared to MDCK WT cells was observed.
Similar binding patterns were observed for the HA of A/Netherlands/761/2009,
although the binding to hCK-B3GNT2 cells was much more pronounced and no
increased binding to MDCK-B3GNT2 cells was observed. Interestingly, the MDCK-
B4GALT1 and MDCK-B3GNT2-B4GALTI cells often showed comparable or higher
binding to the recent H3 HAs than the hCK WT cells, while low levels of a2,6-linked
Sias are present on all MDCK cells.

As described in the intfroduction, contemporary H3 IAVs are known to bind to
terminal a2,6-linked Sias presented on glycans with multiple consecutive LacNAc
repeating units, which is especially true for H3N2 viruses of subclade 3C.2a that
require at least three subsequent LacNAc repeating units for binding. Increased
binding to MDCK-B4GALT1, MDCK-B3GNT2-B4GALTI, and all hCK cell lines
compared to MDCK WT cells was observed for the recent H3 HAs (2014-2019)
A/Netherlands/354/2016, A/Singapore/INFH-16-0019/2016 (subclade 3C.2q),
A/Kansas/14/2017 (3C.3a), and A/Netherlands/00010/2019 (subclade 3C.2a). The
hCK-B3GNT2 cells that were already indicated to have the longest glycans by LEL
and Gf-CoV-2014 NTD, also showed a substantial increase in binding of these
recent H3 HAs compared to all other cell lines investigated. The strong binding to
hCK-B3GNT2 cells of the HA of A/Hong-Kong/4801/2014 (subclade 3C.2a) was
even more obvious, as other cell lines appear to be barely bound to this HA.
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Lectin binding to cells is concentration and sialic acid-dependent

To investigate whether the binding of the H3 HAs in the flow cytometry experiments
was indeed specific for Sias, we performed experiments with neuraminidase-
treated cells (Fig. S3). As controls for the removal of a2,3-linked or a2,6-linked Sias,
the H5 HA of A/Vietnam/1203/2004 [36, 38, 39] and SNA [34] were used. These
lectins showed a decrease in the binding signal after neuraminidase freatment.
When testing two H3 HAs with well-defined binding specificities,
A/Netherlands/109/2003 and A/Netherlands/761/2009 [13], decreases in binding
after neuraminidase treatment were also obtained, indicating that the binding of
H3 HAs was indeed Sia-dependent

When examining the binding of the HAs of human H3N2 viruses to cells in Fig. 2C,
there appeared to be no binding to the MDCK WT cells at all for A/Hong-
Kong/1/1968, A/Netherlands/761/2009, A/Hong-Kong/4801/2014,
A/Netherlands/354/2016, A/Singapore/INFH-16-0019/2016, A/Kansas/14/2017,
and A/Netherlands/00010/2019, even though it is possible to propagate these
viruses in MDCK WT cells. To investigate whether binding to MDCK cells occurred
at all, a ftitration with H3 HAs was performed. As a positive control,
A/Netherlands/109/2003 was used since binding was observed in Fig. 2C.
Furthermore, the HAs of the well-defined A/Hong-Kong/1/1968 [?] and the
subclade 3C.2a virus A/Singapore/INFH-16-0019/2016 were used. The fitration
indicated that there is indeed binding to MDCK WT cells of these HAs but to a
much lesser extent than to hCK WT (or hCK-B3GNT2 cells) (Fig. S4). From the flow
cytometric experiments, it appeared that the hCK-BAGNT2 cells present the
highest number of consecutive LacNAc repeating units compared to the other
cell lines investigated.

Elongated N-glycans are detected on hCK-B3GNT2 cells

Since N-glycans are the most relevant receptors on cells for IAV [41], we further
investigated the N-glycans of WT and B3GNT2/B4GALT1 knock-in MDCK and hCK
by HILIC-IMS-QTOF positive mode mass spectrometry (MS) of released N-glycans.
Compared to MDCK WT cells, all seven other cell lines showed a large reduction
in the relative abundance of high-mannose glycans (Fig. S5A), to which IAV does
not bind. Possibly, the presence of high-mannose glycans is influenced by the
overexpression of other glycosyltransferases [42, 43], changes in glycan processing
time or enzyme spatial localization [42], or a combination of multiple factors [44].
This increase in the relative abundance of complex and hybrid N-glycans may
partially explain the improved binding phenotype of the H3 HAs to cell lines
different than MDCK WT as observed in the flow cytometry experiments (Fig. 2C).

From the flow cytometry experiments, the hCK-BAGNT2 cells were expected to
have the highest number of LacNAc repeating units compared to the other seven
cell lines (Fig. 2C). The data obtained from the N-glycan HILIC-IMS-QTOF positive
mode mass specfrometry experiments indeed showed a higher relative
abundance of N-glycans with more than three LacNAc repeating units in hCK-
B3GNT2 compared to hCK WT cells (Fig. 3A). The HILIC-IMS-QTOF positive mode MS
data on the N-glycans with at least one LacNAc repeating unit were further
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Fig 3. N-glycan analysis of WT and B3GNT2/B4GALT1 knock-in MDCK and hCK cells using
mass spectrometry. The N-glycans from WT and B3GNT2/B4GALT1 knock-in MDCK and
hCK cells were measured using HILIC-IMS-QTOF positive mode mass spectrometry. (A)
Chromatograms of hCK WT and hCK-B3GNT2 cells were constructed for the glycans with
at least two and at most seven LacNAc repeating units. The extracted-ion-counts for the
ten most abundant glycan features per LaAcNAc repeating unit group were summed to
yield a chromatogram. (B) The N-glycans found in HILIC-IMS-QTOF positive mode mass
spectromeftry with at least one LacNAc repeating unit were analyzed for the number of
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LacNAc repeating units present and the relative abundance was calculated. Further
analysis is presented in Fig. S5. Full glycan feature lists for each cell line are presented in
Table SI-SIX. (C) Analysis of the N-glycans was additionally performed by LC-MS/MS,
followed by analysis of the glycan oxonium ions (Table SX). Sialic acid capped (repeating)
LacNAc oxonium ions with masses (from left to right) 657.2349, 1022.3671, 1387.4993, and
1752.6315 were identified and the amounts detected were normalized to the core
fragments. Mean and standard errors (n=3) are shown. Futher analysis is shown in Fig. Sé
and annotated spectra are present in Fig. S7.

analyzed to determine the relative abundance of glycans with a different number
of LacNAc repeating units in the eight different cell lines (Fig. 3B). Overall, relatively
less glycans were detected with four or more LacNAc repeating units compared
to an earlier study on MDCK and hCK WT cells [25], of which the meta-analysis is
presented in Fig. STA, although different methods were used in the previous study
and not all peaks were assigned. Most importantly, the highest increase in the
relative abundance of elongated N-glycans was observed in hCK-B3GNT2 cells
(Fig. 3B), which agrees with the flow cytometric results (Fig. 2B-C).

For binding of contemporary H3N2 IAVs, N-glycans with at least three consecutive
LacNAc repeating units should be capped with a2,6-linked Sias. While we were
unable to determine the Sia linkage, we analyzed the percentage of sialylation of
the N-glycans with at least one LacNAc repeating unit (Fig. S5B). In general, 75-
96% of these N-glycans were sialylated, except for the glycans of MDCK-B3GNT2
cells (38% sialylated), which correlated with the low binding of H3 HAs as observed
using flow cytometry (Fig. 2C). Notably, meta-analysis of a previous study [25]
showed even lower degrees of sialylation of glycans from MDCK and hCK WT cells
(65% and 79% respectively, Fig. S1B), although the methods used in this study were
different. Whereas non-sialylated N-glycans occurred in all groups of LacNAc
lengths in MDCK WT and BAGNT2/B4GALT1 knock-in cells, all N-glycans with at least
four LacNAc repeating units (except for four glycans in total) on all hCK cell lines
were sialylated (Table SII-SIX).

To further elucidate the N-glycan structures, MS/MS experiments were performed.
As outcome, we integrated from MS/MS spectra the relative abundance of
oxonium ions that could indicate glycan structural elements (Table SX). These
included, among others, LacNAc repeating units from one to four units
(respectively, m/z 366.1395, 731.2717, 1096.4039 and 1461.5361), as well as their
variants with N-acetylneuraminic acid (NeuAc) sialylation (respectively, m/z
657.2349, 1022.3671, 1387.4993 and 1752.6315). While included in the analysis, no
2-keto-3-deoxynonic  acid  (KDN), N-glycolylneuraminic acid (NeuGc),
acetylation, sulfation or phosphorylation were found. On the other hand, several
ions were detected that could delineate a-Gal and bisection, although these
were low in infensity and could overlap with other compositions. We focused on
the glycan fragments with one to four consecutive LacNAc repeating units, both
with and without sialic acid (Fig. 3C, Fig. Sé, Fig. S7), since contemporary H3N2 IAV
require at least three consecutive LacNAc repeating units for binding.
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Although the knock-in cell lines MDCK-B4GALT1 and MDCK-B3GNT2-B4GALTI did
not show an increase in the number of LacNAc repeating units compared to
MDCK WT in MS1 analysis (Fig. 3B), a clear increase in the glycan fragments with
two and three consecutive LacNAc repeating units was observed compared 1o
MDCK WT cells (Fig. 3C, Fig. S6). In MDCK-B3GNT2 and hCK WT cells, the relative
increase of glycans with four LacNAc repeating units in the MS1 analysis was a few
percent compared to MDCK WT cells (Fig. 3B). However, for the MDCK-B3GNT2
cells, this relative increase in consecutive LacNAc repeating units is not observed
(Fig. 3C, Fig. Sé). For the hCK WT cells, the MS1 and MS/MS analyses correlate, since
a slight increase in the sialylated glycan fragments with one to four consecutive
LacNAc repeating units (Fig. 3C) was observed. In contrast, in an earlier study [25],
slightly more glycans with four or more LacNAc repeating units were found to be
present on MDCK WT cells compared to hCK WT cells (meta-analysis presented in
Fig. STA). The relative abundance of LacNac repeating units in our MS1 analysis
was even higher in hCK-B3GNT2-B4GALT1 cells (Fig. 3B), which is also observed in
the MS/MS analysis when looking at the sialylated glycan fragments with two and
three LacNAc repeating units (Fig. 3C).

Surprisingly, hCK-B4GALT1 showed a substantial increase in the relative
abundance of N-glycans with a higher number of LacNAc repeating units
compared to hCK WT cells in the MS1 analysis, up to even nine LacNAcs (Fig. 3B,
Table SVIII), which was not expected from the results of the flow cytometry
experiments (Fig. 2). The high relative abundance of LacNAc repeating units in
hCK-B4GALT1 cells (Fig. 3B) appears to be presented mainly as sialylated
fragments with two instead of three or four consecutive LacNAc repeating units
(Fig. 3C), which explains the lower binding of H3 HAs to these cells compared to
hCK-B3GNT2 cells in the flow cytometry experiments (Fig. 2C). Most sialylated
glycan fragments with three consecutive LacNAc repeating units, the required
receptor for contemporary H3N2 IAV, were found on hCK-B3GNT2 (Fig. 3C), which
again correlates to the increased binding of H3 HAs as observed in flow cytometry
(Fig. 2C).

Sugar nucleotides are not a limiting factor in the biosynthesis of poly-LacNAc
structures

Changes in sugar nucleotide levels have been observed in cells after
overexpression of BAGNT2 and B4GALT1 [32]. Although a clear increase in the
number of consecutive LacNAc repeating units was observed in especially hCK-
B3GNT2 cells, we wondered whether the further elongation of glycans may have
been limited by depletion of sugar nucleotides. Therefore, the concenfrations of
sugar nucleotides in the cell lysates of MDCK WT, hCK WT, and hCK-B3GNT2 cells
were measured by mass spectromeftry (Fig. 4, with details in Fig. S8) [45]. The
overexpression of STEGAL1 in hCK WT and hCK-B3GNT2 cells compared to MDCK
WT cells resulted in elevated levels of sialylation and thereby lower levels of
available CMP-Neu5Ac, which was also demonstrated in the sugar nucleotide
analysis. No other major differences or depletions of sugar nucleotides were
observed in any of the cell lines. Most importantly, the sugar nucleotides that are
required for the biosynthesis of LacNAc repeating units (UDP-galactose and UDP-
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HexNAc) were not depleted in any of the cell lines, thus sugar nucleotide
availability is likely not a limiting factor for the elongation of glycans.

1.2
1.0 . =

0.8+
mm MDCK
= hCK

0.4+ = hCK-B3
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Fig 4. Sugar nucleotide analysis of MDCK, hCK, and hCK-B3GNT2 cells. The sugar
nucleotides in the lysate of MDCK, hCK, and hCK-B3GNT2 cells were analyzed by mass
spectrometry (n=2). The normalized abundance of CMP-NeuS5Ac, UDP-Gal, and UDP-
HexNAc are shown. Normalization was performed on the cell line with the highest amount
of each sugar nucleotide. Detailed information about all measured sugar nucleotides is
presented in Fig. S8.

Improved binding of hemagglutinins to cells does not ensure higher virus titers
and improved isolation of influenza viruses

MDCK WT, hCK WT, and B3GNT2 and/or B4AGALT1 knock-in cells were inoculated
with H3N2 viruses to investigate whether higher fiters could be obtained in the
knock-in cells. Four control viruses (H3N2 from 2003, HINT, and influenza B, Fig. 5A)
and eight recent (2017-2019) H3N2 viruses from the 3C.2a (Fig. 5B) and 3C.3a (Fig.
5C) subclades were used for inoculation. For the H3N2 virus from 2003, the HIN1
virus, and the influenza B viruses, no substantial difference was observed between
the virus fiters obtained in MDCK, hCK, or B3GNT2/B4GALT1 knock-in cells (Fig. 5A).

Recent 3C.2a viruses are known to only bind glycans having at least three
consecutive LacNAc repeating units, while recent 3C.3a viruses also bind glycans
with two consecutfive LacNAc repeating units [13]. For the 3C.2a viruses, a
considerable difference was visible between the titers in MDCK WT and hCK WT
cells (Fig. 5B), which correlates with the increased binding as observed in the flow
cytometric experiments (Fig. 2). Surprisingly, no substantial difference between the
titers in hCK WT and hCK-B3GNT2 cells was observed, while the glycans on the
latter cell line were extended as observed in the flow cytometry (Fig. 2) and glycan
mass spectrometry experiments (Fig. 3). Furthermore, no difference was observed
in the fiters for the 3C.3a viruses (Fig. 5C), not even between MDCK and hCK cells.
Therefore, we concluded that additional binding does not necessarily lead to a
higher infection efficiency.
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Fig 5. Influenza virus inoculation of BSGNT2 and B4GALT1 knock-in MDCK and hCK cells.
End-point titrations with four control viruses and eight recent H3N2 IAVs (details in Table I)
were performed, of which (A) four conftrol viruses, (B) four 3C.2a viruses, and (C) four 3C.3a
viruses. Infectious titers were determined either using a hemagglutination assay (A) or a
nucleoprotein staining (B, C) when a hemagglutination assay was not possible. (D) An
infection study using hCK and hCK-B3GNT2 cells with a twofold dilution of twelve H3N2
IAVs from the 3C.2a clade (details in Table Il) which could previously either not be isolated
in hCK cells (#1-8) or could be isolated in hCK cells (#9-12) was performed. Infection was
assessed by the presence of cytopathic effects. Individual and mean values are shown.

While additional strains of H3N2 viruses can be isolated in hCK cells as compared
to MDCK-SIAT1 and MDCK cells [16], we noticed that some H3N2 viruses could still
not be isolated in hCK cells. To investigate whether cell lines with longer glycans
(hCK-B3GNT2 cells) would facilitate the isolation of additional virus strains, we
attempted to isolate twelve H3N2 viruses (clade 3C.2a) from original patient
material in hCK and hCK-B3GNT2 cells (Fig. 5D). Since hCK cells are better suited
for the isolation of these viruses [16] and the original patient material was only
available in limited quantities, we did not attempt to also isolate the viruses from
MDCK cells. Eight of the tested viruses could not be isolated previously since they
did not replicate in hCK cells (Fig. 5D). All viruses that were previously isolated in
hCK cells were again successfully isolated. However, the use of hCK-B3GNT2 cells
did not result in more efficient isolation of those viruses. Of the viruses that could
not be isolated previously, only A/Netherlands/173/2019 could now be isolated.
However, isolation was achieved in both hCK and hCK-B3GNT2 cells. Therefore, a
higher number of extended glycans did not improve the isolation of H3N2 IAVs
from the 3C.2a clade.
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Discussion

Although we elongated the LacNAc repeating units on the glycans of MDCK and
hCK cells, it did not result in a higher infection efficiency of recent H3N2 IAVs. It has
been reported that a low but critical threshold of high-affinity receptors is required
for infection [30, 31], though binding and infection are further assisted by the
presence of high-abundance low-affinity receptors [29]. We previously showed
that the presence of high-affinity receptors is indeed essential for infection of cells
[?]. This implies that increased HA binding will lead to enhanced entry efficiency.
It is therefore counterintuitive that presenting preferred ligands in copious amounts
does not lead to increased infection. Strikingly, here we demonstrated that
increased HA binding to cells does not necessarily result in more efficient infection.

On the other hand, several studies have indicated that increasing the number of
preferred receptors will increase the infection efficiency of IAVs [16, 22, 23, 28],
which was also shown with MDCK-SIATT [22], MDCK-AX4 [23], and hCK [16] cells.
A possible explanation for this discrepancy may lie in the glycoproteins on which
N-glycans, the presumed glycan receptors for IAVs [41], are presented. It has been
suggested previously that only specific sialylated glycoproteins can be used as a
receptor forlAV [41, 46], such as the voltage-dependent Ca?tchannel Cay1.2 [47],
NKp44 [48, 49], NKp46 [49-51], epidermal growth factor (EGFR) [52], and nucleolin
[563]. Although we demonstrated that glycans on B3GNT2/B4GALT1 knock-in cells
contained a higher number of LacNAc repeating units, we have not determined
on which glycoproteins the elongated glycans are present. Possibly, the glycans
that are used as a receptor and are present on specific glycoproteins can be
modified in their Sia linkage, as done in MDCK-SIAT1, MDCK-AX4, and hCK cells,
but not in the number of LacNAc repeating units. Additionally, the glycoproteins
on which the glycans are presented may not be clustered enough [54] to support
IAV infection. This would explain why the infection efficiency could not be
increased by the elongation of LacNAc repeating units on MDCK and hCK cells.

Nevertheless, not allrecent H3N2 IAVs could be isolated efficiently in hCK cells [16],
as also shown in Fig. 5D. Possibly, no viable virus particles were present in the
patient samples from which we attempted to isolate virus. Alternatively, we may
be overlooking an identified [47-53] or an unidentified glycoprotein that is not
present (in high enough quantities) on hCK cells. Furthermore, other types of
glycans, such as phosphorylated [55] and sulfated glycans [2, 11, 56], possibly act
as areceptor forlAV. Due to our sample preparation for the released glycan mass
spectrometry analysis (acidic and basic conditions), we were unable to measure
phosphorylated glycans. Potentially, some sulfated glycans could be partially
retained. However, we did not detect sulfated glycans in the MS/MS analysis. To
increase the isolation of recent H3N2 IAVs, it is of foremost importance to
investigate the limiting factor in the infection efficiency of these viruses.

The overexpression of BSGNT2 and/or B4GALT1 is responsible for the elongation of
glycans. Previously, overexpression of B4GALT1 was found to result in the
elongation of glycans on CHO cells [32]. From the flow cytometry analysis,
B4GALT1 appeared to be the limiting factor for the elongation of glycans in MDCK
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cells, while the elongation was limited in hCK cells when BAGNT2 was not present
in high enough amounts. Surprisingly, the elongation of glycans appeared to be
inhibited in MDCK cells by the overexpression of BAGNT2, as can be observed
when comparing MDCK-B3GNT2 cells with MDCK WT cells, but also when
comparing MDCK-B3GNT2-B4GALT1 cells with MDCK-B4GALT1 cells. In the latter
two, the overexpression of BAGALT1 is at the same level (Fig. 1C), but longer
glycans are present on MDCK-B4GALT1 cells (Fig. 2B-C and 3C). In hCK cells,
sialyltransferase expression is severely modified by the overexpression of ST6GALI
and the knockout of all STSGAL enzymes. Both the heavily overexpressed ST6GALI
and BEAGNT2 in hCK cells use terminal galactose as a substrate. The overexpression
of BAGNT2 in hCK cells perhaps restores the balance between ST6GALT and
B3GNT2, thereby allowing BAGNT2 to use the terminal galactose as a substrate
again for the elongation of glycans before sialylation takes place. On the other
hand, in MDCK cells, the balance may be skewed even more by the
overexpression of BAGNT2, leading to the low sialylation of glycans on these cells
(Fig. S5B). Furthermore, the cellular localization of the enzymes and potential
enzyme complex formation may be of importance, which is not regulated with
overexpression alone.

Our observations indicate that only few suitable glycan receptors are required for
efficient infection. Thisis in line with our previous observations that an increase from
2.7% to 8.7% of sialylated glycans with at least three consecutive LacNAc
repeating units on, respectively, unmodified and modified turkey erythrocytes
allowed for the binding of contemporary H3N2 viruses [13]. Also in ferrets, an
animal model that is often used to study human influenza viruses [39], the
presence of glycans in the respiratory tract (lung, trachea, soft palate, nasal
turbinate, nasal wash) was investigated. Elongated glycans were present solely as
N-glycans, with a maximum of 9 LacNAc repeating units per glycan, but at most
0.17% of the detected glycans had at least three consecutive LacNAc repeating
units terminating with Sia, which is required for H3N2 IAV binding [57]. Although the
glycans in the human trachea have not been analyzed yet, data is available on
other parts of the human airway system. Sensitive methods indicated the presence
of extended N-glycans with up to 10 LacNAc repeating units in human lung fissue.
However, at most 0.3% of the N-glycans were found to contain at least 3
consecutive LacNAc repeating units. The N-glycans in the bronchus and
nasopharynx contained a lower number of LacNAc repeating units than in the
lung [58]. Another study found N-glycans with up to 22 LacNAc repeating units in
the lung. Even though the majority of the Sias were found to be a2,6-linked instead
of a2,3-linked, the a2,6-linked Sias were mainly present on the shorter glycans [59],
further supporting our conclusions that only minor amounts of suitable glycan
receptors are required for efficient infection by IAVs. Therefore, we conclude that
factors other than glycosylation must be investigated to address the suboptimal
propagation of recent human H3N2 IAVs as an aid to their further study.
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Material and Methods

Cell culturing and preparation of cell lysates

Cells were cultured in DMEM (Gibco) with 10% FCS (57524, Sigma) and 1% penicillin
and streptomycin (Sigma). All hCK cells [16], knock-in and WT, were maintained
with an additional 10 yg/ml blasticidin and 2 yg/ml puromycin in the medium.
B3GNT2 and B4GALT1 knock-in cells were maintained in medium containing an
additional 300 pg/ml Hygromycin B, a concentration that was determined to Kill
MDCK (CCL-34) and hCK (a kind gift from Yoshihiro Kawaoka) without Hygromycin
B resistance genes. Detaching of the (knock-in) MDCK and hCK cells was always
done using 1X TrypLE Express Enzyme (12605010, Thermo Fisher Scientific), using 2
mlin a T75 flask, at a confluency of approximately 90%.

Cell lysates were obtained after first washing cell monolayers once using D-PBS
(D5837, Sigma). Cells were subsequently harvested after incubation at 37°C for 20
min with 1X TrypLE Express Enzyme (2 ml in a T75 flask) at a confluency of
approximately 90%. The cell suspension was centrifuged for 5 min at 250 rcf. The
cell pellets were lysed by the addition of RIPA lysis buffer (20-188, Merck Millipore)
supplemented with protease inhibitor (A32965, Thermo Fisher Scientific), which was
vortexed for 20 sec. The suspension was incubated on ice for 30 min, after which
it was centrifuged at 16500 rcf in a fixed-angle centrifuge at 4°C, after which the
supernatant was used as cell lysate.

Cloning of lentiviral transfer plasmids

Plasmid pCF525-EF1a-Hygro-P2A-mCherry-lenti [60] was a gift from Jennifer
Doudna (Addgene plasmid # 115796) and was used as the backbone for the
transfer plasmid. Three transfer plasmids were constructed (pCF-B3AGNT2, pCF-
B4GALT1, and pCF-B3GNT2-B4GALT1). The region between the P2A and WPRE was
removed and replaced by either the B3GNT2 or B4GALT1. When the genes of both
glycosyltransferases were cloned into the plasmid they were connected with a
T2A self-cleaving peptide. The B3GNT2 and B4GALTI genes were always
proceeded by the signal sequence of the human GalT, which we copied from the
EGFP-GalT plasmid (gift from Jennifer Lippincott-Schwartz, Addgene plasmid #
11929) [61]. The T2A self-cleaving peptide was amplified from plasmid
tetO.Sox9.Puro [62], which was a gift from Henrik Ahlenius (Addgene plasmid #
117269). The B3GNT2 and B4GALTI genes were amplified from plasmids B3GNT2-
PGEN2-DES and B4GALT1-pGEN2-DES, which are a gift from Kelly Moremen and
are available via . All segments were amplified with an overhang, using the primers
indicated in Table SXI. Assembly of the plasmids was performed using Gibson
assembly, after which they were sequenced to ensure correct amplification and
assembly.

Lentiviral integration of the B3GNT2 and B4GALT1 genes

Lentiviral particles were produced using HEK293T cells [63]. One of the transfer
plasmids as described above, together with the packaging plasmids
PMDLg/pRRE, pRSV-Rev, and pMD2.G, which were kind gifts from Didier Trono [64]
(Addgene plasmids #12251, #12253, and #12259 respectively)were used. The day
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before transduction, MDCK (CCL-34) and hCK cells were seeded in a 6-wells plate
at a density of 100.000 cells per well. Transduction with 0.5-3 ul of lentivirus was
performed in the presence of 8 ug/ml polybrene with 1 ml fresh medium per well.
The medium was replaced with fresh medium containing 300 ug/ml Hygromycin B
at 18 hours after transduction. Cells were grown until no Hygromycin B sensitive
cells were remaining. Cells were always maintained in the presence of 300 pg/ml
Hygromycin B.

RT-qPCR analysis on B3GNT2, B4GALT1, and ST6éGALT genes

RNA extraction was performed using the GeneJET RNA purification kit (Thermo
Fisher Scientific) according to the manufacturer’s protocol, after which the DNA
was treated with DNAse | (#ENO251, Thermo Fisher Scientific). RT-gPCR was
performed using the Luna universal one-step RT-gPCR kit (#E3005, New England
Biolabs) according to the provided protocol, in which 10 ng of DNAse |-treated
RNA was used. Primers (Table SXIl) for BSGNT2, B4GALTI, and ST6GALI were
designed to anneal both in the human and dog genome. Primers for GAPDH
(household/reference gene) were designed using the dog genome. Experiments
were performed in friplicate and Ct values of the RT-gPCR experiments on the
glycosyltransferases were compared to the average Ct value of GAPDH of that
specific cell line under the assumption that the amount of DNA doubles every
cycle. The means and standard deviations of the amount of DNA relative to
GAPDH were calculated.

Overexpression of B3GNT2, BAGALT1, and ST6GAL1 on the protein level

Cell lysates, obtained as described above, were further used for the label-free
quantification of BSGNT2, B4AGALTI, and ST6GALI1 proteins. From the cell lysates, 10
ug of protein was denatured, reduced, and alkylated by adding 100 ul of a
solution consisting of 150 mM Tris, 5mM TCEP (tris(2-carboxyethyl)phosphine), 30
MM chloroacetamide (CAA), and 1% sodium deoxycholate (SDC) at pH 8.5. Next,
100 ng lysyl endopeptidase (129-02541, Wako Chemicals GmbH) and 100 ng
trypsin (T1426, Sigma) were added and the samples were incubated overnight at
37°C. The samples were then acidified by adding formic acid (FA) to a
concentration of 0.5% before solid-phase extraction (SPE) sample clean-up,
causing the SDC to precipitate. SPE clean-up was performed on an Oasis HBL u-
elution plate.

After the SPE clean-up, the samples were dried with a vacuum centrifuge.
Subsequently, the sample was reconstituted in 2% FA before analysis on the
Orbitrap Exploris mass spectrometer (Thermo Scientific) connected to a UHPLC
3000 system (Thermo). Approximately 200 ng of reconstituted peptides were
tfrapped on a pre-column and then separated on a 50 cm x 75 um Poroshell EC-
C18 analytical column (2.7 um) temperature controlled at 40°C. Solvent A
consisted of 0.1% FA, solvent B of 0.1% FA in 80% acetonitrile, and different
combinations of solvent A and B were used in the next steps. Trapping was
performed for 2 min in 9% solvent B. Peptides were separated by a 65 min gradient
of 9-44 % buffer B followed by 44-99% B in 3 min, and 99% B for 4 min. MS data
were obtained in a data-dependent acquisition mode. The full scans were
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acquired in the m/z range of 350-1600 at the resolution of 60,000 (m/z 400) with
AGC target 3E6. The most intense precursor ions were automatically selected for
higher-energy collisional dissociation (HCD) fragmentation performed at
normalized collision energy 28, after accumulation to the target value of 1ES.
MS/MS acquisition was performed at a resolution of 15,000. Protein identification
was done with Byonic (Protein Metrics). A search was performed against the dog
proteome (UP000002254_9615) with the addition of the human BAGNT2, B4GALTI,
and ST6GAL1 sequences. The search was performed with specific digestion C-
terminal of R/K, allowing 3 missed cleavages, using precursor and fragment mass
tolerances of 12 and 24 ppm, respectively. Carbamidomethylation of cysteine
was set as a fixed modification and oxidation of the methionine or tryptophan as
a variable modification. Peptides unique for the human B3GNT2, B4GALTI, and
ST6GALT were manually selected and the MS1 peak areas were integrated with
Skyline and normalized against the combined MS1 signals for identified peptides
of tubulin-p (E2RFJ7). The peptide library for Skyline was built by repeating the
search with a focused database containing only the human B3GNT2, B4GALTI,
and ST6GALT and tubulin-p sequences. The mass spectrometry proteomic data
have been deposited to the ProtfeomeXchange Consortium via the PRIDE [65]
partner repository with the dataset identifier PXD037175.

Expression and purification of trimeric HA for binding studies

Recombinant trimeric IAV hemagglutinin ectodomain proteins (HA) were cloned
into the pCD5 expression vector as described previously [66, 67], in frame with a
GCN4 trimerization motif (KQIEDKIEEIESKQKKIENEIARIKK), a superfolder GFP [40] or
mOrange? [68] and the Twin-Strep-tag (WSHPQFEKGGGSGGGSWSHPQFEK); IBA,
Germany). An example of such a plasmid is addgene plasmid #182546 [36], which
contains the codon optimized HA sequence (synthesized by Genscript) of
A/Vietham/1203/2004 H5. The codon optimized genes of the other HAs (Table SXIl)
were cloned into the plasmid using the restriction sites Nhel and Pacl. The trimeric
HAs were expressed in HEK293S GnTI(-) cells with polyethyleneimine | (PEl) in a 1:8
ratio (ug DNA:ug PEIl) for the HAs as previously described [66], while a 1:12 ratio
was used for the NTD of the guinea fowl CoV. The transfection mix was replaced
after 6 hours by 293 SFM Il suspension medium (Invitrogen, 11686029),
supplemented with sodium bicarbonate (3.7 g/L), Primatone RL-UF (3.0 g/L, Kerry,
NY, USA), glucose (2.0 g/L), glutaMAX (1%, Gibco), valproic acid (0.4 g/L) and
DMSO (1.5%). Culture supernatants were harvested 5 days post-transfection and
purified with sepharose strep-tactin beads (IBA Life Sciences, Germany)
according to the manufacturer’s instructions.

Flow cytometry studies

Cells were harvested using TryplLE Express Enzyme as described above. After
removal of the supernatant, cells were resuspended in PBS supplemented with 1%
FCS (S7524, Sigma) and 2mM EDTA and kept at 4°C until the plate was measured
in the flow cytometer. For experiments with a2-3,6,8,9 neuraminidase A (#P0722,
New England Biolabs), neuraminidase (NA) was used 1:200 with 1,000,000 cells per
ml in glycobuffer 1 (5§ mM CaCl,, 50 mM sodium acetate, in MQ water, at pH 5.5)
for 16 hours at 37°C on a shaking platform in the dark, before incubation with the
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lectin/HA mixes. In a round-bottom 96-wells plate (353910, Falcon), 150,000 cells
were used. Per well, 100 ul of PBS supplemented with 1 ug of HA or biofinylated
lectin (SNA (B1305), LEL (B1175), ECA (B1145), all from Vector Laboratories) was
used, to achieve a final concentration of 10 upg/ml. Hemagglutinins were
precomplexed (on ice, 20 min) with 1.3 ug monoclonal antibody detecting the
Twin-Strep-tag and 0.325 ug goat anti-human Alexa Fluor 488 (A11013, Invitrogen).
Biotinylated lectins were precomplexed (on ice, 20 min) with 0.2 ug streptavidin
Alexa Fluor 488 (S32354, Invitrogen). For titration experiments, different amounts of
HA, lectin, precomplexing antibodies, or streptavidin were used. Furthermore,
eBioscience Fixable Viability Dye eFluor 780 (65-0865, Thermo Fisher Scientific) was
diluted 1:2000 in the same mixture. Cells were incubated with the
hemagglutinin/lectin mix for 30 minutes at 4°C in the dark. Cells were washed once
with PBS supplemented with 1% FCS and 2 mM EDTA, after which the cells were
fixed with 100 ul of 1% paraformaldehyde in PBS for 10 minutes. Afterward, cells
were washed once using PBS supplemented with 1% FCS and 2 mM EDTA, after
which they were resuspended in 100 ul of the same buffer. Flow cytometry was
performed using the BD FACSCanto Il (BD Biosciences) using appropriate laser
voltages. Data were analyzed using FlowLogic (Inivai Technologies) and gated as
described in Fig. 2A to consecutively select cells, single cells, and cells that are not
dead. Mean fluorescence values of friplicates were averaged and standard
deviations were calculated. Curves for titration experiments were smoothed using
the standard settings.

Identification of N-glycans on cells by mass spectrometry

Cell lysates of WT and B3GNT2/B4GALT1 knock-in MDCK and hCK cells were
obtained as described above. The total protein concentration in the cell lysates
was determined using a BCA assay. The glycans in 400 ug of total protein were
released by PNGaseF treatment. Proteins were first denatured in DTT/SDS (40 mM
DTT, 0.5% v/v SDS) for 8 minutes at 95°C, after which they were cooled on ice.
Subsequently, NP-40 (1% v/v) and glycobuffer G7 (50 mM sodium phosphate at
pH 7.5) were added, together with 30 ug of PNGaseF. The samples were
incubated in a shaking incubator overnight at 37°C. Samples were centrifuged
(4700 rcf, 3 min) to remove potential precipitate, after which they were loaded on
separate C18 SPE cartridges (Avantor™ 7020-02 BAKERBOND™ SPE Octadecyl),
which were beforehand conditioned with 1 ml acetonitrile (MeCN) and T ml MQ
water. The flow-through was collected and the remaining glycans were eluted
from the C18 cartridges with 1 ml of 5% MeCN and 0.05% trifluoroacetic acid (TFA)
in MQ water. The MeCN and TFA in both samples were evaporated under a stream
of nitrogen gas. Flow through and elution fractions were diluted into 500 ul MQ
water and combined, after which PGC SPE cartridges (Thermo Scientific™
HyperSep™ Hypercarb™ SPE cartridges) were used to further purify the samples
according to procedures adapted from [69]. The PGC SPE cartridges were
conditioned with 1 ml MeCN and 1 ml MQ water, after which the samples were
loaded on the cartridges. The cartridges were washed with 1 ml 0.05% TFA in MQ
water and T ml 5% MeCN with 0.05% TFA in MQ water. Samples were eluted with
50% MeCN and 0.1% TFA in MQ water and evaporated under a stream of nitrogen
gas. The dried glycans were dissolved in 30 ul MQ water and é ul pure glacial
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acetic acid and labeled using 5 pl procainamide (105 mg/ml procainamide HCI
in DMSO) and 5 ul 2-picoline borane (107 mg/ml 2-Methylpyridine borane complex
in DMSQO) [70, 71]. The solution was vortexed thoroughly and incubated for 2 hours
at 65°C, after which the samples were evaporated using the vacuum
concentrator. The sample was dissolved in 300 ul MQ water and vortexed until the
pellets were dissolved, after which 5 ul 25% (w/v) ammonia was added per sample
to ensure a pH above 10. To remove the unused procainamide from the reaction
mixture, liquid-liquid extraction with 500 ul dichloromethane was performed three
times, with centrifuge steps of 4700 rcf for 3 min in between. The dichloromethane
was removed and residual dichloromethane in the aqueous layer was
evaporated under a stream of nitrogen gas. The samples were dissolved in a total
of T ml MQ water after which they were loaded onto PGC SPE carfridges
(conditioned with 2 ml MeCN and 2 ml MQ water). The cartridges were washed
with 2 ml MQ water and the glycans were eluted using 50% MeCN with 0.1% TFA
in MQ water, after which the MeCN and TFA were evaporated under a stream of
nifrogen gas, followed by lyophilization.

Before HILIC-IMS-QTOF analysis, the lyophilized samples were reconstituted in 15 pl
70% MeCN in MQ water and centrifuged. The injected volume was 10 pl. The HILIC-
IMS-QTOF system was an Agilent 1260 Infinity LC coupled to a 6560 IM-QTOF mass
spectrometer (Agilent Technologies, Santa Clara, USA). For HILIC separation, @
SeQuant ZIC-cHILIC column (3 um, 100 A; 150 x 2.1 mm) was used with a matching
guard column (20 x 2.1 mm). The temperature of the column compartment was
set at 40 °C. The mobile phase was composed of eluent A: 10 mM ammonium
formate with 10 mM formic acid in MQ water, and eluent B: LC-MS grade MeCN.
The initial eluent composition was 30% A at a flow rate of 0.2 ml/min, followed by
a linear gradient to 50% A from 0 to 20 minutes. 50% A was held isocratically until
25 minutes. To re-establish initial conditions, the column was flushed with at least
10 column volumes of 30% A.

The IMS-QTOF was set to positive ion mode with a capillary voltage of 3500 V,
nozzle voltage of 2000 V, and a fragmentor voltage of 360 V. The drying gas
temperature was 300 °C with a flow rate of 8 I/min and the sheath gas
temperature was 300 °C at 11 I/min. The nebulizer pressure was set at 40 psi. The
ion mobility settings were set as follows: 18 IM transients per frame, an IM trap fill
time of 3900 us and a release time of 250 us, the drift tube voltage was 1400 V, and
the multiplexing pulsing sequence length was 4 bits.

IM-MS data was calibrated to reference signals of m/z 121.050873 and 922.009798
using the IM-MS reprocessor utility of the Agilent Masshunter software. The mass-
calibrated data was then demultiplexed using the PNNL preprocessor software
using a 5-point moving average smoothing and interpolation of 3 drift bins. To find
potential glycan hits in the processed data, the ‘find features’ (IMFE) option of the
Agilent IM-MS browser was used with the following criteria: ‘Glycans’ isotope
model, limited charge state to 5 and an ion intensity above 500. The found
features were filtered by m/z range of 300 — 3200 and an abundance of over 500
(a.u.) where abundance for a feature was defined as ‘maxion volume' (the peak
area of the most abundant ion for that feature).
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After exporting the list of filtered features, glycans with a mass below 1129 Da (the
mass of an N-glycan core) were removed. The ExPASy GlycoMod tool [72] was
used to search for glycan structures (monoisotopic mass values, 5 ppm mass
tolerance, neutral, derivatized N-linked oligosaccharides, procainamide (mass
235.168462) as reducing terminal derivative, looking for underivatized
monosaccharide residues (Hexose, HexNAc, Deoxyhexose, and NeuAc)).
Although we initially also screened for NeuGc, it did not provide plausible glycan
composition hits.  Instead, most possible NeuGc hits  were isobaric
Deoxyheose+NeuGc = Hexose+tNeuAc compositions, where the Hexose+NeuAc
composition was deemed more readlistic. Indeed, commonly observed
NeuGclLacNAc (673.2298 m/z) in-source oxonium fragments were absent, while
NeuAcLacNAc (657.2298 m/z) was found in high abundance. This is further
supported by our previous work in which we showed that that NeuGc is absent on
MDCK cells [36]. Thus, we removed NeuGc from the analysis to simplify the further
processing of the data. For features with multiple potential monosaccharide
combinations, the most realistic glycan in the biological context was chosen. The
abundance of glycan features with the same mass, composition, and a maximum
difference of 0.1 min in the retention time were combined as one isomer. Full
glycan composition feature lists for the different cell lines are presented in Table
SII-SIX.

Analysis of the number of LacNAc repeating units was performed on the complex
and hybrid N-glycans with at least one LacNAc repeating unit. A glycan with one
LacNAc repeating unit was defined as a glycan with 4 hexoses and a minimum of
3 HexNAcs or 3 HexNAcs and at least 4 hexoses. A glycan with two LacNAc
repeating units was defined as a glycan with 5 hexoses and a minimum of 4
HexNAcs or 4 HexNAcs and at least 5 hexoses. This pattern was continued for the
higher numbers of LacNAc repeating units. The total absolute abundance of alll
selected glycans was added up, after which the relative abundance of a given
number of LacNAc repeating units was calculated from this total. Additionally, the
percentage of these glycans with at least one Sia was calculated.

Chromatograms of the N-glycans with two to seven LacNAc repeating units,
calculated as described above, from hCK WT and hCK-B3GNT2 cells were
constructed using Agilent’s Masshunter Qualtitative Analysis 10.0 software (Fig.
3A). The shown chromatograms are the summed extracted-ion-count (EIC) for the
ten most abundant glycan features per LacNAc repeating unit group. The EIC for
a glycan was set as the observed m/z value with a symmetrical 10 ppm expansion.
Different ionization states of the same glycan that were found as a separate
feature by the feature-finding software were also included in the summed EIC
chromatogram.

The MS/MS experiments were performed on a Thermo Scientific Exploris 480
connected to a Thermo Scientific Ultimate 3000 UPLC system. Solvent A consisted
of 0.1% FA (formic acid), solvent B of 0.1% FA in 80% acetonitrile. A 50 cm, 75um ID,
2.4 um reprosil column was used with a 60 min gradient of 2% B at O-1 min, 44% B
at 39 min, 55% B at 44 min, 99% B at 45-50 min, 2% B at 50-60 min. After an initial MS
scan, and MS/MS scan was friggered for ions with an infensity of more than 2e5
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and a charge state from 2+ to 8+. The MS/MS scan used HCD at 15% normalized
collision energy (NCE). All scans were performed with the instrument in peptide
application mode.

Proteowizard MSconvert (version 3.0.21328-404bcf1) was used to convert Thermo
raw files to MGF format using MGF as output format, 64-bit binary encoding
precision and with the following options selected: write idex, zlib compression and
TPP compatibility. No filters were used when converting raw files to MGF format. To
search MGF files for spectra containing glycan oxonium ions an internally
developed tool named Peaksuite (v1.10.1) was used with an ion delta of 20 ppm,
noise filter of 0% and using a list of oxonium m/z values as mass targets (Table SX).
Scans without any detected peaks were removed. Python 3.2.2 was used for data
curation based on precursor m/z (10 ppm), retention time (17-24 min) and
intensities of oxonium ions that originated from the glycan core (m/z 441.2707,
587.3286, 644,3501, 790.4080, 806.4029, and 952.4608). The sum intensity threshold
of the core oxonium ions was set to 1e4. Python 3.2.2. was also used for calculating
the relative intensities of oxonium ions normalized versus the sum intensities of the
core oxonium ions.

Sugar nucleotide analysis

Cells were grown to 60-70% confluency in a é-wells plate, after which the medium
was removed and the cells were washed twice with wash buffer (75 mM
ammonium carbonate in MQ water, pH 7.4 (corrected with glacial acetic acid),
at 4°C). The cells were then treated with 700 ul of extraction buffer (40%
acetonitrile, 40% methanol, 20% MQ water, at 4°C) per well for 2 minutes, after
which the supernatant was transferred to a vial. This extraction step is repeated
for 3 minutes, after which the two extracts were pooled and centrifuged at 18000
rcf for 3 min. The supernatant was taken and dried in the vacuum concentrator.
Samples were frozen at -80°C until analysis using an ion-pair UHPLC-QgQ 1290-6490
Agilent mass spectrometer by Glycomscan BV (Oss, the Netherlands) [45].

Virus titration on B3GNT2/B4GALT1 knock-in MDCK and hCK cells

Virus titers in the virus stocks in Table | were determined using end-point tfitration in
MDCK cells and inoculated cell cultures were tested for agglutination activity
using turkey red blood cells as an indicator of virus replication in the cells. For
recent (2017-2019) H3N2 viruses, no binding to erythrocytes was observed and
therefore virus titers were determined using a nucleoprotein (NP) staining. The NP
staining was performed on the inoculated cells that were fixed with acetone for
at least 20 minutes at -20°C. Primary mouse anti-NP antibody (HBé5, 2 mg/ml) was
diluted 1:3000 and the secondary goat anti-mouse IgG HRP antibody (A16702, 1
mg/ml, Thermo Fisher Scientific) was used at a dilution of 1:30000, after which 50
per well was used for both solutions. True Blue substrate (KPL) was then added to
visualize positive wells using an ImmunoSpot Analyzer (CTL Europe, Bonn,
Germany). Based on the negative control values and the highest positive values
per plate, the cut-off for positivity was determined. Infectious titers were
calculated from five replicates using the Spearman-Karber method [73].
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Table I. Details of IAVs used in the experiment shown in Fig. 5A-C. These viruses include
one older H3N2 virus from 2003, one HINT virus, and two influenza B viruses. The viruses
were passaged in MDCK, MDCK-SIAT1 [22], and/or hCK cells.

Virus Virus details Passage history
A/Netherlands/1797/2017 Subtype H3N2, clade 3C.2a1 SIAT2hCK?2
A/Netherlands/371/2019 Subtype H3N2, clade 3C.2a1 SIAT2MDCK1hCK1

A/Netherlands/10009/2019 Subtype H3N2, clade 3C.2alb SIATThCK3
A/Netherlands/314/2019 Subtype H3N2, clade 3C.2alb SIAT2hCK?2
A/Netherlands/384/2017 Subtype H3N2, clade 3C.3a SIAT2hCK4

A/Netherlands/10006/2019 Subtype H3N2, clade 3C.3a SIATThCK3
A/Netherlands/3466/2017 Subtype H3N2, clade 3C.2a2 SIAT2hCK?2

A/Netherlands/10616/2019 Subtype H3N2, clade 3C.2a2 SIATThCK?2
A/Netherlands/213/2003 Subtype H3N2 MDCK2
A/Netherlands/121/2020 Subtype HINI hCK2

B/Croatia/7789/2019 Lineage Victoria MDCKxMDCK3
B/Netherlands/461/2019 Lineage Yamagata SIAT5hCK1

Inoculation of hCK and hCK-B3GNT2 cells with influenza viruses

To evaluate whether IAVs that could not be isolated previously in hCK cells would
replicate in hCK-B3GNT2 cells, hCK and hCK-B3GNT2 cells were seeded at a
density of 20.000 cells per well in 96-wells plates at 24 hours before inoculation. The
original patient materials (100 pl), which are influenza virus positive swalbs
collected as part of the Dutch influenza virus surveillaonce program, (details of
viruses in Table Il) were diluted in 700 ul infection medium (EMEM (Cambrex,
Heerhugowaard, The Netherlands) supplemented with 100 U/ml penicillin, 100
pg/mil streptomycin, 2mM glutamine, 1.5mg/ml sodium bicarbonate (Cambrex),
10mM Hepes (Cambrex), nonessential amino acids (MP Biomedicals) and 20
pg/mil trypsin (Cambrex)), after which a two-fold dilution series was made. After
three days, the presence or absence of cytopathic effects in each well was
scored and the mean (n=3) of the number of infected wells was calculated.
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Table Il. Details of H3N2 IAVs used in the experiment shown in Fig. 5D. The exact virus is
indicated as well as the clade and HA mutations if applicable. Previous attempts of
isolating these viruses in hCK cells were either unsuccessful (-) or successful (+).

Number Virus Clade (+ HA mutations) Cultured previously
1 A/Netherlands/3425/2017 3C.2a
2 A/Netherlands/2362/2018 3C.2alb
3 A/Netherlands/2380/2018 3C.2alb
4 A/Netherlands/010/2019 3C.2alb
5 A/Netherlands/173/2019 3C.2alb
6 A/Netherlands/1268/2019 3C.204
7 A/Netherlands/1735/2019 3C.2a1b + T135K
8 A/Netherlands/1747/2019 3C.2a1b + T135K
9 A/Netherlands/1439/2019 3C.2alb +
10 A/Netherlands/1734/2019 3C.2alb + T135K +
11 A/Netherlands/054/2020 3C.2a1b + T131K +
12 A/Netherlands/008/2021 3C.2a1b.2a2 +
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Abstract

The first step in influenza virus infection is the binding of hemagglutinin to sialic
acid-containing glycans present on the cell surface. Over 50 different sialic acid
modifications are known, of which N-acetylneuraminic acid (NeuSAc) and N-
glycolylneuraminic acid (Neu5Gc) are the two main species. Animal models with
a2,6 linked NeuSAc in the upper respiratory tract, similar to humans, are preferred
to enable and mimic infection with unadapted human influenza A viruses. Animal
models that are currently most often used to study human influenza are mice and
ferrets. Additionally, guinea pigs, cofton rats, Syrian hamsters, tree shrews,
domestic swine, and non-human primates (macaques and marmosets) are
discussed. The presence of Neu5Gc and the distribution of sialic acid linkages in
the most commonly used models is summarized and experimentally determined.
We also evaluated the role of Neu5Gc in infection using Neu5Gc binding viruses
and cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) -/-
knockout mice, which lack Neu5Gc, and concluded that Neu5Gc is unlikely to be
a decoy receptor. This article provides a base for choosing an appropriate animal
model. Although mice are one of the most favored models, they are hardly
naturally susceptible to infection with human influenza viruses, possibly because
they express mainly a2,3 linked sialic acids with both NeuS5Ac and Neu5Gc
modifications. We suggest using ferrets, which resemble humans closely in the
sialic acid content, both in the linkages and the lack of Neu5SGc, lung
organization, susceptibility, and disease pathogenesis.
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Infroduction

Infection of humans by influenza A viruses starts at the epithelium cells in the upper
respiratory tract, where the hemagglutinin (HA) on the outside of a virus particle
binds to glycans with a terminal sialic acid. The terminal sialic acids can be linked
through an a2,3 or a2,6 bond to the penultimate galactose. In humans, mainly
a2,6 linked sialic acids are present in the upper respiratory tract. The expression of
a2,3 and a2,6 linked sialic acids varies between species and tissues [1].

Another variable in the influenza receptor is the type of sialic acid, of which N-
acetylneuraminic acid (NeuSAc) and N-glycolylneuraminic acid (Neub5Gc) are
the main species (Figure 1). The majority of influenza A viruses use a glycan with a
terminal NeuSAc as their receptor, although some strains use Neu5Gc instead [2,
3]. Importantly, only NeuSAc is present in humans [4-6]. Human influenza A viruses
specifically bind a2,6 linked sialic acids.

HO OH HO OH
COOH COOH
OH OH
N 707 0R NI /07 0Rr
\Tr HCT/\Wf 5
O HO O
NeubAc NeubGc

Fig 1. Structure of N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid
(Neu5Gc).

Neu5Gc can be produced in animals that express an active form of the enzyme
cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH), which
facilitates the hydroxylation of NeuSAc to turn it into Neu5Gc. However, the gene
encoding CMAH, mainly expressed in mammalian species, has been lost partially
or completely in several events during evolution [4]. Possibly, the negative
selection of Neu5Gc was induced by lethal pathogens binding to Neu5Gc.
Therefore, the loss of Neu5Gc protected individuals from infection with these
pathogens [7]. The presence of an intact CMAH gene does not automatically
lead to high expression of Neu5Gc in all tissues [8]. The expression of NeuSGc in
species used as animal models for human influenza has received little attention so
far and no clear overview of this expression is available.

Proper animal models are essential for fundamental and applied research on
human influenza viruses, vaccines, and antivirals. Often considered factors for
choosing an animal model are the experimental costs, disease pathogenesis, and
susceptibility. Currently, the sialic acid linkage and especially the Neu5Gc content
are often overlooked. Human influenza viruses mainly bind a2,6 linked NeuSAc,
while many animal models express Neu5Gc. The lack of correct sialic acid



54 Chapter 3

receptors in animal models could skew the results of a study since adaptation of
a virus may be required before a successful infection is possible. The animal models
mostly used to study human influenza are ferrets (Mustela putorius furo) and mice
(Mus musculus). While ferrets mainly express the human receptor (02,6 linked
NeuSAc), mice also express Neu5Gc and the sialic acid linkages in the respiratory
tract differ from humans [1, 6, 9-19]. Other animal models that are discussed in this
arficle are cottonrats (Sigmodon species), Syrian hamsters (Mesocricetus auratus),
guinea pigs (Cavia porcellus), domestic swine (Sus scrofa domesticus), macaques
(Macaca), and marmosets (Callitrichidae). Of these animals, domestic swine are
naturally infected by human influenza viruses [1].

In this article, we summarize the current knowledge on Neu5Gc expression in
animal models for human influenza and supplement this with protein
histochemistry stains on lung tissues. The role of Neu5Gc in influenza virus infection
is still unclear. Furthermore, studies on Neu5Gc specific influenza viruses or NeuSAC
specific viruses in animal models that are rich in Neu5Gc are scarce. Therefore, we
also studied the infection of H5N1 viruses that bind either NeuS5Ac or Neu5Gc in
CMAH -/- knockout mice [20]. Interestingly, although the Neu5Gc specific H5N1
virus retained NeuSAc binding, no significant difference in pathogenesis was
observed between wild-type (WT) and CMAH -/- mice. The Neu5Gc binding H5N 1
virus was less infectious compared to the WT virus but this was not affected by the
presence of Neu5Gc in mice. This article provides a base for choosing suitable
animal models to study human influenza.

Results

Animal models for human influenza

The most used animal models for human influenza are mice [21-25], ferrets [21-23,
25-29], and guinea pigs [22, 25]. Other small animal models that are used are
cotton rats [25, 30-32] and Syrian hamsters [23, 25], and recently, free shrews have
been suggested [33, 34]. Commonly used larger animal models are domestic
swine [35] and non-human primates (mainly macaques and marmosets) [25, 32,
36-39].

When comparing experimental costs, housing requirements, space usage, and
handling conditions for small animal models, mice and cotton rats are less
demanding than guinea pigs, ferrets, tree shrews, and Syrian hamsters [21, 23, 25,
40-43]. Swine and non-human primates require more space and more
complicated husbandry and handling conditions, associated with higher
experimental costs compared to small animal models [25, 40].

For the analysis of infection and immunological reactions, high availability of
immunological reagents is beneficial, such as available for mice, cotton rats,
swine, and non-human primates [21, 25, 44]. For ferrets, guinea pigs, and Syrian
hamsters [25, 42, 45, 46], only a few immunological reagents are available, which
complicates the analysis of experiments.
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Physical characteristics of animal models

Comparable disease pathogenesis (sneezing, nasal discharge, lethargy, fever,
weight loss, and viral shedding) in humans and animal models simplifies the
analysis of the influenza virus infection. From all animal models, ferrets best
represent the symptoms of human influenza virus infection, whereas mice, non-
human primates, swine, cotfton rats, and tree shrews moderately reflect the
symptoms. On the other hand, guinea pigs and Syrian hamsters only reflect human
symptoms to a lower extent [25, 34, 40, 47].

The similarity in disease pathogenesis does not seem to be correlated to the
resemblance between human and animal model lung structures. In the human
lung, the major vessels in the lung and the bronchi are linked by extensive
interlobular and intralobular connective tissue. Human lungs are most closely
resembled by lungs of non-human primates in terms of structure, physiology, and
mucosal immune mechanisms [48], but many (ethical) issues are associated with
experiments with non-human primates. Swine and ferret lungs very closely
resemble human lungs as well [27, 44, 47, 49]. Furthermore, similarities in the lung
organization are found in most mammals, among which guinea pigs, cotton rats,
tree shrews, and Syrian hamsters [25, 50-52]. However, mice lungs have different
branching, organization of bronchi, and distribution of connective tissue [44, 53].

To study the clearance and development of influenza virus infection, it is useful to
have similarimmune responses to influenza infection. The immune system of ferrets
has not been studied in detail [22, 45]. The immune systems of guinea pigs, Syrian
hamsters, free shrews, and swine, compared to murine species (mice and rats),
are more similar fo the human immune system [35, 41, 42, 44, 54-56]. Non-human
primates have high genetic homology to humans and more than 90% amino acid
similarity is found in the cytokines of humans and non-human primates [38, 57, 58],
but differences in the sialic acid-recognizing immunoglobulin-like lectins are
observed [59]. Interestingly, Neu5Gc regulates and influences several
immunological pathways. Upon activation of T cells, upregulation of NeuSAc and
a2,3 linked sialic acids and downregulation of Neu5Gc and a2,6 linked sialic acids
was observed [60, 61]. Furthermore, T cells were more reactive to stimulation in the
absence than in the presence of NeudSGc [61, 62]. Additionally, Neu5Gc
suppresses the B cell responses and proliferation [20]. Therefore, the presence of
Neu5Gc may be important in the comparison of the immune responses of different
animal models. Apart from the influence of sialic acids on the immune system,
humans can already have pre-existing immunity to a broad spectrum of influenza
strains. This pre-existing immunity is often lacking in animal models, although pre-
immune mice and ferret models are available [63-67].

The susceptibility of animal models to influenza viruses that are not adapted is an
important factor for choosing an animal model, since an adapted virus may have
different properties than the original virus. Swine are natural hosts of influenza
viruses and are infected by the same subtypes of influenza as humans [1].
Furthermore, some non-human primates in nature are also infected with human
influenza A viruses [37, 68]. Additionally, ferrets, guinea pigs, cotton rafts, Syrian
hamsters, and tree shrews can be infected with human influenza viruses without



56 Chapter3

adaptation [21, 23, 25, 30, 34, 40, 45, 46]. When considering the two most often
used small animal models for human influenza, ferrets are susceptible to influenza
without adaptation, while the susceptibility of mice depends on both the influenza
subtype and mice strains that are used. Efforts have been made to provide
different strains of mice with a broad genetic background [69]. of which some
strains were shown to be more susceptible to H3N2 infection [70]. In general, DBA/2
mice seem fo be more susceptible than C57BL/é6 mice to human influenza
infection [24, 71-75]. Furthermore, genetic modification of mice in for example the
IFITM3 [76], Mx1 [77], or Caspl [78] genes can increase the susceptibility.
Depending on the strain of influenza used in the research, it is important to choose
an appropriate and susceptible murine strain that does not require adaptation of
the virus.

Expression of N-glycolylneuraminic acid in animal models

The susceptibility of animal models is for the most part caused by the receptor
specificity of the hemagglutinin and the sialic acids present at the site of infection.
To mimic influenza virus infection in humans closely, similar sialic acids and sialic
acid linkages in the respiratory tract of animal models are required. In humans,
mainly a2,6 linked NeuSAc is present in the upper respiratory tract, which is bound
by human influenza A viruses [1]. Importantly, only NeuSAc is present in humans,
since the CMAH gene responsible for producing Neu5Gc (Figure 1) is not intact [4-
6].

The linkage of sialic acids to the penultimate galactose residues in the respiratory
tract of animal models has already been extensively reviewed by others and is
summarized in Table 1. In short, tree shrews and ferrets have a human-like
distribution of sialic acid linkages, with a2,6 linked sialic acids in the upper
respiratory tract and a2,3 linked sialic acids in the lower respiratory tract. Swine
mainly express a2,6 linked sialic acids and guinea pigs, rats, and Syrian hamsters
express both 02,3 and a2,6 linked sialic acids. Non-human primates (macaque
and marmoset) and mice mainly express a2,3 linked sialic acids. So far, no
overview is available describing the presence of Neu5Gc in animal models for
human influenza. Therefore, we summarized the presence of both intact CMAH
genes and the expression of NeuSGc (Table 1) in animal models for human
influenza, since the presence of CMAH does not automatically lead to high
expression of Neu5Gc [8]. For completeness, we added dogs and horses to the
table, since these species highlight the differences in sialic acid expression
between species, although they are hardly used as models for research on human
influenza A viruses. Neu5Gc is present in all animal models except the ferret and
marmoset. Information on the percentage of Neu5Gc in the respiratory tract with
respect to the total sialic acid content was, to our knowledge, only available for
swine and varied from 9-53%. In dogs, the presence of Neu5Gc depends on the
breed and the consensus is that Neu5Gc is present in some Japanese breeds,
while Neu5Gc lacks in all other breeds [79]. At the moment, it is unclear whether
an intact CMAH gene is present in all dog breeds. For the other investigated
species, the presence of an intact CMAH gene correlates with the expression of
NeudGc.
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Table 1. Overview of sidlic acid linkages in the respiratory tract, the presence of Neu5Gc,
and the presence of an intact CMAH gene in different animal models. + : high levels, - :
low levels, -- : not detected.

Animal Sialic acid linkage in the respiratory tract Neu5Gc detected Intact
model a2,3 a2,é CMAH
gene [4]
Mouse +[1] -[1,16] Yes [6, 9-15, 80, 81] Yes
Yes (Figure 2)
Ferret + [17] + [17] No [17-19] No
- (upper respiratory tract) + (Upper respiratory tract) No (Figure 2)
(1] (1]
+ (lung) [1] - (lung) [1]
Guinea pig + (nasal fract, fracheaq) + (nasal fract, fracheaq) Yes [9, 83] Yes
[82] [82] Yes (Figure 2)
+ (lung) [82] - (lung) [82]
Rat + (frachea) [84] + (trachea) [84] Yes [9, 85] Yes
- (lung) [84] - (lung) [84]
Syrian + [23] + [23] Yes (Figure 2) Yes
hamster
Tree shrew + [86] + [86] Yes [86] Yes
- (nasal tract, trachea) + (nasal fract, fracheaq)
[34] [34]
+ (lung) [34] - (lung) [34]
Swine - [1,87] +[1,87] Yes [87, 89-93] Yes
+ (nasal tract) [88] - (nasal fract) [88] Yes, 53% [94]
- (fracheaq) [88] + (trachea) [88] Yes, 9-14% [95]
+ (lung) [88, 89] + (lung) [88, 89] Yes (Figure 2)
Marmoset + [36] -- [36] No [96] No
Macaque Unknown Unknown Yes [9, 97] Yes
Dog +[98] - [3, 98] No [79, 99, 100] Yes
Yes [79, 80, 101, 102]
Horse +[1, 98, 103] - [3, 98, 103] Yes [3, 8, 100] Yes

The table is supplemented with protein histochemistry of the Neu5Gc content of
the lungs of mice, ferrets, guinea pigs, Syrian hamsters (which was not investigated
for Neu5Gc content before), and domestic swine (Figure 2). We used the WT and
Y161A mutant HA of A/Vietham/1203/2004 (H5N1) which have previously been
used to specifically detect a2,3 linked NeuSAc and a2,3 linked NeuSGc,
respectively [3]. To clarify the presence of a2,6 linked sialic acids, Sambucus nigra
agglutinin (SNA) was used [3]. We found that NeuSAc is expressed in all
investigated lungs. In most lungs, a2,3 linked NeuSAc was predominantly
expressed in the bronchioles and alveoli, except for the ferret in which only
alveolar staining was observed. Neu5Gc expression is detected throughout the
tissues for all species except the ferret. Interestingly, NeuS5Ac but not Neu5Gc is
expressed in the bronchioles of the Syrian hamster and swine, while the inverse is
true for endothelial cells in blood vessels. Thus, although Neu5Gc is present in
species with an infact CMAH, expression is mainly seen in the alveoli, which are
located deep in the lung. Moreover, Neu5Gc is present in the vascular system
which is hardly infected by influenza A viruses. Mice hardly expressed a2,6 linked
sialic acids, as expected. High expression of a2,6 linked sialic acids is observed in
ferrets and swine, moderate expression in guinea pigs and Syrian hamsters. Taken
together, the human respiratory tract is best resembled, in terms of sialic acids, by
ferrets, which express mainly a2,6 linked Neu5Ac. On the other hand, mice mainly
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express a2,3 linked sialic acids, of which a part is Neu5Gc instead of Neu5Ac. We
wondered if abrogating Neu5Gc from mice using CMAH -/- knockout mice would
make mice more susceptible to influenza A virus infection as most of those viruses
exclusively bind NeuSAcC.
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Fig 2. Visudlization of the presence of a2,3 linked Neu5Ac (WT HA of A/Vietnham/1203/2004
(H5N1)), a2,3 linked Neu5Gc (Y161A mutant HA of A/Vietham/1203/2004 (H5N1)), and
a2,é linked sialic acids (SNA) using AEC staining on lung tissue of mouse (C57BL/4), ferret,
guinea pig, Syrian hamster, and domestic swine. Brown staining indicates binding of the
HAs to the tissue and blue indicates the cells. Selected bronchioles (black arrows) and
blood vessels (blue arrows) are indicated. Images are representative of two independent
experiments.
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Neu5Gc as a functional receptor

The effect of Neu5Gc on influenza virus infection is not clear yet. Although Neu5Gc
was previously suggested to act as a decoy receptor for influenza viruses [87, 104],
many others suggest that Neu5Gc is not a decoy receptor and Neu5Gc may even
be a functional receptor. Firstly, an influenza A strain that bound Neu5Ac showed
no reduced infectivity for CMAH-transfected cells with a higher Neu5Gc content
[104]. Secondly, a mutant H3N8 virus that preferred binding to NeuSAc over
Neu5Gc only moderately infected ponies, which have a high Neu5Gc content,
while another mutant virus that preferred binding to Neu5Gc infected all ponies
in the experiment [103]. Thirdly, equine H7 viruses specifically bind Neu5Gc [2, 3]
and some other influenza A viruses bind Neu5Gc as well [2, 24, 105]. Some of these
Neu5Gc binding viruses infect swine, with a significant amount of Neu5Gc in their
respiratory tract. There is however no indication that these viruses persisted in the
domestic swine population.

To investigate the effect of Neu5Gc on influenza virus infection, the CMAH -/-
knockout mice model [15, 20, 62] was used, which is not able to produce Neu5Gc
and is, therefore, more similar to humans than WT mice. The CMAH -/- modelis also
thought to produce a stronger immune response to influenza virus infection than
WT mice [62]. Previously, we showed with a glycan array and hemagglutination
assays that H5N1 WT virus and HA of A/Vietnam/1203/2004 (H5VN) solely bind
NeuSAc, while the YT61A mutant only binds Neu5Gc [3]. Here, we demonstrate
that the WT HA of a closely related H5N1 virus, A/Hong Kong/483/1997 (H5HK),
mainly binds to canine erythrocytes (Western breed), containing only Neu5SAc. The
H5HK Y161A mutant mainly binds to equine erythrocytes (Figure 3A), containing
primarily Neu5Gc, as indicated in Table 1. Like H5VN, the H5HK WT HA binds both
equine and canine trachea, while the Y161A mutant only binds the equine
trachea (Figure 3B). Therefore, the results of the hemagglutination assay and fissue
staining indicated that both HSVN Y161A and H5HK Y161A are specifically binding
Neu5Gc.

To further investigate the effect of NeuSAc and NeuS5Gc binding viruses, we
produced a Y161A mutant of the H5HK virus. Infection of this virus was examined
in WT (C57BL/6) and CMAH -/- knockout mice. Anti-Neu5Gc stains confirmed the
absence of Neu5Gc in CMAH -/- mice and the presence in WT mice (Figure 3C),
and the presence of Neu5Ac was shown in Figure 2. Upon infection, it became
clear that the WT and CMAH -/- knockout mice were equally well infected, as
shown by the survival curves (Figure 3D), bodyweight curves (Figure 3E), and the
measurement of the PFU per gram in the lungs at three days post infection (Figure
3F). Thus, abrogating Neu5Gc did not facilitate increased virus infection and
replication of a NeuSAc binding virus and therefore it is also unlikely that Neu5Gc
is used as a decoy receptor. Possibly, enough Neu5Ac was present in both the WT
and CMAH -/- mice to support effective infection of the Neu5Ac binding virus. The
H5HK Y161A virus, binding Neu5Gc, has significantly lower pathogenicity (WT mice
in Figure 3F) compared to the WT virus (p=0.0007). Interestingly, this virus still
infected the CMAH -/- knockout mice, which was not expected based on the
NeuSGc specificity. Sequencing of the inoculated and isolated viruses (at 3 dpi)
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Fig 3. H5 WT and HA-Y161A binding properties and infectivity in WT (C57BL/6) and CMAH
-/- mice. (A) A hemagglutination assay (n=3) with canine and equine erythrocytes was
performed using HAs of WT and Y161A mutants of - A/Vietnam/1203/2004 (H5VN) and
A/Hong Kong/483/1997 (H5HK). (B) Tissue binding of the HA of HSHK WT and mutant YT161A
on canine and equine frachea is visuadlized with AEC staining (representative for three
independent assays), the scale bar represents 100 um. (C) Mice lung (WT and CMAH -/-
knockout) are stained in duplicate with anti-Neu5Gc IgY and binding is visualized with AEC
staining. WT (C57BL/6) and CMAH -/- knockout mice (n=5) were infected with HSHK WT
and HA-Y161A mutant virus and (D) the survival and (E) body weight curves are shown,
together with the (F) PFU per gram at 3 dpi in the lungs (n=5), *** indicates a p-value of
0,0007 in an unpaired two-tailed t-test. (G) Synthetic glycans printed on the microarray
(n=6), either without sialic acid (structures 1-3, light gray), with a2,6-linked NeuSAc (4-6,
black), a2,3-linked NeuSAc (7-9, dark gray), a2,6-linked Neu5Gc (10-12, red) or a2,3-linked
Neu5Gc (13-15, blue).

confirmed that before and after inoculation, amino acid 161 of the HA of the WT
virus is a tyrosine (encoded by TAC) and this amino acid in the HA-Y161A virus is
an alanine (encoded by GCC).
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After this observation in vivo, we decided to do a final test on the binding
properties of the WT and mutant HSHK HA on the glycan array. We found that the
WT H5HK HA only binds Neu5Ac, as expected. However, the Y161 A mutant binds
both Neu5Ac and Neu5Gc on the glycan array (Figure 3G), whereas we expected
to see only binding to Neu5Gc as with HSVN Y161A. This may explain that the H5SHK
Y161A virus still infected CMAH -/- mice through their Neu5SAc receptors.

We now know that Neu5Gc and NeuSAc binding on tissues and erythrocytes
(chicken and horse) not always fully corresponds to glycan array data, possibly
because different glycans are present in the assays [106]. We did however expect
larger differences between viruses with NeuSAc and dual NeuSAc and Neu5Gc
specificity since previously it was shown that influenza viruses with dual a2,6 and
a2,3 linkage specificities tfransmitted less efficiently among ferrets than viruses with
a specificity for a single linkage type of sialic acids [107-109].

Discussion
Relevance of Neu5Gc in animal models for human influenza

Considering space usage, ethical considerations, and experimental costs, small
animal models (mouse, ferret, guinea pig, rat, tree shrew, or Syrian hamster) are
preferred over non-human primates and swine for experiments with human
influenza viruses. Non-human primates are also not preferred because Old World
monkeys, which are mostly used for influenza research [37, 38], among which the
macaques, have an intact CMAH gene and express Neu5Gc [26] and mainly a2,3
linked sialic acids. They are thus very different from humans in the sialic acid
content and susceptibility to human influenza A viruses.

Guinea pigs are commonly used small animal models that express both NeuSAc
and Neu5Gc and mainly a2,3 linked sialic acids in the respiratory tract. Guinea
pigs can be infected by human influenza viruses, but human symptoms of
influenza infection are only reflected to a low extent and just a few immunological
reagents are available. Recently, Syrian hamsters have been extensively used to
investigate SARS-CoV-2 [110, 111] which suggests that these animals closely
resemble human respiratory tract properties. Both 02,3 and a2,6 linked sialic acids
are present in their respiratory tract and Syrian hamsters can be infected by
unadapted human influenza viruses. However, as we showed here for the first time,
NeubSGc is expressed in their lungs, although not on the epithelium of the
bronchioles.

In fact, we observe quite different expression profiles of NeuSAc versus Neu5Gc
not only in the Syrian hamster but also in other influenza A virus animal models. This
could be the virtue of using an H5VN Y161A mutant lectin with specificity to a
subset of Neu5Gc capped N-glycans to which we initially screened it for [3]. On
the other hand, the commonly using anti-Neu5Gc antibody is raised against a
glycolipid structure [12, 112]. It would be interesting to compare several Neu5Gc
specific lectins to elucidate cell- and organ-specific Neu5Gc expression profiles.

Mice are one of the most favored models because they are widely available,
relatively inexpensive, and easy to keep. However, mice are hardly natfurally
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susceptible to infection with human influenza viruses, possibly because they
express mainly a2,3 linked sialic acids with both NeuS5Ac and Neu5Gc
modifications. Previously, mice with modified glycosylation patterns, namely
ST6GALT knockout mice which are not able to produce a2,6 linked sialic acids,
were used to investigate the infectivity of human influenza viruses. The STEGALTI
knockout model still supported replication of human influenza viruses, although
these viruses were mouse-adapted and therefore probably bound to 02,3 linked
sialic acids [113]. Here, we did not observe a difference in infectivity in CMAH -/-
knockout and WT mice upon infection by H5NT viruses binding NeuSAc or with @
dual NeuS5Ac and Neu5Gc receptor specificity. In confrast, older literature clearly
shows the importance of Neu5Gc specificity in experimental animals [103].

Although the ferret model is complicated and expensive, it is still the best model
to mimic influenza infection in humans. Ferrets resemble humans very closely in
terms of lung structure, susceptibility, and disease pathogenesis [25, 40, 45].
Importantly, the sialic acid content is very similar to that of humans, as they lack
Neu5Gc and have a high a2,6 linked NeuSAc expression in the respiratory tract.
Indeed the importance of a2,6 versus a2,3 linked sialic linkage specificity has been
reported extensively [114-118].

Remaining questions on the role of Neu5Gc and Neu5Gc binding

In this article, we described the presence of Neu5Gc in the animal models that
are most commonly used to study human influenza. However, a quantification of
the amounts of Neu5Gc present in the nasal tract, upper respiratory tract, lower
respiratory tract, and lungs is still lacking. More information on this topic would
provide insights info the suitability of different animal models for human influenza
research.

Since Neu5Gc is present in many animal models but is lacking in humans, it is
important to investigate the role of Neu5SGc in influenza virus infection. We
concluded that Neu5Gc is most likely not used as a decoy receptor. However, the
exact role of Neu5Gc, and whether Neu5Gc is used as a functional receptor,
remains to be elucidated. Further research comparing animal models with and
without Neu5Gc and studies using Neu5Gc binding viruses would be beneficial to
improve the understanding of the role of Neu5Gc in influenza virus infection.

Materials and Methods
Virus and cells

WT and mutant HA-Y161A influenza viruses A/Hong Kong/483/1997 (H5N1) were
propagated in 10-day-old embryonated chicken eggs at 35°C for 48 h. The
collected allantoic fluid was stored at -80°C. Madin-Darby canine kidney (MDCK)
cells were cultured at 37°C with 5% CO2 in minimum essential medium (MEM)
(Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% non-immobilized
fetal calf serum (FCS; SAFC Biosciences, Lenexa, KS, USA), 0.3 mg/mL L-glutamine
(Wako Chemicals, Tokyo, Japan), 0.1 mg/mL streptomycin (Meiji Seika Pharma,
Tokyo, Japan), 100 U/mL penicilin G (Meiji Seika Pharma, Tokyo, Japan), and 8
ug/mL gentamicin (Takata Pharmaceutical, Saitama, Japan).
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Expression and purification of HA

The pCDS5 expression vector was used to clone HA-encoding cDNAS in frame with
DNA sequences coding for a secretion signal sequence, a Twin-Strep
(WSHPQFEKGGGSGGGSWSHPQFEK); IBA, Germany), a GCN4 leucine zipper
trimerization domain (RMKQIEDKIEEIESKQKKIENEIARIKK) [119], and a superfolder
green fluorescent protein (GFP) [120] or mOrange?2 [121]. H5 HA encoding cDNAs
of A/Hong Kong/483/1997 (both WT and mutant Y161A) or A/Viethnam/1203/2004
(both WT and mutant Y161A) were cloned into the pCDS expression vector as
described previously [122, 123]. The HAs were expressed in HEK293S GnTI(-) cells
and purified from cell culture supernatants as described earlier [122]. In short,
transfection was performed using the pCDS expression vectors and
polyethyleneimine |. At 6 h after transfection, the transfection mixtures were
replaced by 293 SFM |l expression medium (Gibco) supplemented with DMSO
(1.5%), 1% glutaMAX (Gibco), sodium bicarbonate (3.7 g/L), Primatone RL-UF (3.0
g/lL), glucose (2.0 g/L), and valproic acid (0.4 g/L). The cell culture supernatants
were collected at 5 to 6 days after fransfection and HAs were purified using Strep-
Tactin sepharose beads (IBA, Germany) according to the manufacturer’s
instructions.

Protein histochemistry

Sections of formalin-fixed, paraffin-embedded horse (Equus ferus caballus),
guinea pig (Cavia porcellus), domestic swine (Sus scrofa domesticus), ferret
(Mustela putorius furo), and dog (Canis lupus familiaris) tissues were obtained from
the Division of Pathology, Department of Biomolecular Health Sciences, Faculty of
Veterinary Medicine, Utrecht University, the Netherlands. Syrian hamster
(Mesocricetus auratus) lung fissue was a kind gift of Barry Rockx from the
department of Viroscience, Erasmus Medical Center, the Netherlands. The lungs
of five-week-old C57BL/6 (Japan SLC, Shizuoka, Japan) and CMAH knockout (-/-)
mice (Mus musculus) [20] were also fixed in formalin and embedded in paraffin.
Protein histochemistry was performed as previously described [124, 125]. Shortly, 4
um tfissue sections were deparaffinized and rehydrated. Antigens were retrieved
by heating the slides for 10 min in 10 mM sodium citrate at pH 6.0. Subsequently,
slides were treated with 1% hydrogen peroxide in MeOH for 30 min to inactivate
endogenous peroxidases. The slides were blocked overnight at 4°C with PBS
supplemented with 3% BSA (w/v) (for protein stains) or carbo-free blocking solution
(SP-5040-125; Vector Laboratories, Buringame, CA, USA) (for Sambucus nigra
agglutinin (SNA) stains). The slides were then stained using 100ul of 5 ug/ml HAs
after pre-complexing the proteins on ice for 20 min with mouse anti-streptag-HRP
and goat anti-mouse IgG-HRP (626520; Thermo Fisher) in PBS in respectively a 4:2:1
molar ratfio. For anfi-Neu5Gc stains, 1:300 diluted Anti-Neu5Gc IgY (Biolegend, San
Diego, CA, USA) and 1:100 diluted Rabbit anti-chicken IgY-HRP (31401; Thermo
Fisher) were used. For SNA stains, 100 ul of 5 ug/ml biotfinylated SNA (B1305; Vector
Laboratories, Burlingame, CA, USA) in PBS was used to stain the slides for 30
minutes. Afterward, the Vectastain ABC kit (PK-4000; Vector Laboratories,
Buringame, CA, USA) was applied according to the manufacturer’s protocol.
After washing with PBS, slides were counterstained using hematoxylin and the HA
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binding was visuadlized using 3-amino-%9-ethylcarbazole (AEC) (Sigma-Aldrich,
Germany).

Hemagglutination assay

Hemagglutination assays with pre-complexed HAs, at a starting concentration of
10 ug/mL, were performed with 0.5% canine (beagle, that lacks Neu5Gc [99]) and
equine erythrocytes as described previously [122]. Shortly, precomplexation was
performed with HAs, anti-streptag, and goat anti-mouse antibodies in a 4:2:1
molar ratio respectively.

Glycan microarray binding of HA

The previously presented glycan microarray [3] was used. HAs were pre-
complexed with mouse anti-streptag-HRP (horseradish peroxidase) and goat anti-
mouse-Alexas55 antibodies in a 4:2:1 molar ratio respectively in 50 uL PBS with 0.1%
Tween-20 and incubated for 15 min on ice. The mixture was incubated on the
glycan array slides for 90 min in a humidified chamber after which the slides were
rinsed successively with PBS supplemented with 0.1% Tween-20, PBS, and deionized
water. The slides were dried by centrifugation and immediately scanned as
described previously [3]. The data (six replicates) was processed by removing the
highest and lowest replicate after which the mean value and standard deviation
were calculated over the four remaining replicates.

Virus challenge in mice

Five-week-old C57BL/6 (Japan SLC, Shizuoka, Japan) and CMAH knockout (-/-)
mice [20] (n = 20 mice/each strain) were acclimatized for one week before virus
challenge. Mice were inoculated intranasally with the WT or mutant HA-Y161A
A/Hong Kong/483/1997 (H5N1) viruses (n = 10 mice/each strain) using 10 times the
50% mouse lethal dose (MLDso) in 30 yL per mouse under anesthesia into C57BL/6
and CMAH knockout mice. The MLDsg was determined in WT C57BL/6 mice with
WT A/Hong Kong/483/1997 (H5NT) virus. The infectivity titer (10 MLDso = 1039 50%
egg infective dose) of the inoculum was adjusted with PBS. For 14 days following
inoculation, mice (n = 5/each strain) were observed daily for body weight, clinical
signs, and survival. Viruses were fully sequenced and evaluated for changes in
amino acid 161 of the hemagglutinin before inoculation and at 3 days post
infection (dpi).

Preparation of lung homogenates

At 3 dpi, mouse lungs were collected after euthanasia (n = 5/each strain). Lungs
were homogenized with 2 mL of MEM supplemented with 10,000 U/mL penicillin G,
10 mg/mL streptomycin, 0.3 mg/mL gentamicin, 250 U/mL Nystatin (Sigma-Aldrich,
St. Louis, MO, USA), and 0.5% bovine serum albumin fraction V (Roche, Basel,
Switzerland). The homogenized lung tissue was centrifuged for 5 min at 4°C and
8000 rom. The supernatant was collected and stored at —-80°C until quantification
of virus fiters.
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Virus titration of lung homogenates

Plague assays were performed as described previously [126]. Briefly, the mouse
lung homogenates were diluted in MEM without FCS, applied in tenfold dilutions
onto confluent monolayers of MDCK cells, and incubated at 35°C with 5% COa..
After 1 h, the unbound virus was removed by discarding the supernatant and
washing the cells with PBS. The cells were then overlaid with MEM containing 5
ug/mL acetylated trypsin (Sigma-Aldrich) and 1% Bacto Agar (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA). After incubation for 48 h at 35°C, the cells
were stained with 0.005% neutral red. After incubation for another 24 h at 35°C,
the number of plagues was counted. The number of plagque-forming units (PFU)
was calculated as the product of the reciprocal value of the highest virus dilution
and the number of plaques in the dilution.
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Abstract

Influenza A viruses (IAV) initiate infection by binding to glycans with terminal sialic
acids on the cell surface. Hosts of AV variably express two major forms of sialic
acid, N-acetylneuraminic acid (NeuAc) and N-glycolylneuraminic acid (NeuGc).
NeuGc is produced in most mammals including horses and pigs, but is absent in
humans, ferrets, and birds. The only known naturally occurring IAVs that exclusively
bind NeuGc are extinct highly pathogenic equine H7N7 viruses. We determined
the crystal structure of a representative equine H7 hemagglutinin (HA) in complex
with NeuGc and observed high similarity in the receptor-binding domain with an
avian H7 HA. To determine the molecular basis for NeuAc and NeuGc specificity,
we performed systematic mutational analyses, based on the structural insights, on
two distant avian H7 HAs and an H15 HA. We found that mutation A135E is key for
binding a2,3-linked NeuGc but does not abolish NeuAc binding. Additional
mutations S128T, 1130V, TI89A, and K193R converted the specificity from NeuAc to
NeuGc. We investigated the residues at positions 128, 130, 135, 189, and 193 in a
phylogenetic analysis of avian and equine H7 HAs. This revealed a clear distinction
between equine and avian residues. The highest variability was observed at key
position 135, of which only the equine glutamic acid led to NeuGc binding. These
results demonstrate that genetically distinct H7 and H15 HAs can be switched from
NeuAc to NeuGc binding and vice versa after infroduction of several mutations,
providing insights into the adaptation of H7 viruses to NeuGc receptors.
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Infroduction

Influenza A viruses (IAV) can infect a broad range of animals, including
mammalian and avian species. Infection is initiated when the hemagglutinin (HA)
on the outside of a virus particle binds to glycans with terminal sialic acid on the
cell surface. The vast majority of |AVs use a glycan with a terminal N-
acetylneuraminic acid (NeuAc) as their receptor, although some strains use N-
glycolylneuraminic acid (NeuGc) instead. Sialic acids are bound in the receptor-
binding site (RBS) of the HA, consisting of conserved residues (Y28, W153, H183,
and Y195) and structural features (130-, 150-, and 220-loops and 190-helix) [1].
Amino acid mutations in or near the RBS can change HA binding specificity, as
shown extensively for HAs binding to either a2,3-linked or a2,6-linked NeuAc [2-6].

The ability of viruses to bind either a2,3-linked or a2,6-linked sialic acids is a host
determinant. Binding to either NeuAc or NeuGc could likewise affect the host
range. NeuGc is only present in species that express an active form of the enzyme
cytidine monophosphate-N-acetyl neuraminic acid hydroxylase (CMAH), which
facilitates the hydroxylation of NeuAc to convert it to NeuGc. The gene encoding
CMAH, mainly expressed in mammalian species, has been partially or completely
lost at several distinct events during evolution [7], causing NeuGc to be absent in,
among others, humans, ferrets, European dogs, and avian species [8-11]. In
species that generate NeuGc, its percentage of the total sialic acid content
varies. Forinstance, pig trachea contains an equal amount of NeuAc and NeuGc,
while 90% of the sialic acids on equine trachea and erythrocytes is NeuGc [12-15].
The loss of active CMAH enzymes may have been initiated by evolutionary
pressure from lethal pathogens binding to NeuGc, thereby protecting individuals
with low levels of NeuGc [16]. Thereupon, IAV may have co-evolved with host
species to bind NeuAc instead of NeuGc. Birds, which do not express NeuGc, are
the reservoir for IAV.

The high NeuGc content in horses may explain why equine H7N7 viruses are the
only known IAV that bind a2,3-linked NeuGc [17, 18]. These highly pathogenic
equine H7 viruses have not been isolated since 1978 and are, therefore, thought
to be extinct [19, 20]. Unlike equine H7 strains, avian and human H7 viruses, as well
as related avian H15 viruses, bind NeuAc [18, 21, 22]. At the moment, it is still
unclear whether NeuGc could have been the archaic receptor of IAV, where the
NeuGc binding of equine H7 viruses originated from, and what the molecular
determinants of NeuGc specificity are.

Here, we investigated the receptor binding specificities of equine and avian H7
and H15 HAs to identify the origin of the NeuGc receptor binding of equine H7
viruses. The crystal structure of the HA of A/Equine/New York/49/73 H7N7 in
complex with its ligand NeuGc was elucidated. Inspired by the similarities between
this structure and the crystal structure of the HA of A/Turkey/Italy/214845/02 H7NS3,
we performed targeted mutagenesis of avian H7 and H15 HAs and the equine H7
HA. Several combinations of mutations were found that switched H7 and H15 HAs
from binding NeuAc to NeuGc and vice versa. Our results demonstrate a
phenotypical relationship between avian and equine H7 and H15 HA receptor
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binding despite the substantial genetic distance between these subtypes and
provide insights info the use of NeuGc as a, potentially archaic, receptor for IAV.

Results

Crystal structure of an equine H7 HA in complex with receptor analog 3'-Gc¢LN
and its similarity to an avian H7 HA

We previously reported the crystal structure of the HA of the highly pathogenic
A/Equine/New York/49/73 H7N7 (H7eq) without a ligand (PDB: 6N5A [17]). To
understand the structural basis for NeuGc specificity of H7eq, we determined the
crystal structure of H7eq in complex with its natural ligand 3'-GcLN (NeuGca2-
3Galp1-4GIcNAc) at 2.05 A resolution (Fig 1A and Table 1, PDB: 7T1V). The electron
density for the ligand 3'-Gc¢LN could be fitted well for all three monosaccharides
(Fig 1B). H7eq binds 3'-Gc¢LN mainly through NeuGc-1, but the interactions extend
over the 220-loop with hydrogen bonds between Gal-2 and the main-chain
carbonyl oxygen of G225 and between GIcNAc-3 and the side chain of Q222 (Fig
T1A).

Table 1. Data collection and refinement statistics of H7eq in complex with 3'-GcLN.
a Parentheses denote outer-shell statistics. © Rsym = 2nk2i [Ihkii - <lhk>| /2nki2i Inki ANd Rpim =
k[ 1/ (N-1)172%0 ki - <ln™>| [k Ihkii, where i is the scaled intensity of the ith
measurement of reflection h, k, I, < In> is the average intensity for that reflection, and N is
the redundancy. Rpim = nw (1/(n-1))12 L | ki - <lk> | / Xrw Li i, where n is the
redundancy. ¢ No. molecules for complexes refers to number of HA protomers per
asymmetric unit (ASU). @ Reryst = 2hki |Fo - Fe| / Zhki [Fol, Wwhere Fo and Fc are the observed and
calculated structure factors. © Riree Was calculated as for Reyst, but on 5% of data excluded
before refinement. f The values are the percentage of residues in the favored and outliers
regions analyzed by MolProbity [23].

Data Collection statistics Refinement statistics
X-ray source APS 23ID-D Resolution (A)a 48.87-2.05
Space group P3 Reflections in refinement 110,267
Unit cell (A) a=b=1128,c=130.2 Refined residues 1,455
Resolution (A)a 48.87-2.05 (2.09-2.05) Refined waters 810
Unique reflections 116,095 (5,442) Rerystd 0.217
Redundancye 9.4 (5.2) Rfree® 0.245
B-values (A2)
e Protfein 70

e RBS subdomain (Residues 117-

Average I/c(l)@ 16.1 (1.0) 265 of HA1) of chain A, C, E 33, 40, 64
e ligand ofchain A, C, E 30, 53, 100
e Waters 48
e Wilson B-values (A2) 28
Completenessa 99.5 (93.2) Ramachandran values (%)f 96.3,0
Rsymap 0.10 (0.77) r.m.s.d. bond (A) 0.009
Rpima 0.03 (0.34) rm.s.d. angle (deg.) 1.43
CCipa 0.99 (0.70) PDB code 7TV

No. molecules per ASUc 3
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Fig 1. Comparison of the HA of A/Equine/New York/43/73 H7N7 and
A/Turkey/Italy/214845/02 H7N3. (A) RBS structure of H7eq (yellow) in complex with 3'-Gc¢cLN
(NeuGca2-3GalR1-4GIcNAc, cyan), deposited in the Protein Data Bank (PDB) under
accession code 7T1V. (B) Electron density 2Fo-Fc map at 1c level for receptor analog 3'-
GcLN. (C) RBS structure of H7tu (grey) in complex with 3'-SLN (NeuAca2-3GalR 1-4GIcNACc,
green) (PDB: 4BSI). (D) Superimposition of the RBS structures of H7eq and H7tu and their
ligands 3'-Gc¢LN and 3'-SLN. The coloring scheme is following A and C. (E) Alignment of the
RBS residues of H7eq and H7tu, with amino acid positions (H3 numbering) indicated above
the alignment, non-conserved residues highlighted in black, and dots indicating identical
amino acids. A full alignment of the HAs is present in Fig S1.
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The RBS structures of H7eq and the low pathogenic A/Turkey/Italy/214845/02 H7N3
(H7tu) (PDB: 4SBl) [24] appeared to be very similar (Fig 1C-D), although the turkey
strain binds NeuAc instead of NeuGc and was isolated almost 30 years after the
equine strain. Nevertheless, 85% of HA1 residues are identical and the amino acid
sequences around the RBS differ at 13 positions (Fig 1E and full alignment in Fig S1).
The NeuGc-Gal bond of 3-Gc¢LN in the H7eg complex adopts a cis conformation,
which is consistent with our previous findings in the structure of 3'-G¢cLN in complex
with the A/Vietnam/1203/2004 H5N1 Y161A mutant that shifts receptor specificity
from NeuAc to NeuGc [17]. On the contrary, the NeuAc-Gal bond in the avian
receptor analog 3'-SLN (NeuAca2-3Galp1-4GIcNAc) in complex with H7tu adopts
a frans NeuAc-Gal bond (Fig 1C-D).

In the H7eq 3'-GcLN structure, the 1-hydroxyl group of NeuGc-1 forms a hydrogen
bond with the main-chain nitrogen of E135 and the E135 side chain makes a salt
bridge with R144 (Fig 1A). The amino acid at position 193 is known to be an
important determinant of receptor specificity [25-28]. In the complex structure of
H7eq with 3-GcLN, R193 forms a hydrogen bond with NeuGce-1 (Fig TA). In
comparison, K193 in H7tu, with a shorter side-chain, is not in hydrogen bond
distance with the NeuAc-1 of 3'-SLN (Fig 1C).

Despite these similarities in RBS structures, we found that H7tu bound solely to a2,3-
linked NeuAc on the glycan array (Fig 2B), whereas H7eq exclusively bound to
a2,3-linked NeuGc [17]. To decipher which residues determine NeuGc and NeuAc
receptor specificity, targeted mutagenesis was performed on H7tu by replacing
residues in the RBS with H7eqg-like amino acids.

Amino acid 135 is essential for binding N-glycolylneuraminic acid

To identify which amino acids are critical for NeuGc binding, we mutated the HA
of H7tu towards H7eq at eight locations (128, 130, 135, 144, 159+160, 189, 193, and
219). Using the previously published glycan microarray containing glycans with
terminal NeuAc or NeuGc (Fig 2A, [17]), we assessed the binding specificities of
these recombinantly expressed HA mutants.

In the 130-loop, mutations S128T and 1130V did not induce clear changes in the
NeuAc/NeuGc specificity (Fig 2C-D). The amino acid at position 135 of H7 HAs is
naturally diverse and has been associated with the adaptation of viruses between
avian species and humans during a zoonotic outbreak of an H7N9 virus [29]. We
observed that mutating position 135 (A135E) resulted in a gain of binding of the
H7tu HA to NeuGc while maintaining binding to NeuAc (Fig 2E). Residue 143 has
previously been suggested to be relevant for NeuGc recognition in H3 viruses [30].
In H7eq, R144 forms salt bridges with the 130-loop residue E135, but mutation
G144R alone in the H7tu HA did not change the binding specificity (Fig 2F). In the
150-loop, a highly conserved tyrosine is present at position 161 in all HA subtypes
exceptH7,H10,H12, H15, H17, and H18 [26, 31, 32]. Previously, it was demonstrated
that a Y161 A mutation changed the binding properties of an H5 HA from NeuAc
to NeuGc [17, 31]. However, introducing Y161A in other HA subtypes (H1, H2, and
H4) did not change binding specificity (Fig 3). We made mutations A159G and
A160V simultaneously in the H7tu HA but, unlike the Y161 A mutation in H5, we did
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not observe NeuGc binding with this double mutation (Fig 2G). In the 190-helix,
residue 189 is next to E190, which hydrogen bonds to the ligand, in both H7eqg and
H7tu (Fig TA and 1C). Mutation TI8%A in the H7tu HA did not change receptor
specificity when infroduced on its own (Fig 2H). Residue 193 is important for ligand
recognition (Fig TA) [25-28]. Infroducing K193R into the H7tu HA seemed to abolish
all binding to the glycan array (Fig 2I), even when illuminating the glycan array
with higher laser power. Despite residue 219 being very close to the 220-loop,
mutation A219P did not change the binding properties of the H7tu HA from NeuAc
to NeuGc (Fig 2J). In summary, while most mutations performed on the H7tu HA
did not affect binding specificity, the infroduction of mutation K193R abolished
glycan-binding and A135E seemed to be key for binding NeuGc while maintaining
binding to NeuAc.

Various combinations of mutations switch binding from NeuAc to NeuGc

Starting from the key mutation AI35E, we confinued mutagenesis in the
recombinantly expressed HAs by adding mutations at the previously stated
positions (Fig 4A). Mutating more amino acids in the 130-loop, at positions 128
(S128T) or 130 (1130V), appeared to abolish NeuAc binding while maintaining
binding to NeuGc on the glycan microarray. The combination of mutation A135E
and mutation G144R, A159G+A160V, TI89A, or A219P did not change binding
specificity compared to mutation AT135E alone since both NeuAc and NeuGc
were still bound. Whereas almost all binding was abolished when introducing
mutation K193R by itself (Fig 2I), adding mutation A135E restored binding to both
NeuAc and NeuGc.

Since mutations A135E and K193R both affected the receptor-binding properties,
we further combined these two mutations with mutations that did not change
binding specificity so far (Fig 4B). We found that adding mutation G144R or
AT159G+A160V abolished binding to the array. Adding the T189A mutation in the
AT35E+K193R background, switched the H7tu HA to binding mainly NeuGc. The
addition of mutation A219P did not affect the binding specificity since both NeuAc
and NeuGc were still bound almost equally. In short, we were able to modify the
H7tu HA for binding NeuGc specifically on the glycan microarray by combinations
of mutations AT35E+S128T, A135E+I130V, or AT35E+T189A+K193R. These results
show that residues in the 130-loop or 190-helix modify the specificity towards
NeuGc.

No binding specificity to avian or equine erythrocytes and tracheal epithelium
was observed for avian H7 mutants that bind NeuGc on the glycan microarray

A glycan microarray, as used in this study, is a sophisticated tool to investigate the
binding of proteins to synthetic glycans of which we know the exact structure.
However, not all natural host-glycans can be present on the array and, therefore,
it is necessary to investigate the binding specificities of HAs to host cells and tissues.
Avian species lack a functional CMAH and therefore do not have NeuGc. On the
confrary, on equine erythrocytes and fracheal fissue approximately 90% of the
sialic acids are NeuGc [12, 14, 15] and fo our knowledge, there are no species
with a higher percentage of NeuGc. Therefore, we performed a
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Fig 2. Evaluation of the binding specificilies of single mutants of the HA of
A/Turkey/Italy/214845/02 H7N3. (A) Synthetic glycans printfed on the microarray (n=6),
either without sialic acid (structures 1-3, light gray), with a2,6-linked NeuAc (4-6, black),
a2,3-linked NeuAc (7-9, dark gray), a2,6-linked NeuGc (10-12, red) or a2,3-linked NeuGc
(13-15, blue). Structures 1, 4, 7, 10, and 13 contain one LacNAc repeat, while structures 2,
5,8, 11, and 14 have two repeats and structures 3, 6, 9, 12, and 15 contain three repeats
[17]. The glycan microarray, which is representative for two independent assays, was used
to determine the receptor specificity of recombinantly expressed HA of (B) H7tu wild-type
(WT), (C) mutant S128T, (D) 1130V, (E) A135E, (F) G144R, (G) A159G+A160V, (H) T18%A, (1)
K193R, and (J) A219P.
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Fig 3. Hemagglutination assay with Y161A HA mutants on equine and canine erythrocytes.
Equine erythrocytes contain approximately 90% NeuGc [12, 14, 15] and canine species
cannot produce NeuGc [10]. Recombinantly expressed HAs of wild-type and Y161A
mutants  of A/Duck/Hokkaido/111/2009 HIN5, A/Duck/Hokkaido/95/2001 H2N2,
A/Duck/Hokkaido/138/2007 H4N6, and A/Vietnam/1203/2004 H5N1 were investigated.

hemagglutination assay with avian and equine erythrocytes and tissue staining on
tracheal epithelium, which is the natural location of infection, of the same species.

As conftrols for the presence of NeuAc and NeuGc on erythrocytes and tracheal
epithelium, we used our previously studied WT and Y161A mutant HAs of
A/Vietnam/1203/2004 H5N1 (H5VN) which specifically bind a2,3-linked NeuAc
and a2,3-linked NeuGc, respectively. To our knowledge, these HAs are the only
available controls for specific NeuAc and NeuGc binding [17]. The virus particles
from these viruses however do not show exclusive specificity for NeuAc or NeuGc
[17] and are therefore not appropriate to show the presence of these sialic acids.
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While binding only fo NeuAc on the glycan array, the wild-type (WT) H7tu HA
agglutinated both chicken erythrocytes, which contain only NeuAc [7, 8], and
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Fig 4. Evaluation of the binding specificities of double and triple mutants of the HA of
A/Turkey/Italy/214845/02 H7N3. The glycan microarray as described in Fig 2A was used,
containing glycans with terminal NeuAc or NeuGc or without sialic acid. Representative
binding specificities for two independent assays for (A) mutant HAs containing mutation
A135E and an additional mutation (S128T, 1130V, G144R, A159G+A160V, T189A, K193, or
A219P) and (B) mutant HAs containing mutations A135E, K193R, and an additional
mutatfion (G144R, A159G+A160V, T18%A, or A219P) are shown.

horse erythrocytes, which contain mainly NeuGc and a small portion of NeuAc
[12, 14, 15] (Fig 5A). Therefore, a loss of binding to chicken erythrocytes would
indicate a loss of NeuAc-binding. However, both types of erythrocytes were still
bound by HAs with combinations of all investigated mutants (A135E, A135E+S128T,
AT35E+I130V, and AT35E+T189A+K193R, Fig 5A) and therefore no conclusions
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concerning NeuGc specificity could be drawn from these hemagglutination
experiments. Similarly, WT and all mutants of H7tu bound both horse and chicken
tracheal tissue (Fig 5C). The results demonstrated that there are some differences
in glycan binding between the glycan array, hemagglutination assay, and fissue
staining.
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Fig 5. Binding specificities of (mutant) HA of A/Turkey/ltaly/214845/02 H7N3 to chicken
and horse erythrocytes and tracheal epithelium. (A) A hemagglufination assay (n=3,
mean and SD shown) with chicken and horse erythrocytes was performed using H7tu WT
and mutant HAs (A135E, A135E+S128T, A135E+1130V, and A135E+T189A+K193R). AEC
staining is used to visualize tissue binding. Tissue staining of chicken and horse fracheal
epithelium is performed with (B) WT and Y161A mutant HA of A/Vietnam/1203/2004 H5N1
as a positive and negative confrol and (C) H7tu WT or mutant HAs as in panel A.

NeuGc binding specificity can also be achieved in another avian H7 strain

To investigate whether the mutations that were found to switch the HA of
A/Turkey/Italy/214845/02 H7N3 (a virus from the Eurasian lineage) towards NeuGc
binding are universal among H7 strains, we analyzed the HA of another avian strain
from the North American lineage (A/Chicken/Jalisco/12283/2012 H7N3, highly
pathogenic). Alignment of the HA sequences showed that the two strains differ at
four amino acid positions (158, 188, 208, and 214) in the otherwise very similar RBS
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(Fig 6A, full alignment in Fig S1). In glycan array analysis the WT HA of
A/Chicken/Jalisco/12283/12 H7N3 bound NeuAc (Fig 6B). Solely introducing
mutation A135E enabled NeuGc binding and seemed to abolish some binding to
NeuAc. Furthermore, NeuGc binding specificity on the glycan array was achieved
by combining mutation AI135E with mutations 130V or TI189A+K193R. A
combination of A135E and S128T resulted in a loss of glycan binding on the array.

The combinations of mutations A135E, AT35E+S128T, and A135E+I130V did not
change the binding specificity of the HA in either the hemagglutination assay
using chicken or horse erythrocytes (Fig 6C) or on equine and avian tfrachea (Fig
6D), as both species were still bound, similar to observations in H7tu. The
combination of mutations A135E+T189A+K193R did not change the binding
specificity in the hemagglutination assay either, but binding to both chicken and
horse tracheal tissue was lost. Nevertheless, based on the glycan array analysis,
we conclude that distant avian H7 HAs from different lineages can acquire NeuGc
binding through identical amino acid changes.

Reciprocal mutations in the equine H7 HA allows binding to NeuAc

Since we did not observe exclusive NeuGc binding with the double and triple
mutants, we combined the five mutations S128T, 1130V, A135E, T18%A, and K193R
in the H7tu HA. With this mutant, similar results were achieved as previously, with
NeuGc binding on the glycan array (Fig 7A) and binding to both horse and
chicken erythrocytes (Fig 7B) and tracheal epithelium (Fig 7C).

The WT H7eq HA was previously shown to bind NeuGc on the glycan array [17]
and here we showed that this WT HA also specifically bound horse erythrocytes
(Fig 7E) and tracheal epithelium (Fig 7F). After the introduction of the five
reciprocal mutations (T128S, V130I, E135A, A189T, R189K), the equine HA still
seemed specific for NeuGc on the glycan array (Fig 7D) but started to bind to
chicken erythrocytes and tracheal epithelium, while binding to equine tracheal
epithelium was decreased. Since chickens are unable to produce NeuGc, this
switch in binding indicated that the mutant H7Eq HA gained the ability to bind to
NeuAc.

Equine and avian H7 strains are evolutionarily distant

The fact that avian H7 HAs can be mutated towards binding NeuGc and equine
H7 HAs towards binding NeuAc suggests that equine and avian H7 strains are
phenotypically related. To investigate the genetic relationship between H7 strains,
we reconstructed a maximum likelihood (ML) phylogenetic free using HA
sequences of equine H7 strains and their closest related Eurasian avian H7 strains
(Fig 8A-E and S3). All equine strains cluster under a single monophyletic clade.
Strains A/FPV/Dutch/1927 H7N7 and A/Fowl/Weybridge/1934 H7/N7 appeared to
be the closest related avian strains to the equine viruses. We investigated the
natural variation in amino acids at positions for which binding specificity changed
(128, 130, 135, 189, and 193).

For each selected amino acid position, we annotated the ML free based on the
variation in residues (Fig 8A-E). The predicted most recent common ancestor
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Fig é. Evaluation of the binding specificities of the (mutant) HA of A/Chicken/Jalisco/12283/12
H7N3. (A) Alignment of the RBS of the HAs of A/Turkey/ltaly/214845/02 H7N3 and
A/Chicken/Jalisco/12283/12 H7N3, with the amino acid positions indicated above the
alignment and dofts indicating identical amino acids. A full alignment of the HAs is present in
Fig S1. (B) The binding specificities of WT HA of A/Chicken/Jalisco/12283/12 H7N3 and mutant
A135E, S128T+A135E, 1130V+AT35E, and A135E+T182A+K193R were evaluated on the glycan
microarray as described in Fig 2A. (C) Binding specificities of WT and mutant HAs were
furthermore fested in a hemagglutination assay on chicken and horse erythrocytes (n=3, mean
and SD shown). (D) The binding of the WT and mutant HAs to chicken and horse tracheal
epithelium (controls shown in Fig 5B) is visualized using AEC staining.

(MRCA) at all positions contained avian-like amino acids. Of the five investigated
amino acid positions, the highest variability in amino acids is present at key position
135, although we observed a clear distinction between a glutamic acid in the
equine strains and a variation of alanine, valine, and threonine in the avian strains
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(Fig 8A). At position 128, there is an obvious distinction between the threonine in
equine strains and mainly serine in the avian strains (Fig 8B). Again, a clear
difference was observed at position 130 between avian strains (isoleucine) and
equine strains  (valine).  Surprisingly, a closely related avian  strain,
A/Turkey/England/1963 H7N3, also contains a valine at position 130, just like the
equine strains (Fig 8C). At position 189, all but one of the equine strains contain an
alanine, while there is a variety of mainly alanine and threonine present in the
avian strains (Fig 8D). At position 193, nearly all equine strains contain an arginine,
whereas most avian strains, except for a small clade of viruses from chickens in
Pakistan, contain a lysine (Fig 8E). We conclude that there is a clear distinction
between the amino acids in the equine and avian strains, with the highest
variability in residues being present at position 135, which we investigated further
using tfargeted mutagenesis.
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Fig 7. The effect of the combination of the 5 mutations at positions 128, 130, 135, 189, and
193 in A/Turkey/ltaly/214845/02 H7N3 and A/Equine/New York/43/73 H7N7 HA. The
binding specificity of the mutant HA (S128T, 1130V, AI135E, TI8%A, KI193R) of
A/Turkey/Italy/214845/02 H7N3 was evaluated using (A) the glycan microarray as
described in Fig 2A, (B) hemagglutination assay with chicken and horse erythrocytes (n=3,
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mean and SD shown), H5 NeuAc and NeuGc confrols are shown in Fig 9, (C) and
immunohistochemistry using chicken and horse tracheal epithelium (controls shown in Fig
5B), visualized using AEC staining. Likewise, the binding specificities of the WT and mutant
(T128S, V130I, E135A, A189T, R189K) HA of A/Equine/New York/43/73 H/N7 were evaluated
on using (D) the glycan microarray in which the WT was previously investigated already
[17], (E) hemagglutination assay, (F) and tissue staining.

Four different amino acids (glutamic acid, alanine, valine, and threonine) are
naturally present at position 135 of avian and equine H7 viruses (Fig 8A). When the
alanine is encoded by either GCG or GCA, changing a single base pair will
change the amino acid to glutamic acid, valine, or threonine. We intfroduced all
these residues at position 135 of H7tu to investigate whether the acquirement of
NeuGc binding was specific for the glutamic acid. This was indeed the case as
the infroduction of a threonine or a valine at position 135 did not promote binding
to NeuGc (Fig 8F).

H15 HA can also be switched to NeuGc binding

To further investigate the conservation of the switch to NeuGc binding due to
mutations at positions 128, 130, 135, 189, and 193 in other subtypes, we
investigated the receptor binding of the HA of the low pathogenic
A/Duck/Australia/341/1983 H15N8 virus. H15 and H7 viruses are related and are
present in one subgroup together with H10 viruses [21]. Nevertheless, there are 22
amino acid differences between the RBS of H7tu and this H15 (Fig 9A, full
alignment in Fig S1), which is much more than the four different residues between
the two distant avian H7 strains that we investigated (Fig 6A).

Like other avian H15 viruses [22, 33], we found that this WTH15 HA also bound a2,3-
linked NeuAc on the glycan array (Fig 9B). Furthermore, the WT H15 HA bound
both horse and chicken erythrocytes in the hemagglutination assay (Fig 9C), as
was also observed for the two studied avian H7 HAs. However, the WT H15 HA only
bound chicken and not horse tracheal epithelium (Fig ?D), which is different from
the investigated avian H7 HAs.

As soon as the key mutation A135E was introduced, the HA showed similar binding
patterns as the avian H7 HAs with binding to both NeuAc and NeuGc and both
chicken and horse erythrocytes and tissue (Fig 9B-D). The combination of
AT35E+S128T+I130V did not change the binding specificities compared to only
AT35E. When we however combined mutations A135E+D189A+K193R or all five
mutations, the H15 HA became specific for NeuGc on the glycan array. Like in the
avian H7 HAs, this was not observed in the hemagglutination assay and fissue
staining.
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binding specificities of mutants of the HA of A/Turkey/Italy/214845/02 H7N3 at amino acid
position 135. Phylogenetic trees of equine and avian H7 IAV strains from the Eurasian
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lineage were reconstructed. The equine H7 strains cluster as a single monophyletic clade.
The avian strains that are closest related to the equine strains (A/FPV/Dutch/1927 H7N7
and A/Turkey/England/1963 H7N3) are indicated, as well as A/Equine/New York/43/73
H7N7. The annotated phylogenetic free with all strain names is displayed in Fig S2. The
variation in amino acids at positions (A) 135 (alanine, threonine, glutamic acid, valine), (B)
128 (serine, threonine, asparagine), (C) 130 (isoleucine, valine), (D) 189 (threonine, alanine,
aspartic acid, glycine) and (E) 193 (lysine, arginine) is shown. For all positions, the amino
acid of the predicted most recent common ancestor (MRCA) is shown. (F) Representative
binding specificities on the glycan microarray (as in Fig 2A) for H7tu mutants A135T and
A135V are shown.
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Fig 9. Evaluation of the binding specificities of the (mutant) HA of
A/Duck/Australia/341/1983 H15N8. (A) Alignment of the RBS of the HAs of
A/Turkey/Italy/214845/02 H7N3 and A/Duck/Australia/341/1983 H15N8, with the amino
acid positions indicated above the alignment and dots indicating identical amino acids.
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A full alignment of the HAs is present in Fig S1. (B) The binding specificities of WT HA of
A/Duck/Australia/341/1983  H15N8 and  mutant  A135E,  S128T+I130V+A135E,
AT35E+T189A+K193R, and S128T+I130V+A135E+T189A+K193R were evaluated on the
glycan microarray as described in Fig 2A. (C) Binding specificities of WT and mutant HAs
were furthermore tested in a hemagglutination assay on chicken and horse erythrocytes
(n=3, mean and SD shown). (D) Binding of the WT and mutant HAs to chicken and horse
fracheal epithelium (controls shown in Fig 5B) is visualized using AEC staining.

Discussion

To elucidate the molecular determinants for NeuGc binding, we determined the
crystal structure of the HA of A/Equine/New York/49/73 H7N7 in complex with its
receptor analog 3'-Gc¢lLN (NeuGca2-3GalR1-4GIcNAc). The overall RBS structures
of H7eq and A/Turkey/Italy/214845/02 H7N3 were shown to be similar. To examine
the critical amino acids for NeuGc binding, we performed mutational analysis on
two distant avian H7 HAs and an avian H15 HA that specifically bound NeuAc.
Previously, we demonstrated that HAs can bind either NeuAc or NeuGc [17]. Here,
we demonstrate that avian H7 and H15 HAs can bind both NeuAc and NeuGc,
by the infroduction of AT35E.

We previously studied the NeuAc-specific HA of A/Vietham/1203/2004 H5NI
(H5VN) and its Y161A mutant that is specific for NeuGc, which showed complete
specificity on the glycan microarray, in the hemagglutination assay [17], and on
tracheal epithelium tissue (Fig 5C). Similarly, we found that WT H1, H2, and H4 HAs
bind dog, but not horse, erythrocytes in the hemagglutination assay (Fig 3).
Contrarily, we observed that WT avian H7 HAs bound both chicken (NeuAc [7, 8])
and horse (mainly NeuGc [12, 14, 15]) erythrocytes and tfracheal fissue while
binding specifically to NeuAc on the glycan microarray. These findings then
distinguish these H7 viruses from other subtypes of IAV. Possibly, the presence of
NeuAc on horse erythrocytes and tracheal tissue, although estimated to be less
than 10% of the total sialic acids [12, 14, 15], was sufficient to be bound by the WT
avian H7 HAs. Additionally, the residual NeuAc-binding capacity of the mutant
avian H7 HAs may explain the binding to chicken erythrocytes and fissue.
Importantly, not all compounds that are naturally present in the host are
represented on the glycan microarray. Therefore, missing glycans on the array
may explain the binding of avian H7 HAs to horse and chicken erythrocytes and
tissue.

The natural variety in glycans in nature is massive and it is impossible to synthesize
all of these glycans for our glycan microarray. For example, glycans can be
elongated, either symmetrically or asymmetrically, be tri- or tetra-antennary, and
contain one or multiple terminal sialic acids. Furthermore, the addition of fucose
at different positions on LacNAc structures givesrise to different Lewis antigens and
additional sulfate or O-acetyl groups can be present, adding another layer of
complexity. Fucosylated (Lewis X) and sulfated glycans are present in the human
lung [34, 35] and sulfated glycans have been observed in porcine lungs [36]. For
equine and avian species, the glycans in the respiratory tract have not been
studied in detail yet. One study describes the presence of sialyl Lewis X structures
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in the respiratory tract of chickens [37]. Little is known about the glycans present
on erythrocytes of different species, apart from two studies that describe that very
few glycans with fucoses are present on chicken and mouse erythrocytes [38, 39].
IAV of different subtypes (H1, H3, H4, H5, H6, H7, H?, H13, H14) are known that
(specifically) bind, or do not bind at all, to fucosylated and sulfated glycans [40-
47]. Most relevant, avian, human, and seal H7 HAs also prefer to bind sulfated sialyl
Lewis X structures [18, 41, 44]. In conclusion, fine receptor binding specificities
regarding fucosylation and sulfation, which are observed in many different 1AVs,
may be present for the avian and equine H7 and H15 HAs besides NeuAc and
NeuGc that are studied here.

It has been suggested that recognition of NeuGc by IAV is essential for viral
replication in horses [12]. The most prevalent IAVs among horses currently and in
the past are H3N8 and H7N7 viruses [48]. While equine H7N7 viruses have been
shown to prefer binding to NeuGc [17, 18], the currently circulating equine H3N8
viruses bind to NeuAc [18], indicating that these viruses may not be under pressure
to adapt to NeuGc binding since still small amounts of NeuAc are present in
horses. These equine H3N8 viruses often infect dogs as well [48, 49], which are not
able to make glycans containing NeuGc due to the lack of a functional CMAH.
Furthermore, NeuAc binding could be advantageous for IAV to maintain
circulation in NeuAc-rich reservoirs. Additionally, if NeuGc binding were required
for replication of 1AV in horses, more equine IAVs that bind NeuGc would be
expected. Therefore, it seems unlikely that NeuGc recognition by IAV is essential
for replication in horses.

Equine and avian H7 strains are estimated, by phylogenetic analysis, to have
separated in the mid to late 1800s and separation between H7 and H15 viruses is
estimated to have taken place in the early 1800s [50]. Nevertheless, here we
demonstrated that avian H7 and H15 HAs, although genetically distinct from
equine H7 viruses, are able to bind NeuGc after the infroduction of mutation
A135E. Further NeuGc specificity was obtained when adding mutations at
positions 128, 130, 189, and 193. Reciprocal mutations in an equine H7 HA likewise
resulted in the ability to bind NeuAc. These findings suggest that avian and horse
H7 and H15 IAV are phenotypically related.

We further showed that a broad range of IAVs can bind NeuGc with the
infroduction of a few mutations. Furthermore, CMAH genes have been
inactivated at several distinct events in evolution [7], causing the loss of NeuGc
expression in different species over time. This loss of CMAH activity was potentially
triggered by evolutionary pressure from lethal pathogens binding to NeuGc [16].
Therefore, we have taken the opportunity to consider NeuGc as a potential
archaic receptor of IAV.
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Material and Methods

Expression, crystallization, and structural determination of the equine H7 HA in
complex with receptor analog 3'-Gc¢LN

The HA ectodomain of A/Equine/New York/49/73 H7N7 (GenBank ID LC414434)
was cloned and expressed as described previously [17]. Briefly, cDNA
corresponding to residues 11 to 327 of HA1 and 1 to 179 of HA2 (H3 numbering)
was cloned intfo a pFastbac vector. The HA was expressed in Hi5 insect cells as
described [51], after which it was purified, the trimerization domain and Hiss-tag
were removed, and the HA was concentrated to 6 mg/ml in 20 mM Tris, pH 8.0,
150 mM NaCl.

Crystals of the H7eq HA were obtained at 20°C using the vapor diffusion sitting
drop method against a reservoir solution containing 32% (w/v) polyethylene glycol
400 and 0.1 M CAPS at pH 10. The complex of HA protein with 3'-G¢cLN was
obtained by soaking HA crystals in a reservoir that contained 3-Gc¢LN to a final
concentration of 10 mM for 1 hour at 20°C. The crystals were flash cooled in liquid
nifrogen, without additional cryoprotectant, before x-ray data collection at the
Advanced Photon Source (APS) (Table 1). Data integration and scaling were
performed using HKL2000 [52]. Molecular replacement using Phaser [53] was used
to solve the H7eq complex structure, for which an apo H7eq HA structure (PDB:
6NSA) was utilized as the search model. REFMACS [54] was used for structure
refinement and modeling was done with COOT [55]. The final refinement statistics
are outlined in Table 1.

Expression and purification of HA for binding studies

HA encoding cDNAs of A/Turkey/Italy/214845/02 H7N3 [24] (synthesized and
codon-optimized by GenScript), A/Chicken/Jalisco/12283/12 H7N3 (a kind gift
from Florian Krammer, Mt Sinai Medical School), A/Duck/Australia/341/1983 H15N8
(a kind gift from Keita Matsuno), A/Equine/New York/49/73 H7N7 (a kind gift from
Keita Matsuno), and A/Vietnam/1203/2004 H5N1 (synthesized and codon-
optimized by GenScript) were cloned into the pCDS5 expression vector as
described previously [56, 57]. The pCDS5 expression vector was adapted to clone
the HA-encoding cDNAs in frame with DNA sequences coding for a secretion
signal sequence, the Twin-Strep (WSHPQFEKGGGSGGGSWSHPQFEK); IBA,
Germany), a GCN4 trimerization domain (RMKQIEDKIEEIESKQKKIENEIARIKK), and @
superfolder GFP [58] or mOrange?2 [59]. Mutations in HAs were generated by site-
directed mutagenesis. The HAs were purified from cell culture supernatants after
expression in HEK293S GnTl(-) cells as described previously [56]. In short,
transfection was performed using the pCDS5 expression vectors and
polyethyleneimine |. The fransfection mixtures were replaced at 6 h post-
transfection by 293 SFM Il expression medium (Gibco), supplemented with sodium
bicarbonate (3.7 g/L), Primatone RL-UF (3.0 g/L, Kerry, NY, USA), glucose (2.0 g/L),
glutaMAX (1%, Gibco), valproic acid (0.4 g/L) and DMSO (1.5%). At 5 to 6 days
after transfection, tissue culture supernatants were collected and Strep-Tactin
sepharose beads (IBA, Germany) were used to purify the HA proteins according
to the manufacturer’s instructions.
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Glycan microarray binding of HA proteins

The glycan microarray as earlier presented [17] was utilized. HAs were pre-
complexed with mouse anti-streptag-HRP and goat antfi-mouse-Alexa555
antibodies in a 4:2:1 molar ratio respectively in 50 uL PBS with 0.1% Tween-20. The
mixture was incubated on ice for 15 min and afterward incubated on the surface
of the array for 90 min in a humidified chamber. Then, slides were rinsed
successively with PBS-T (0.1% Tween-20), PBS, and deionized water. The arrays were
dried by centrifugation and immediately scanned as described previously [17].
Processing of the six replicates was performed by removing the highest and lowest
replicate and subsequently calculating the mean value and standard deviation
over the four remaining replicates. Supplemental dataset 1 presents a full dataset
of the glycan microarray experiments.

Hemagglutination assay

Hemagglutination assays were performed with pre-complexed HAs, as described
for the glycan microarray, on 1.0% erythrocytes as previously described [56] with
a starting concentration of 10 ug/ml of HA for avian H7, H15, and H5 HAs. For
equine H7 HAs, a starting concentration of 20 ug/ml HA was used. Erythrocytes
were provided by the Department of Equine Sciences and the Department of
Farm Animal Health of the Faculty of Veterinary Medicine, Utrecht University, the
Netherlands. The blood was taken from adult animals that are in the educational
program of the Faculty of Veterinary Medicine. Complete datasets of the
hemagglutination assays are present in supplemental dataset 2.

Protein histochemisiry

Sections of formalin-fixed, paraffin-embedded chicken (Gallus gallus domesticus)
and equine (Equus ferus caballus) trachea were obtained from the Division of
Pathology, Department of Biomolecular Health Sciences, Faculty of Veterinary
Medicine of Utrecht University, the Netherlands. Tissues from three different horses
and chickens were used in the assays to account for biological variation between
individuals. In the figures, representative images of at least two individual
experiments are shown. Protein histochemistry was performed as previously
described [60, 61]. In short, tissue sections of 4 um were deparaffinized and
rehydrated, after which anfigens were retrieved by heating the slides in 10 mM
sodium citrate (pH 6.0) for 10 min. Endogenous peroxidase was inactivated using
1% hydrogen peroxide in MeOH for 30 min at RT. Tissues were blocked overnight
at 4°C using 3% BSA (w/v) in PBS and subsequently stained for 90 minutes using
pre-complexed HAs as previously described for the glycan microarray. For avian
H7 and H5 HA, 5 pg/ml HA was used. For H15 HA, we used 2.5 ug/ml HA and for
equine H7 HA, we used 10 ug/ml HA. After washing with PBS, binding was visualized
using 3-amino-%-ethylcarbazole (AEC) (Sigma-Aldrich, Germany) and slides were
counterstained using hematoxylin.

Phylogenetic trees

All available, high-quality HA nucleotide sequences (i.e. sequence length is >20%
of full-length HA gene segment and has <1% of ambiguous base) of avian H7Nx
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and equine H7N7 influenza viruses dated between 1905 and 2005 from the NCBI
Genbank database were downloaded (N=944). The maximum-likelihood
phylogenetic tree was reconstructed using IQ-TREE [62] using the optimal
nucleotide substitution model (i.e. GTR+F+R3) based on the Bayesian Information
Criterion as determined by ModelFinder [63]. Ancestral sequences were
reconstructed using treetime [64].

Data analysis and statistical analysis

The data in this article were analyzed and visualized using GraphPad Prism 9.2.0.
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Abstract

Influenza A viruses (IAVs) can overcome species barriers by adaptation of the
receptor binding site of the hemagglutinin (HA). To initiate infection, HAs bind to
glycan receptors with terminal sialic acids, which are either N-acetylneuraminic
acid (NeuAc) or N-glycolylneuraminic acid (NeuGc), the latter is mainly found in
horses and pigs but not in birds and humans. We investigated the influence of
previously identified equine NeuGc-adapting mutations (S128T, 1130V, A135E,
T189A, and K193R) in avian H7 IAVs in vitro and in vivo. We observed that these
mutations negatively affected viral replication in chicken cells, but not in duck
cells, and positively affected replication in horse cells. In vivo, the mutations
reduced virus virulence and mortality in chickens. Ducks excreted high viral loads
for a longer time than chickens, although they appeared clinically healthy. To
elucidate why chickens and ducks were infected by these viruses despite the
absence of NeuGc, we re-evaluated the receptor binding of H7 HAs using glycan
microarray and flow cytometry studies. This revealed that mutated avian H7 HAs
also bound to a2,3-linked NeuAc and sialyl-LewisX, which have an additional
fucose moiety in their terminal epitope, explaining why infection of ducks and
chickens was possible. Interestingly, the a2,3-inked NeuAc and sialyl-LewisX
epitopes were only bound when presented on fri-antennary N-glycans,
emphasizing the importance of investigating the fine receptor specificities of IAVs.
In conclusion, the binding of NeuGc-adapted H7 IAV to sialyl-LewisX enables viral
replication and shedding by chickens and ducks, potentially facilitating
interspecies transmission of equine-adapted H7 IAVs.
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Infroduction

Influenza A viruses (IAVs) are a member of the virus family Orthomyxoviridae and
their proteins are encoded on eight single-stranded negative-sense RNA segments
with a total length of 12-14kb [1]. The enveloped virion of IAVs is coated with the
surface proteins hemagglutinin (HA) and neuraminidase, which allow the
classification into different subtypes (HxNx). IAVs infect a variety of avian and
mammalian species, including humans, pigs, and horses [2]. The natural reservoirs
for IAVs are wild waterfowl, but transmission from ducks to other susceptible avian
and mammalian species is frequent [3, 4]. Avian IAV infection in wild birds is often
asymptomatic, due to the coevolution of IAV and wild birds [5]. However, in
poultry low pathogenicity avian influenza viruses (LPAIV) can evolve intfo high
pathogenicity avian influenza virus (HPAIV) causing mortality rates up fo 100% in
infected flocks. One of the key determinants for the virulence and pathogenicity
of HPAIV is the acquisition of a multibasic cleavage site in the HA, which is most
common in H5 and H7 IAVs [6].

High pathogenicity H7 |IAVs are occasionally transmitted to humans and other
mammalian species [7-9]. Equine H7N7 influenza A viruses contain a multibasic
cleavage site and are suspected to have originated from an avian H7 ancestor
virus from an HPAIV outbreak in poultry [10]. Furthermore, reassortant viruses with
the equine H7/N7 HA and other genes from a chicken HSN2 IAV were shown to be
lethal in chickens [11]. Nowadays, equine H7N7 viruses are thought to be extinct,
leaving equine H3N8 as the only active circulating equine influenza virus [12, 13].
The presence of H7 IAVs in different species emphasizes the relevance of further
investigating these viruses and their interspecies fransmission.

Overcoming host species barriers and establishing species-specific influenza
strains involves the accumulation of point mutations during adaptation [14-17].
The main host species barrier of IAVs is the receptor binding specificity of HA to
terminal sialic acid (Sia) epitopes on the host cell surface, which is important for
virus uptake into the cell [18]. Receptor binding of HAs is strain-specific and has
co-evolved with receptors found in the respiratory and/or intestinal tract of
susceptible host species. Therefore, avian influenza viruses (AlIV) bind preferentially
to a2,3-linked Sia, whereas human-adapted strains prefer a2,6-linked Sia receptors
[7,19-21].

Besides the glycosidic linkage, the host cell receptor's type of terminating Sia and
the underlying glycan structures are important factors in 1AV receptor binding
properties and host range [14, 22-25]. Unlike the majority of IAV, which
predominantly bind to glycans with a terminal N-acetylneuraminic acid (NeuAc),
equine H7N7 IAV predominantly bind to the N-glycolylneuraminic acid (NeuGc)
[26, 27]. Levels of NeuGc are variably present in the respiratory tract of most
mammalian species, especially horses and pigs. However, no NeuGc is expressed
in, among others, birds, humans, and ferrets [28-32]. Previously, we identified five
mutations S128T, 1130V, AT35E, T1I89A, and K193R in the receptor binding site (RBS),
based on an equine H7N7 virus, that switched avian H7 IAVs from binding NeuAc
to NeuGc [33].
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In this study, we examined the impact of the equine NeuGc-adapting mutations
(S128T, 1130V, AT35E, T189A, and K193R) on avian H7 IAVs both in vitro and in vivo,
with particular emphasis on economically important pouliry (chickens) and
natural reservoir bird (ducks). The mutated viruses showed reduced replication in
chicken cells, however, the replication in duck cells remained unaffected. On the
other hand, viral replication in horse cells was increased. In vivo, the NeuGc-
adapted viruses showed reduced mortality and virulence in infected chickens
compared to the WT HPAIV, but the viral distribution between chicken organs was
mostly unaffected by the mutations. However, virus shedding was higher in
cloacal swab samples and ducks excreted high viral loads for a longer time than
chickens, although they did not show symptoms of disease. Avian wild-type and
mutant H7 hemagglutinins bound to both a2,3-linked NeuAc and sialyl-LewisX
epitopes (an a2,3-linked NeuAc presented on an N-acetyllactosamine (LacNAC)
with an additional fucose moiety al,3-linked to the N-acetylglucosamine of the
LacNAc), but only when presented in complex N-glycans. These findings improve
the understanding of equine-specific adaptations in avian H7 receptor binding,
viral replication, and pathogenicity while assessing the potential of interspecies
transmission of these viruses.

Results

NeuGc-specific mutations have differential effects in chicken, duck, and horse
cells

Previously, we investigated the molecular determinants for binding of avian H7
IAVs to NeuGc and found that five amino acids that are abundant in equine H7
viruses (128T, 130V, 135E, 18%A, and 193R) were responsible for binding to NeuGc,
a common sialic acid in horses [33]. Curiously, we observed that these mutations
in the H7 HA of A/turkey/Italy/214845/02 switched the receptor binding specificity
from a2,3-linked NeuAc to a2,3-linked NeuGc, but did not cause a loss of binding
to chicken trachea and erythrocytes, which do not contain NeuGc [29, 31]. This
observation raised the question of whether the infection capabilities of avian
viruses with these equine NeuGc-specific mutations would be affected.

To investigate whether the NeuGc-specific mutations would affect the viral fithess
of an avian virus in vifro, we rescued A/chicken/Germany/R28/2003 as a wild-type
(WT) H7/N7 HPAIV (designated H7N7_avHA) and a mutant of this virus carrying the
five NeuGc-specific mutations in the HA (designated H7N7_5egHA). The RBS of
H7N7_avHA is identical to the RBS of A/turkey/Italy/214845/02, which we used in
our previous publication [33]. Sequence analysis of avian and equine H7
sequences showed that all five amino acid residues are highly conserved in
equine H7 IAVs (97-100%), but also naturally occur in some of the analyzed avian
H7 HA sequences (Table S1).

The impact of the equine-specific residues on cell-to-cell spread and viral growth
kinetics was investigated in various cell lines (Fig. 1A-E). The viruses' ability to spread
from one cell to another was analyzed in a plaque assay using MDCKII cells, which
are the most commonly used cells for IAV replication assays [34]. The NeuGc-
specific residues significantly reduced the intercellular spread at 72 hours post-
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infection (hpi) in MDCKII cells (Fig. 1A) and the replication in these cells (Fig. 1B).
The NeuGc-specific mutations significantly increased viral replication in equine
lung cells (PLU-R) and equine epidermal cells (E.Derm) 24 hpi (Fig. 1C). In contrast,
H7N7_5egHA replication in chicken fibroblasts, primary CEK cells, and SPF eggs
was significantly reduced compared to WT H7N7_avHA (Fig. 1D). However, no
significant differences between replication of H/N7_avHA and H7N7_5egHA were
observed in duck embryo fibroblast cells 24 hpi (Fig. 1E). These findings indicate
that the equine-specific amino acid residues in the RBS of H7 HPAIV reduced cell-
to-cell spread and viral replication in a host-dependent manner. They increased
replication of the avian virus in horse cells and reduced replication in chicken cells,
but replication in duck cells was unaffected.

NeuGc-specific mutations reduced the binding affinity to a2,3-NeuAc without
a significant impact on the pH-dependent HA activation and thermostability

In vitro characterization of generated H7N7 viruses in cell culture revealed that
NeuGc-specific mutations affected viral replication and spread in a host-
dependent manner (Fig. TA-E). To ascertain whether these mutations have an
influence on the viruses' biological properties and thus on viral replication, the
receptor binding properties, thermostability, and pH activation were tested.

To assess whether the infroduction of the NeuGc-specific mutations in the RBS
changed the binding affinity to a2,3-NeuAc, a solid-phase assay using a2,3-linked
fetuin as a substrate was performed (Fig. 1F) as previously described [26, 35]. An
avian H4N2 virus was used as a positive control for a2,3-NeuAc binding and a
human H3N2 IAV was used as a negative control. We observed that H7/N7_5egHA
had a significantly lower binding affinity to a2,3-NeuAc than the WT H7N7_avHA
virus (Fig. 1F), which is in accordance with our previously obtained results [33]. In
addition to affecting receptor binding properties, mutations in HA1T may affect pH
activation of hemagglutinin and subsequently affect the replication of viruses
such as AIV H5N1 [53], although there is limited knowledge of how it affects AV
H7N7. Therefore, we assessed the potential influence of the five mutations on the
pH-dependent fusion-HA activation by measuring the diameter of cell-to-cell
fusion after transfection of avian cells (QM9) with protfein expression vectors
(pCAGGS) carrying HA from H7N7_avHA (H7_avHA_pcAGGs) or H7N7_5egHA
(H7_5egqHA_pcAGGs) (Fig. 1G). Both hemagglutinins were activated at a broad
range of pH values from 4.0 to 6.0. However, the fusion efficiency of
H7_5egHA_pcAGGs in QM9 cells at a pH of 5.0 and 5.2 was significantly higher
than that of H7_avHA_pcAGGs. Interestingly, the pH-dependent activation of
H7_avHA_pcAGGs was found to be significantly higher at a pH value of 4.2 than
H7_5egHA_pcAGGs. The size of fusion events at other pH values was comparable
(Fig. 1G).

The thermostability of the HA is known to be linked to virulence in different influenza
strains [36]. Therefore, we evaluated the thermostability of the two viruses at 56°C
for 2, 4, and 6 hours, a standard treatment for enveloped viruses [37]. Both viruses
lost infectivity at comparable levels indicating that the infroduction of equine-
specific amino acids did not affect the thermostability of the HPAIV (Fig. 1H). In
conclusion, the NeuGc-specific mutations reduced the replication of this H7N7



98 Chapter 5

HPAIV in the chicken cells probably due to reduced binding affinity to the 2,3-
NeuAc without significantly impacting the HA pH-dependent activation and
thermostability of the viruses.
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Fig 1. In vitro characterization of WT (H7N7_avHA) and mutant (H7N7_5eqHA)
A/chicken/Germany/R28/2003 H7N7 viruses. (A) Cell-to-cell spread was investigated by
measuring the diameter of about 100 plaques in MDCKII cells. (B) Viral replication at
indicated time points was assessed in MDCKII, (C) horse lung and horse epidermal cells,
(D) chicken fibroblasts (DF-1), primary chicken cells (CEK), SPF embryonated chicken eggs
(ECE), and (E) in duck embryo fibroblast cells. (F) The receptor binding affinity to a2,3-
linked NeuAc was measured using a2,3-Sia fetuin substrate. Human H3N2 virus (specific for
a2,6-linked NeuAc) was used as a negative control (NC). An avian H4N2 virus (specific for
a2,3-linked NeuAc) was used as a positive control (PC). Shown are representative results
calculated as means and standard deviations of three independent experiments, each
was run in duplicates. (G) pH-dependent activation of HA in a fusion assay was measured
after fransfection of quail cells (QM-9) with pCAGGS protein expression vector containing
the HA of H7N7_avHA or H7N7_5egHA. Cells were simultaneously transfected with
pCAGGS carrying eGFP to facilitate the evaluation of the assay. Cell fusion was friggered
24 hpi with PBS of different pH values for two minutes. The diameter of syncytia was
measured using Eclipse Ti-S with software NIS-Elements, version 4.0; Nikon. (H) The
thermostability of viruses was measured in duplicates and repeated twice. The reduction
in virus infectivity at indicated time points was assessed by fitration of heated viruses using
a plaque test in MDCKII cells and expressed as plaque-forming units per ml (Log10 PFU/ml).
All results are expressed as means and standard deviations of at least two independent
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experiments run in duplicates. Asterisks indicate statistical significance based on p values:
*<0.05, *<0.01, **<0.001, ***<0.0001.

The NeuGc-specific residues significantly reduced virulence in infected
chickens, but had no impact on virus virulence in ducks

Since the NeuGc-specific mutations had an impact on receptor binding, cell-to-
cell fransmission, and viral replication in chicken, but not duck cells (Fig. 1), these
mutations potentially also affect the viruses in vivo. Therefore, we performed an
animal experiment in chickens, from which the H7N7_avHA was originally isolated
and which are economically crucial hosts, and ducks as the natural reservoir
species of AlVs.

Nine SPF chickens and ten Pekin ducks were infected by infravenous (IV) or
intramuscular (IM) injection, respectively with H7/N7_avHA or H7N7_5eqHA to
assess the viral pathogenicity index (Pl) according to the WOAH standard [38]. Al
ducks infected IM with H7N7_avHA or H7N7_5egHA survived the animal
experiment and showed no clinical disorders (Table 1). Nevertheless, all ducks
seroconverted indicating a successful infection. The inframuscular pathogenicity
index (IMPI) for H/N7_avHA and H7N7_5egHA in ducks was determined to be 0.0.
Conversely, chickens that were IV-infected with H7/N7_avHA died within a mean
time of death (MDT) of 4.6 days post-infection (dpi). All chickens displayed clinical
signs of infection and an infravenous pathogenicity index (IVPI) of 2.4 was
calculated. H7N7_avHA is therefore classified as an HPAIV according to the
WOAH classification (IVPI > 1.2 indicates an AIV as HPAIV). Interestingly, the
infroduction of the five equine mutations into the avian HA reduced mortality to 3
out of ? IV-infected chickens with H7N7_5egHA, but all chickens exhibited transient
mild to moderate clinical signs. Notably, IV-infected chickens with H7N7_5egHA
died earlier compared to those IV-infected with H7/N7_avHA, with an MDT of 3.0
days (Table 1), although the differences in MDT of both groups were not statistically
significant. Nevertheless, the IVPI of H7N7_5eqHA inoculated chickens was
determined to be 1.5, which is sfill classified as HPAIV. All remaining chickens
subsequently developed antibodies.

Table 1. The pathogenicity indices of H7N7 viruses after the injection of chickens and
ducks. The table shows the mortality, morbidity, and seroconversion of infravenous
infected (IV) chickens and intframuscular infected (IM) Pekin ducks. In addition, the
calculated mean time of death (MDT) in days post-infection (dpi) and infravenous (IVPI)
or inframuscular (IMPI) pathogenicity indices are shown. *n.a. = not applicable.

. . . Mean time of - Pathogenici Seropositive
Virus | Animal Group Mortality | e qth (mpry | Morbidity ind(?x (|>|)ty birds/igicl birds
H7N7_ |Chickens |1V infected 9/9 4.6 9/9 IVPI: 2.4 n.a
avHA Ducks IM infected 0/10 n.a.* 0/10 IMPI: 0.0 10/10
H7N7_ |Chickens |IV infected 3/10 3.0 10/10 IVPI: 1.5 7/7

5eqHA Ducks IM infected 0/10 n.a.* 0/10 IMPI: 0.0 10/10

In the second animal experiment, we wanted to mimic the natural course of
infection. Therefore, ten chickens and ten ducks were inoculated by the
oculonasal (ON) route. Furthermore, at 1 dpi five chickens and five ducks were
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added to each group to assess chicken-to-chicken or duck-to-duck transmission.
All chickens primarily inoculated with H7/N7_avHA died within an MDT of 5.7 dpi,
with an average CS of 1.7 (Fig. 2A, Table 2). Only one contact chicken died on
the eighth dpi in the avian H7N7 (H7N7_avHA) infected group. However, dall
contact chickens displayed signs of morbidity (Table 2). Six out of ten chickens
infected with H7/N7_5egHA died with an MDT of 4.5 days. In this group, three out
of five contact chickens died with MDT of 7.3 days, and the two remaining
chickens showed transient mild to moderate clinical signs. The average Pl was 1.4
for the primarily inoculated chickens (Fig. 2A, Table 2). Conversely, and similar to
the IM-injected ducks, neither the ON-inoculated nor the contact ducks in either
group displayed any signs of iliness. All ducks survived until the end of the animal
trial (Table 2, Fig. 2B). Seropositive results were recorded for all remaining chickens
and ducks using an anti-NP ELISA (Table 2). These findings confirm the results from
the IVPI and IMPIl-infected birds, as H7/N7_5eqHA is less lethal in chickens than
H7N7_avHA and ducks are not affected at all. Taken together, and regardless of
the infection routes, the equine-adaptive mutations reduced HPAIV H7N7
virulence in chickens, while ducks were clinically resistant to both viruses.

Table 2. In vivo data from oculonasal infected chickens and Pekin ducks. The fable shows
the sick (morbidity) and dead (mortality) animals per group, as well as the results from sera
analysis in a competitive NP ELISA. Calculated mean time to death (MDT) in days post-
infection as well as the clinical score (CS) are shown. *n.a. = not applicable.

. . . Mean time of - Clinical Seropositive
Virus Animal Group Mortality death (MDT) Morbidity Score (CS) | birds/fotal birds
) ON infected 10/10 5.7 10/10 1.7 n.a
Chickens
H7N7_ ON Contact 1/5 8.0 5/5 0.6 4/5
avHA Buck ON infected 0/10 n.a.* 0/10 0.0 717
ucks
ON Contact 0/5 n.a.* 0/5 0.0 5/5
. ON infected 6/10 4.5 10/10 1.4 4/4
Chickens
H7N7_ ON Contact 3/5 7.3 5/5 1.0 2/2
SegqHA Duck ON infected 0/10 n.a.* 0/10 0.0 717
ucks
ON Contact 0/5 n.a.* 0/5 0.0 5/5

The NeuGc-specific residues did not affect virus replication or excretion in
chickens, but ducks are potentially silent spreaders of H7N7 viruses

We further determined the effect of the five equine mutations on viral loads in
swab and organ samples obtained from ON-inoculated birds and their contacts.
Oral and cloacal swabs collected 2, 4, 7, and 10 dpi were tested using plaque
assay. In chickens and ducks, the level of virus shedding from the cloacal route
was higher compared to the oral route, although the differences were not
statistically significant (Fig. 2C). Interestingly, ducks excreted high viral loads by the
oral and fecal routes for a longer time than chickens. Moreover, the viral
distribution in different organs (brain, heart, lungs, liver, jejunum, spleen, and
kidneys) obtained 4 dpi from three birds of each group was broader in chickens
than in ducks. In H7/N7_avHA-infected chickens, the viral load was significantly
higher in the brain, heart, liver, and kidneys compared to infected ducks (Fig. 2D).
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Similarly, in H7N7_5egHA-infected chickens, the viral load was significantly higher
in all organs except the spleen compared to ducks.

In conclusion, we observed increased levels of viral shedding via the cloacal
routes and prolonged shedding of viruses in ducks compared to chickens. The viral
distribution in chicken organs was broader than in ducks, which may explain the
high mortality in chickens. These findings raise concerns about the potential
spread of H7N7 viruses, particularly by ducks as silent spreaders. The high and
prolonged shedding of the H7 viruses in ducks, even without exhibiting clinical
symptoms, pose a potential risk for their reintroduction to hosts that have a high
presence of NeuGc, like pigs and horses.
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Fig 2. In vivo characterization of WT (H7N7_avHA) and mutant (H7N7_5eqHA)
A/chicken/Germany/R28/2003 H7N7 virus. (A) Survival and clinical score of ON infected
chickens throughout the animal experiment. (B) Survival curve of ON infected Pekin ducks.
(C) Analysis of oral and cloacal swab samples taken from chickens and ducks in plagque
tests expressed as Log10 PFU/m. (D) The viral distribution in duck and chicken organs was
analyzed in plague tests and expressed as PFU/gram. Asterisks indicate statistical
significance based on p values *<0.05, *<0.01, ** < 0.001, **** < 0.0001. ns = not
significant. Dashed lines indicate the predicted detection limit of the plaque assay (cut-
off).
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Avian H7 IAVs bind both a2,3-linked NeuAc and sialyl-LewisX epitopes

The animal experiments showed that both chickens and ducks were infected by
the NeuGc-specific H7 viruses (Fig. 2), although both species are known to not
express NeuGc [29, 31]. This strongly suggests that in our previous research, in
which we observed NeuGc-specificity of this mutant (S128T, 1130V, A135E, T189A,
and K193R) H7 HA [33], we overlooked the binding to one of the many other
glycans that may be present in nature. We hypothesized that sialyl-LewisX (sLeX)
epitopes are important as they have recently been shown to be involved in H7
IAV infection [39, 40] and are bound by nearly all IAV subtypes [41-49]. The sLeX
epitope consists of an a2,3-linked NeuAc presented on an N-acetyllactosamine
(LacNAc) with  an additional fucose moiety al,3-linked to the N-
acetylglucosamine (GIcNAc) of the LacNAc. The sLeX epitopes are present in
some species and tissues, such as chicken trachea and colon, guinea fowl
tracheaq, turkey respiratory tract, and human lung [45, 50-55]. Most research
investigating binding to the slLeX epitope has been performed using a
tetrasaccharide sLeX epitope, due to a lack of biologically relevant glycans.

Here, we investigated which exact glycans are bound by WT and mutant avian
H7 HAs to explain how chickens and ducks are infected by NeuGc-specific H7
viruses. Since the complex glycan structure can influence receptor binding [14,
22-25], we here focused on biologically relevant complex N-glycans presenting
a2,3-linked NeuAc, a2,3-linked NeuGc, a2,6-linked NeuAc, and sLeX epitopes (Fig.
S1). These glycans were printed on glass slides and after incubation of the slides
with the HAs and fluorescent secondary antibodies, the glycan-HA binding was
evaluated.

Whereas the WT HA of A/turkey/Italy/214845/02 (H7tu) previously only showed
binding to glycans terminating in a2,3-linked NeuAc [33], here we observed a
strong preference for tri-antennary N-glycans presenting at least one sLeX epitope
(glycans 25-28, Fig. 3). Both glycans solely presenting sLeX epitopes (27, 28) and
glycans presenting a sLeX on one arm and a2,3-linked NeuAc on the other two
arms (25, 26) were bound. For the latter, it cannot be distinguished whether
binding is caused by the sLeX or the a2,3-linked NeuAc. Interestingly, binding to
sLeX epitopes presented on linear glycans (7-9) was not observed. Furthermore,
steric hindrance due to the presence of a2,6-linked NeuAc on two arms, besides
the sLeX on one arm, appeared to be present, as glycan 23 and 24 were not
bound. We also showed that the mutant H7tu HA bound both glycans terminating
in a2,3-linked NeuGc, as well as sLeX-presenting tri-antennary N-glycans (Fig. 3). In
conclusion, the observed binding to sLeX (Fig. 3) showed that the previously
studied mutant avian H7 HAs were not strictly specific for NeuGc and may explain
why these HAs bound to chicken tissue and erythrocytes previously [33]. This sLeX-
binding possibly also explains why ducks and chickens could be infected by the
NeuGc-adapted avian H7 virus (Fig. 2).

Furthermore, we examined the receptor specificity of the H15 HA of
A/duck/Australia/341/1983, the closest related subtype to H7. The H15 HA showed
a similar binding phenotype to the H7tu HA and bound a2,3-linked NeuAc and
sLeX, while structures presenting a2,6-linked NeuAc on the other arms were not
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bound (Fig. 3). Interestingly, H15 HAs were previously not known to bind to sLeX
epitopes. The steric hindrance due to a2,6-linked NeuAc appeared to be specific
for the H7 and H15 HAs, since the WT H5 HA from A/Vietham/1203/2004 (H5VN)
showed binding to all tri-antennary N-glycans presenting at least one sLeX epitope,
regardless of the terminal epitopes presented on the other arms (Fig. 3). Consistent
with the results from H7 and H15 HAs, the WT H5VN HA only bound to sLeX epitopes
when presented on fri-antennary N-glycans, and not linear glycans, possibly due
to a multivalency effect because of the high density of binding epitopes in one
glycan. Furthermore, an HA that we previously used as a control for specific
binding of NeuGc (the Y161A HA mutant A/Vietham/1203/2004 H5N1) bound
specifically to NeuGc and not sLeX (Fig. 3). Interestingly, the Hé6 HA from
A/Taiwan/2/2013 was strictly specific for a2,3-linked NeuAc and did not bind to
glycans that present other epitopes on the other arms (25 and 26). The results
showed that the fine receptor specificity is highly dependent on the IAV and the
exact complex glycan structure.
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Figure 3. Avian H7 HAs bind to sialyl-LewisX epitopes. Synthetic glycans were used to
assess the receptor binding of the IAV HAs (A/turkey/ltaly/214845/2002 H7,
A/duck/Australia/341/1983 H15, A/Vietnam/1203/2004 H5, and A/Taiwan/2/2013 Hé). The
glycans were terminating in galactose (no SIA, grey), a2,3-linked NeuAc (white), a2,3-
linked NeuGc (blue), a2,6-linked NeuAc (red), or sialyl-LewisX (black). Bars with two colors
indicate glycans terminating in different epitopes on different arms. Fig. S1 presents all
structures that are present on the array. Bars represent the mean + SD (n=4).

Nevertheless, the binding of the H7 HAs to sLeX epitopes does not explain the
infection in ducks, since ducks are generally assumed not to present NeuGc nor
sLeX epitopes [29, 31, 50]. A tfissue stain using anti-sialyl-LewisX antibodies revealed
that, indeed, no sLeX epitopes were found on duck colon and tfracheal tissues (Fig.
4A). Therefore, we aimed to investigate whether the binding of these avian H7 HAs
was fruly dependent on sLeX epitopes. We performed assays using a fucosidase
E1_10125 from Ruminococcus gnavus E1, which specifically cleaves the fucose
moiety from the sLeX epitope [56] (Fig. 4B). The anti-sialyl-LewisX antibody showed
that no more sLeX epitopes remained on the chicken trachea after fucosidase
treatment. However, the binding of both WT and mutant H7tu (Fig. 4B) HA to
chicken trachea remains unchanged after fucosidase treatment, indicating that
a2,3-linked NeuAc is bound in a tissue section.
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Fig 4. Avian H7 HAs bind both a2,3-linked NeuAc and sialyl-LewisX epitopes. (A) The
presence of sialyl-LewisX epitopes on chicken and duck frachea and colon was
investigated using anti-sialyl-LewisX antibodies. (B) The binding of anti-sialyl-LewisX
antfibodies and H7 HAs to chicken tracheal tissue (with and without fucosidase treatment)
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was assessed. Tissue binding was visualized using AEC staining. (C) Synthetic glycans (with
and without fucosidase freatment) were used to assess the binding of the anti-sialyl-LewisX
antibody, the WT H7 HA of A/turkey/ltaly/214845/02, and H5 HAs of
A/chicken/lbaraki/1/2005. (D) The N-glycans of MDCK WT and MDCK-FUT cells were
investigated using HILIC-IMS-QTOF positive mode mass spectrometry. The number of
fucoses per sialylated N-glycan was analyzed for both cell types. Further analysis is
presented in Table S2. (E) The N-glycans were further analyzed using LC-MS/MS. The
oxonium ions of m/z 803.2928 (sLeX) were identified and normalized to the core fragments.
Mean and standard errors (n=3) are shown. (F) Flow cytometry measurements were
performed to assess the binding anfti-sialyl-LewisX antibodies and HAs to MDCK WT and
MDCK-FUT cells. Triplicate measurements were performed, of which the mean and
standard deviation are displayed.

To investigate which exact glycans may have been involved in this binding to the
chicken tfrachea, we tfreated the glycan microarray with fucosidase (Fig. 4C).
Using an anti-sLeX antibody that bound all sLeX-containing structures on the glycan
microarray as a confrol, we indeed showed that all sLeX epitopes were removed
after fucosidase freatment of the array. This suggests that no sLeX epitopes
remained on the chicken trachea either after fucosidase treatment (Fig. 4B). As
additional controls, we used the WT and R222K R227S mutant H5 HAs of
A/chicken/lbaraki/1/2005 (H5IBR), which are, respectively, specifically binding o
sLeX structures and a2,3-linked NeuAc [43]. After fucosidase tfreatment, these WT
and mutant H5IBR HA controls showed, respectively, no binding to sLeX glycans
and increased binding to sLeX glycans (that are now converted to a2,3-linked
NeuAc) (Fig. 4C). Interestingly, the H7tu WT HA still bound to structures 25 to 28 (of
which the sLeXis converted to a2,3-linked NeuAc) after fucosidase treatment, but
not bi-antennary N-glycans presenting a2,3-linked NeuAc (13-15, Fig. S1, Fig. 4C),
suggesting that tri-antennary N-glycans are preferred as receptors for H7tu. In
conclusion, both a2,3-linked NeuAc and sLeX epitopes presented on the fri-
antennary N-glycans are bound efficiently by the H7tu WT HA.

To further investigate binding to sLeX glycans, we used MDCK WT and MDCK-FUT
cells. The latter overexpress the chicken fucosyltransferase genes FUT3, FUTS, and
FUTé [50], which was expected to increase the amount of sLeX epitopes that are
presented on the cells. To investigate whether indeed increased amounts of sLeX
epitopes were presented on the cells, we employed mass spectrometry (MS)
methods. We first investigated the released N-glycans from MDCK WT and FUT cells
by HILIC-IMS-QTOF positive mode MS and found that MDCK-FUT cells presented a
higher number of fucoses on sialylated N-glycans than MDCK WT cells (Fig. 4D,
Table S2). To further investigate whether the fucoses were present in sLeX epitopes,
we analyzed the N-glycans using fragmentation in LC-MS/MS, which indeed
showed a higher relative abundance of sLeX fragments (oxonium ions of m/z
803.2928) on the MDCK-FUT cells (Fig. 4E). We then continued to use these MDCK
WT and FUT cells in flow cytometry analysis. The conftrols (anti-sLeX and the HA of
A/Taiwan/2/2013 Hé6NT, which is specific for a2,3-linked NeuAc (Fig. 3)) showed
that the amount of sLeX on MDCK WT cells and the amount of a2,3-linked NeuAc
on MDCK-FUT cells was very low (Fig. 4F). Surprisingly, the HSIBR HAs (WT and
mutant) that were assumed to be specific for sLeX and a2,3-linked NeuAc,



106 Chapter 5

respectively, bound well to both cell types. Similar to the result in the glycan
microarray and tissue stains, the H7 (and H15) WT and mutant HAs bound to both
cell types. In conclusion, both a2,3-linked NeuAc and sLeX epitopes appear to be
bound efficiently by the H7tu, but binding depends on the exact glycan structure.

Discussion

Here, we studied the effects of equine NeuGc-adapting mutations (S128T, 1130V,
AT35E, T189A, and K193R) in avian H7 IAVs in vitro and in vivo. These viruses are
potentially candidates for interspecies transmission between avian and
mammalian species expressing NeuGc receptors. The insertion of equine NeuGc-
adapting mutations resulted in stable and viable viruses and increased viral
replication in horse cells. While the mutations reduced viral replication in chicken
and dog cells, interestingly the replication in duck cells was not affected. In vivo,
the NeuGc-adapting mutations not only reduced the pathogenicity index in
intravenously infected chickens but also mortality and morbidity in oculonasal-
infected chickens. In ducks, on the other hand, neither virus caused signs of iliness
or increased mortality. Nevertheless, ducks shed high amounts of virus for a longer
time compared to chickens. Here, NeuGc-adapting mutations were not
disadvantageous in viral shedding compared to the WT HPAIV. The NeuGc-
adapted H7 was additionally found to bind a2,3-linked NeuAc and sialyl-LewisX
(sLeX) epitopes, but only when these epitopes were presented on tri-antennary N-
glycans. Binding to these epitopes explains why ducks and chickens could be
infected and emphasizes the risk of interspecies transmission of H7 IAVs.

Although sLeX epitopes were identified as potential receptors for the studied H7
viruses, it is currently unclear whether sLeX is used in IAV infections as a functional
receptor, or whether it has other functions. It has been suggested that the
presence of sLeX facilitates H7 IAV infection . If sLeX binding is important in IAV
infection, this may cause a species barrier or act as an infermediate receptor since
some species and ftissues, such as the chicken trachea and colon, guinea fowl
tracheaq, turkey respiratory tfract, and human lung present sLeX epitopes [45, 50-
55].

The molecular determinants for the binding of H7 viruses to sLeX epitopes are
currently unknown. Since we showed that not all IAVs bind to sLeX epitopes, such
as the H6 HA of A/Taiwan/2/2013 (Fig. 3), likely certain amino acids are responsible
for the binding to sLeX. For HS viruses, it was shown that mutations K222R/Q and
S227R in the HA convert from binding to a2,3-linked NeuAc to sLeX [43, 49, 51].
Especially, the lysine at position 222 was shown to sterically hinder binding to sLeX
epitopes [57], while a glutamine or arginine at that position enables, potentially
through a hydrogen bond, sLeX binding. Indeed, the H7 viruses that were
investigated here contain a glutamine (Q) at position 222, which is highly
conserved in H7 viruses [51] and partially explains the binding to sLeX. However,
position 227 is also a glutamine in the investigated H7 viruses, of which the effect
on sLeX binding is currently unknown. Elsewhere, the presence of a lysine at
position 193 is reported to be important for sLeX binding and, indeed, the H7tu
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contains a 193K [40]. Additionally, amino acids at other positions, which have not
been investigated yet, may also affect the binding to sLeX epitopes.

Previously, I1AVs from all subtypes, except H15, were shown to bind sLeX epitopes
[41-49]. Using tri-antennary N-glycans presenting sLeX epitopes, we here showed
that also H15 IAVs, the closest related subtype to H7, are capable of binding sLeX
epitopes. Furthermore, the investigated avian H7 HAs were previously not known
to bind to sLeX epitopes, as binding was only observed when the epitopes were
presented on tri-antennary N-glycans and not linear glycans. Additionally, the WT
H7 HA appeared to bind stronger to a2,3-linked NeuAc when presented on ftri-
antennary N-glycans (sLeX after fucosidase treatment) than bi-antennary N-
glycans or linear glycans. The H7tu also appeared to bind stronger to tri-antennary
N-glycans presenting the a2,3-linked NeuAc on an elongated MGAT4 arm (26 and
28) instead of an elongated MGATS arm (25 and 27) (Fig. 4C, Fig. S1), although
this was not consistent throughout the replicates. Using these sLeX-presenting N-
glycans in combination with other HAs may reveal the binding of more IAVs to sLeX
and the role of these epitopes in IAV infection. These observations highlight the
relevance of looking beyond the terminal epitope and considering the fine
receptor specificity when investigating IAV receptor binding.

The distribution and types of Sias are species-specific and variable throughout the
respiratory tract of IAV-susceptible species [17]. HA specificity is often adapted to
the particular Sia receptors present in the host [14]. Thus, interspecies transmission
and establishment in a new host requires a successful adaptation of HA binding
specificity to the new host environment as seen in equine H7N7 viruses originating
from avian H7 viruses [10]. Although equine H7N7 IAVs are thought to be extinct
[12, 13], the amino acid residues coding for the NeuGc binding specificity persist
in avian H7 sequences (Table S1), enabling a potential re-emergence of NeuGc-
binding viruses. The avian H7 IAVs with equine-adapted mutations that we
investigated not only bound to equine-specific NeuGc-receptors but were also
able to replicate and infect avian hosts (Fig. 2). The viruses with equine-adapted
NeuGc-specific mutations may not be as effective in avian a2,3-linked NeuAc
receptor binding and viral replication as WT avian virus but still show infection in
vivo. Furthermore, reassortant viruses with an equine H7N7 HA and other genes
from a chicken H5N2 IAV were shown to be lethal in chickens [11]. This suggests a
potential for transmission of equine-adapted viruses with NeuGc binding
specificity back to avian species like chickens or ducks, for example, due to the
close proximity of these species in farms. Our observations highlight the relevance
of considering the fine receptor binding specificity when investigating the effect
of species-specific adaptations in the RBS of HA and their potential in interspecies
transmission events.
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Materials & Methods

Cell culturing and preparation of cell lysates

The Biobank of the Friedrich-Loeffler-Institut (FLI), Greifswald Insel-Riems, Germany
provided the following cell cultures for the in vifro characterization of the viruses:
human embryonic kidney cells (HEK293T), Douglas Foster-1 cells (DF-1), Madin-
Darby Canine Kidney type Il cells (MDCKII), quail muscle 9 cells (QM-9), horse
epidermal cells (E.Derm), horse lung cells (PLU-R), and duck embryo cells (SEF-R).
In addition, 11d-old specific-pathogen-free embryonated chicken eggs SPF-ECE
(Valo BioMedia, Germany) and chicken embryonic kidney cells (CEK) isolated
from 18d-old SPF-ECE were used to perform replication kinetics [58].

MDCKII and PLU-R cells were cultured in minimal essential medium (MEM) with 10%
fetal calf serum (FCS) containing Hank’s, Earls salts, NaHCO3, sodium pyruvate,
and non-essential amino acids. For HEK293T, DF-1, QM-9, and SEF-R Iscove's
Modified Dulbecco's medium (IMDM) with 10% FCS, Ham's F12 nutrient mix, and
glutamine was used. E.Derm and CEK cells were cultured in Eagle's MEM and
different concentrations of NaHCO3. HEK293S GnTl(-) cells were cultured in DMEM
with 10% FCS. All cells were cultured at 37°C with 5% CO..

MDCK WT (CCL-34) and MDCK-FUT [50] (a kind gift from Takahiro Hiono) cells were
cultured in DMEM (Gibco) with 10% FCS (S7524, Sigma) and 1% penicilin and
streptomycin (Sigma). MDCK-FUT cells were maintained with an additional 500
ug/ml G418 sulfate. MDCK-FUT cells overexpress the chicken fucosyltransferase
genes FUT3, FUTS, and FUTé [50]. Cells were cultured at 37°C with 5% COa.
Detaching of the cells was always done using 1X TrypLE Express Enzyme (12605010,
Thermo Fisher Scientific), using 2 mlin a 175 flask, at a confluency of approximately
90%. Cell lysates were obtained using TrypLE Express Enzyme and RIPA lysis buffer
as described previously [59].

Viruses

The influenza viruses were obtained from different cooperation partners:
A/chicken/Germany/R28/2003 (H7N7) (designated H/N7_avHA) was provided by
Timm C. Harder, head of the reference laboratory for avian influenza virus,
Friedrich-Loeffler-Institut  (FLI),  Greifswald  Insel-Riems,  Germany. AV
A/quail/California/D113023808/2012 (H4N2) was supplied by Beate Crossley from
the California Animal Health and Food Safety Laboratory System, Department of
Medicine and Epidemiology, University of California, Davis, United States. Stephan
Pleschka and Ahmed Mostafa from Justus-Liebig-University, GieBen, Germany
provided the human isolate A/Victoria/1975 (H3N2).

The avian sequence containing the five equine mutations S128T, 1130V, A135E,
T189A, and K193R (H3 numbering) was ordered from GenScript and inserted into
the HA of A/chicken/Germany/R28/2003 in a pHWSccdB vector by restriction
enzyme cloning. The IAV carrying these 5 mutations (designated H7N7_5egHA)
was generated in the backbone A/chicken/Germany/R28/2003 using reverse
genetics. The virus was rescued in HEK293T cells, propagated in 9- to 11-d-old SPF
eggs, and pooled for further use. Sequence analysis of different isolated viral pools
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revealed a stable establishment of the five mutations in the HA without a reversion
to the WT sequence.

a2,3-linked NeuAc receptor binding affinity assay

The binding of H7/N7_avHA and H7N7_5egHA to avian a2,3-NeuAc sialic acid
receptor types was determined in a solid-phase binding assay using fetuin as a
substrate as previously described [60, 61]. The maijority of sialic acids in fetuin are
NeuAc and the low amount of NeuGc is neglectable for this assay [62]. Briefly, 96
well-plates were coated with 200ul of 10ug/ml fetuin from fetal bovine serum
(Merck, F3004) in 2x PBS overnight at 4°C. Fetuin-coated plates were washed with
distiled water, dried at RT, and coated with 5 log? HA units of H/N7_avHA,
H7N7_5egHA, A/quail/California/D113023808/2012 (H4N2) (positive control), or
A/Victoria/1975 (H3N2) (negative control) in TBS at 4°C overnight. Viruses were
tested in duplicates. Afterwards, plates were washed with PBS and then blocked
for Th RT using 0.1% de-sialylated BSA in 2x PBS. BSA was de-sialylated by
incubating 5% BSA in 2x PBS + 0,02% penicillin-streptavidin with 1 unit of Vibrio
cholerae neuraminidase for 24h at 60°C. The plate was washed with washing
solution containing 2x PBS + 0.01% TWEENS8O. Horseradish peroxidase (HRP) labeled
fetuin was diluted 1:2 in 2x PBS with 0.02% TWEENS8O + 0.1% de-sialylated BSA and
dilutions from 1:200 to 1:12,800 were added to the plate after washing and
incubated for Th at 4°C. After an additional washing step using washing solution,
100ul peroxidase substrate (Rockland; Lot# 24241) was added at RT. After 30 min
the reaction was stopped using 50mM H>SO4 and the optical density was
measured at 450 nm with an ELISA reader (Tecan).

Plaque test and cell-to-cell spread

Plaque tests were performed using MDCKII for virus titration. Confluent MDCKII cells
were incubated with diluted or undiluted samples for Th at 37°C with 5% CO». After
infection, cells were washed twice using sterile PBS and overlaid with 1.8% bacto-
agar in Dulbecco's modified Eagle's medium (DMEM) containing 5% bovine serum
albumin (BSA). After incubation for 72 hours, plague assays were fixed using a 10%
formaldehyde solution with 0.1% crystal violet for 24h. After removal of the agar,
the viral fiters were calculated as PFU/ml or PFU/g, or the size of the plaques was
measured under the microscope using Nikon NIS-Elements software.

Replication kinetics

Different cell cultures were infected with H/N7_avHA and H7N7_5egHA with a
multiplicity of infection (MOI) of 0.001 for T1h. After washing with PBS, the cells were
incubated at 37°C with 5% CO,. Cells and supernatants were harvested at
indicated fime points and stored at -80°C until the PFU/ml were assessed using
plague tests. The viral replication in SPF-ECE was tested in 11d-old eggs. EQgs were
inoculated with 100 PFU/0.1 ml of each virus and incubated at 37°C with 56%
humidity. Allantoic fluids were harvested at 8, 24, and 48 hpi and the PFU/ml was
determined using plaque tests.
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Fusion assay to measure pH-dependent HA activation

The HA segments of H/N7_avHA and H7N7_5egHA were cloned into the protein
expression vector pCAGGS by restriction enzyme cloning (H7/N7_avHA_pcAGGs
and H7N7_5egHA_pcAGGs respectively). A fusion assay was performed to assess
the influence of the equine mutations on the pH activation of the HA as previously
described [35]. Briefly, confluent QM-9 cells were transfected in a 24-well plate
with 500 ng of H7N7_avHA_pcAGGs and H7N7_5egHA_pcAGGs and 100 ng
GFP_pcAGGs per well using 1ul/ug DNA Lipofectamine 2000 (Thermofisher). PBS
buffers were prepared with pH values ranging from 4.0 to 6.0 (0.2 steps).
Transfected cells were incubated for 16h at 37°C with 5% CO; and each well was
washed with a different pH-adjusted PBS buffer for 10 min at RT after incubation.
Cells were incubated for another 4h at 37°C with 5% CO; and then fixed with 4%
paraformaldehyde for 30 min at RT. The sizes of the fusion events were measured
using a microscope and Nikon NIS-Elements software.

Thermostability

The thermostability of H7/N7_avHA and H7N7_5eqHA viruses was tested in a
thermostability assay at 56°C. Allantoic fluid aliquots containing 10s PFU/mI of
viruses were prepared in fubes and incubated at 56°C. Samples were taken at 0,
1, 2, 4, and 6 hours post incubation. The infectivity of heat-exposed viruses was
assessed in a plaque test on MDCKII cells. The PFU/ml are shown as mean values
from two independent experimental rounds.

Animal experiments

For the assessment of the pathogenicity index, nine chickens were infected
intravenously (IV) and ten Pekin ducks were infected intramuscular (IM) with both
recombinant viruses. Daily clinical scoring and the calculation of the
pathogenicity index were performed according to the standard protocol of the
world organization for animal health (WOAH). In addition, ten Pekin ducks and ten
chickens were inoculated via the oculonasal route with 105PFU/mI. One day post-
infection (dpi) five contact birds were added to each group to assess bird-to-bird
transmission. In addition to the daily clinical scoring, oral and cloacal swab
samples were taken on 2, 4, 7, and 10 dpi. The oral and cloacal swab samples
were stored in MEM (H) + MEM (E) + NEA medium with BSA containing enrofloxacin,
lincomycin, and gentamicin at -70°C until further use. The swab samples were
titrated in plagque tests on MDCKII cells to assess the PFU/ml in the collected swabs.
Organ samples were collected 4 dpi from three freshly dead or euthanized birds
to assess viral distribution. Organ samples from the brain, heart, lung, liver, jejunum,
spleen, and kidney were lysed in PBS using a tissue lyser and the PFU/g was
assessed using plaque tests on MDCKII cells. The surviving birds were culled on day
ten of the trial and blood was collected for serum samples. The serum was tested
for influenza A NP antibody using a competitive ELISA kit (ID Screen Influenza A
Antibody Competition Multispecies; IDvet).
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Expression and purification of HA for binding studies

HA encoding cDNAs of A/turkey/Italy/214845/02 H7N3 [63] (synthesized and
codon-optimized by GenScript), A/duck/Australia/341/1983 HI15N8 (a kind gift
from Keita Matsuno), A/Vietnam/1203/2004 H5N1 (synthesized and codon-
optimized by GenScript), A/chicken/lbaraki/1/2005 H5N2 [43], and
A/Taiwan/2/2013 H6NT were cloned into the pCD5 expression vector as described
previously [64]. The pCD5 expression vector was adapted to clone the HA-
encoding cDNAs in frame with DNA sequences coding for a secretion signal
sequence, the Twin-Strep (WSHPQFEKGGGSGGGSWSHPQFEK); IBA, Germany), a
GCN4 trimerization domain (RMKQIEDKIEEIESKQKKIENEIARIKK), and a superfolder
GFP [65] or mOrange?2 [66]. Mutations in HAs were generated by site-directed
mutagenesis (primers are available upon request). The HAs were purified from cell
culture supernatants after expression in HEK293S GnTl(-) cells as described
previously [64]. In short, transfection was performed using the pCD5 expression
vectors and polyethyleneimine I. The fransfection mixtures were replaced at 6 h
post-transfection by 293 SFM Il expression medium (Gibco), supplemented with
sodium bicarbonate (3.7 g/L), Primatone RL-UF (3.0 g/L, Kerry, NY, USA), glucose
(2.0 g/L), glutaMAX (1%, Gibco), valproic acid (0.4 g/L) and DMSO (1.5%). At 5 to
6 days after fransfection, tissue culture supernatants were collected and Strep-
Tactin sepharose beads (IBA, Germany) were used to purify the HA proteins
according to the manufacturer’s instructions.

Glycan microarray binding of HA proteins

A selection of a glycan array that was presented elsewhere [67] was used and the
full list of glycans is presented in Fig. S1. When fucosidase treatment was
performed, cells were treated overnight at 37°C with 200 pg/ml fucosidase in
fucosidase buffer (50 mM citrate buffer + 5 mM CaCly, pH 6.0). Anti-sialyl-LewisX
anfibodies (mouse IgM, #551344, clone CSLEXT, BD Biosciences) at 50 ug/mL in 40
UL PBS-T were applied to the subarrays for 90 min. Subsequently, the arrays were
incubated with a mixture of goat anfi-mouse IgM HRP (10 ug/mL; #1021-05
Southern Biotech) and donkey anti-goat antibody labeled with AlexaFluor555 (5
ug/mL; A21432, Invitrogen) in 40 uL PBS-T for 1 h. HAs were pre-complexed with
human anti-streptag and goat anti-human-AlexaFluor555 antibodies in a 4:2:1
molar ratio, respectively in 50 yL PBS-T on ice for 15 min. The mixtures were added
to the subarrays for 90 min in a humidified chamber. Wash steps after each
incubation (e.g. enzyme treatment, HA, or anfibody incubation) involved six
successive washes of the whole slides with either twice PBS-T, twice PBS, and twice
deionized water. The arrays were dried by centrifugation and immediately
scanned as described previously [27]. Processing of the six replicates was
performed by removing the highest and lowest replicates and subsequently
calculating the mean value and standard deviation over the four remaining
replicates.

Fucosidase production

The protein sequence of fucosidase E1_10125 from Ruminococcus gnavus E1 [56]
was obtained from the RCSB Protein Data Bank under accession number 6TR3. The
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nucleotide sequence was obtained from the closest hit in a protein-protein search
in BLAST, of which the nucleotide sequence was corrected to obtain the exact
same amino acid sequence. This open reading frame was ordered at GenScript
and cloned into backbone pET23A in frame with a His-tag on the C-terminus of
the open reading frame of the fucosidase. Cloning was performed in JM109
Escherichia coli (Promega). The plasmid is deposited at addgene under the name:
PET23A-Fucosidase-E1_10125-Ruminococcus_gnavus-His (#207665). Expression of
the fucosidase was performed in BL21 (DE3) E. coli (New England Biolabs). An
overnight culture (20 ml per liter culture) was inoculated in 2xYT medium (Serva)
supplemented with 50 pg/ml ampicillin (13398.02, Serva). Bacteria were grown at
37°C while shaking at 200 rpom until OD 0.8-1.0, after which fucosidase production
was induced with TmM isopropyl B-d-1-thiogalactopyranoside (RO309, Invitrogen).
Afterward, the bacteria were grown for 21 h at room temperature while shaking
at 200 rom. Cell pellets were obtained by centrifugation in a swing-out centrifuge
for 30 min at 4°C at 629 rcf. The pellets were resuspended in 50ml lysis buffer
(100MM Tris-HCI, pH 8.0, 0.1%TritonX-100) per liter bacterial culture, which was
supplemented with 1 gram per liter bacterial culture lysozyme (62971, Merck), 25
ul per liter bacterial culture DNAse (ENO521, Thermo Fisher Scientific), and 25 ul per
liter bacterial culture DNAse buffer. The mixtures were incubated for 50 minutes at
37°C while shaking at 200 rom. The cells were additionally lysed by sonication
(Bandelin, Sonopuls, needle MS73) at 50% amplitude, three times for one minute
at 10s intervals. The lysates were centrifuged for 1.5 h at 4°C at 629 rcf until the
supernatant was clear. The supernatant was filtered through a 0.45 pm filter
(431220, Corning) and incubated for 16h with Ni-NTA beads at 4°C while rotating.
The beads were washed using a washing buffer (0.5M NaCl, 20mM Tris-HCI. pH 7.5)
after which the fucosidase was eluted using the same buffer supplemented with
10-200mM imidazol. The elutions were concentrated and the buffer was
exchanged to fucosidase buffer (50 mM citrate buffer + 5 mM CaCl, pH 6.0) using
a cenftrifugal concentrator with a molecular weight cutoff of 10 kDa (Vivaspin 6,
VS0602, Sartorius). The presence of the fucosidase (62 kDa) was evaluated by
running an SDS-PAGE gel (after denaturing for 15 min at 95°C with the addition of
denaturing buffer (NPO00?, Invitrogen)) with consequent staining using Coomassie
blue dye.

Protein histochemistry

Sections of formalin-fixed, paraffin-embedded chicken (Gallus gallus domesticus)
were obtained from the Division of Pathology, Department of Biomolecular Health
Sciences, Faculty of Veterinary Medicine of Utrecht University, the Netherlands.
Sections of Pekin ducks were obtained from the animal experiment that is
described above. Protein histochemistry was performed as previously described
[68, 69]. In short, fissue sections of 4 um were deparaffinized and rehydrated, after
which antfigens were retrieved by heating the slides in 10 mM sodium citrate (pH
6.0) for 10 min. Endogenous peroxidase was inactivated using 1% hydrogen
peroxide in MeOH for 30 min at RT. Slides were treated overnight at 37°C with 150
ug/ml fucosidase in the fucosidase buffer (50 mM citrate buffer + 5 mM CaCly, pH
6.0) or buffer only. Subsequently, slides were washed with PBS with 0.1% Tween-20
(PBS-T). Tissues were blocked for 90 min at RT using 3% BSA (w/v) in PBS. Anti-sialyl-
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LewisX antfibodies (mouse IgM, #551344, clone CSLEX1, BD Biosciences) were
diluted 1:1000 in PBS and precomplexed with goat anti-mouse IgM-HRP (#1021-05,
Southern Biotech) in a 1:100 dilution on ice for 20 min. The slides were stained for
90 min with pre-complexed HAs as previously described for the glycan microarray
or the anti-sialyl-LewisX mixtures. For WT H5 HA, we used 1.5 ug/ml HA, for H5 R222K
R227S HA, we used 3 ug/ml HA, for H7 HAs, we used 2 ug/ml HA, and for H15 HA,
we used 1 ug/ml HA. After washing with PBS, binding was visualized using 3-amino-
9-ethylcarbazole (AEC) (Sigma-Aldrich, Germany) and slides were counterstained
using hematoxylin.

Identification of N-glycans on cells by mass spectrometry

Celllysates were obtained as described above. Preparation of mass spectrometry
samples and measuring of these samples was performed as described previously
[59]. Briefly, glycans from cell lysates were released using PNGaseF treatment,
labeled with procainamide 2-picoline borane, and purified in multiple steps. The
samples were measured both using positive mode HILIC-IMS-QTOF analysis and
MS/MS (using a Thermo Scientific Exploris 480 connected to a Thermo Scientific
Ultimate 3000 UPLC system).

IM-MS data was calibrated to reference signals of m/z 121.050873 and 922.009798
using the IM-MS reprocessor utility of the Agilent Masshunter software. The mass-
calibrated data was then demultiplexed using the PNNL preprocessor software
using a 5-point moving average smoothing and interpolation of 3 drift bins. To find
potential glycan hits in the processed data, the ‘find features’ (IMFE) option of the
Agilent IM-MS browser was used with the following criteria: ‘Glycans’ isotope
model, limited charge state to 5 and an ion intensity above 500. The found
features were filtered by m/z range of 300 — 3200 and an abundance of over 500
(a.u.) where abundance for a feature was defined as ‘maxion volume’ (the peak
area of the most abundant ion for that feature). After exporting the list of filtered
features, glycans with a mass below 1129 Da (the mass of an N-glycan core) were
removed. The ExXPASy GlycoMod tool [70] was used to search for glycan structures
(monoisotopic mass values, 5 ppm mass tolerance, neutral, derivatized N-linked
oligosaccharides, procainamide (mass 235.168462) as reducing terminal
derivative, looking for underivatized monosaccharide residues (Hexose, HexNAC,
Deoxyhexose, and NeuAc)). For features with multiple potential monosaccharide
combinations, the most realistic glycan in the biological context was chosen. The
abundance of glycan features with the same mass, composition, and a maximum
difference of 0.1 min in the retention time were combined as one isomer. A full
glycan composition feature list for MDCK-FUT cells is presented in Table S2. Analysis
of the number of fucoses per sialylated glycan was performed on the complex
and hybrid N-glycans with at least one sialic acid.

For MS/MS data, Proteowizard MSconvert (version 3.0.21328-404bcf1) was used to
convert Thermo raw files to MGF format using MGF as output format, 64-bit binary
encoding precision and with the following opftions selected: write idex, zlib
compression and TPP compatibility. No filters were used when converting raw files
to MGF format. To search MGF files for spectra containing glycan oxonium ions an
internally developed tool named Peaksuite (v1.10.1) was used with an ion delta of
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20 ppm, noise filter of 0% and using a list of oxonium m/z values as mass targets
(Table SX from [59]). Scans without any detected peaks were removed. Python
3.2.2 was used for data curation based on precursor m/z (10 ppm), retention time
(17-24 min) and intensities of oxonium ions that originated from the glycan core
(m/z 441.2707, 587.3286, 644,3501, 790.4080, 806.4029, and 952.4608). The sum
intensity threshold of the core oxonium ions was set to 1e4. Python 3.2.2 was also
used for calculating the relative intensities of oxonium ions corresponding to sLeX
(m/z 803.2928) normalized versus the sum intensities of the core oxonium ions.

Flow cytometry studies

Detaching of the cells (MDCK WT and MDCK-FUT) was performed with 1X TrypLE
Express Enzyme (12605010, Thermo Fisher Scientific), using 2 ml in a 775 flask, at a
confluency of approximately 20%. Cell pellets were obtained by centrifugation for
5 min at 250 rcf, after which the cells were resuspended in PBS supplemented with
1% FCS (57524, Sigma) and 2mM EDTA and kept at 4°C until the plate was
measured in the flow cytometer. In a round-bottom 96-well plate (3539210, Falcon),
50,000 cells per well were used. Per well, 1 ug of precomplexed HA or
precomplexed anti-sialyl-LewisX antibody (CD15S, clone CSLEX1, #551344, BD
Biosciences) was added to PBS supplemented with 1% FCS and 2mM EDTA to
achieve a final concentration of 20 ug/ml. Precomplexation of HAs was performed
with 1.3 ug monoclonal antibody detecting the Twin-Strep-tag and 0.325 ug goat
anfi-human Alexa Fluor 488 (A11013, Invitrogen) and incubated on ice for 20 min.
Precomplexation of the anti-sialyl-LewisX antibody was performed with a 1:50
dilution of goat anti-mouse IgM-HRP (#1021-05, Southern Biotech) and 0.65 ug
donkey anti-goat Alexa Fluor 555 (A21432, Invitrogen) and incubated onice for 20
min. Furthermore, eBioscience Fixable Viability Dye eFluor 780 (65-0865, Thermo
Fisher Scientific) was diluted 1:2000 in the same mixture. Cells were incubated with
the hemagglutinin/antibody mix for 30 minutes at 4°C in the dark. Cells were
washed once with PBS supplemented with 1% FCS and 2 mM EDTA, after which
the cells were fixed with 100 yl of 1% paraformaldehyde in PBS for 10 minutes.
Afterward, cells were washed twice using PBS supplemented with 1% FCS and 2
mM EDTA, after which they were resuspended in 100 ul of the same buffer. Flow
cytometry was performed using the BD FACSCanto Il (BD Biosciences) using
appropriate laser voltages. Alexa Fluor 488 signal (HAs) was measured using the
FITC filter and Alexa Fluor 555 signal (anti-sialyl-LewisX signal) was measured using
the PE filter. Data were analyzed using FlowLogic (Inivai Technologies) and gated
for cells, single cells, and alive cells as described previously [59]. The mean value
and standard deviation were calculated over friplicate measurements.

Sequence analysis

The prevalence of the five equine amino acid residues on positions 128, 130, 135,
189, and 193 (numbering according fo H3 HA) was analyzed in all equine and
avian H7 sequences with a minimum length of 1,600 bp. The protein sequences
were downloaded from GISAID (date of download: 31.08.2023) and aligned using
MAFFT package in Geneious software. Only the receptor binding site of the
different sequences was compared. In total 3,402 avian H7 and 24 equine H7
sequences were analyzed.
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Data analysis and statistical analysis

The data in this artficle were (statistically) analyzed and visualized using GraphPad
Prism 9.2.0.
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Figure $1. Glycans presented on the glycan microarray.
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Table $1. Prevalence of different amino acid residues in avian and equine H7 HA
sequences. Sequences with a size of at least 1,600bp were downloaded from GISAID on

31.08.2023 and analyzed using Geneious software.

HA position Amino acid Avian H7 (n=3,402) Equine H7 (n=24)

No. % No. %

128 N 2,887 84.86 - -
T 2 0.06 24 100

N 487 14.32 - -

D 20 0.59 - -

G 3 0.09 - -

| 1 0.03 - -

Y 1 0.03 - -

R 1 0.03 - -

130 | 3,356 98.65 - -
\ 8 0.24 24 100

M 38 1.12 - -

135 A 2,574 75.66 - -
E 8 0.24 24 100

\ 522 15.34 - -

T 295 8.67 - -

G 1 0.03 - -

K 1 0.03 - -

S 1 0.03 - -

189 T 1,752 51.50 - -
A 1,297 38.12 24 100

S 168 4.94 - -

D 93 2.73 - -

E 43 1.26 - -

N 41 1.21 - -

| 5 0.15 - -

G 1 0.03 - -

K 1 0.03 - -

Q 1 0.03 - -
193 K 3,360 98.77 1 4.17
R 37 1.09 23 95.83

M 3 0.09 - -

N 1 0.03 - -

Q 1 0.03 - -

Table $2. Relative abundance of N-glycans of MDCK FUT cells measured using HILIC-IMS-
QTOF positive mode mass spectrometry. The data from MDCK WT cells is published in Table

Sl of [59].
Relative Retention Mass Hex Relative Retention Mass Hex
abundance time (Da) Hex NAC Fuc | NevAc abundance time (Da) Hex NAC Fuc | NeuAc

(%) (min) (%) (min)

4.197 18.4 2501.02 | 5 5 3 0 0.169 21.9 3539.40 | 8 7 4 0
3.305 13.8 1681.72 | 3 4 1 0 0.169 18.0 2501.01 | 5 5 3 0
2.942 16.1 1615.66 | 6 2 0 0 0.164 18.3 2542.04 | 4 6 3 0
2.922 19.7 2101.82 | 9 2 0 0 0.162 18.0 2499.00 | 3 3 4 2
2.754 14.5 1453.60 | 5 2 0 0 0.160 18.2 3157.25| 6 6 3 1
2.740 17.7 229794 | 5 4 3 0 0.160 16.2 2109.83| 6 3 0 1
2.694 20.0 3012.21 6 6 4 0 0.160 18.4 2808.11 6 5 2 1
2.334 19.0 315724 | 6 6 3 1 0.158 18.2 3594.40 | 6 6 4 2
2.331 16.7 2192.91 4 5 2 0 0.157 14.5 1640.69 | 4 3 1 0
2.114 16.6 2807.08 | 6 5 0 2 0.156 16.5 176172 6 2 1 0
2.030 16.7 244298 | 5 4 2 1 0.153 21.5 3976.55| 8 7 5 1
2.001 17.5 2646.06 | 5 5 2 1 0.152 18.7 3341.25| 10 3 2 2
1.993 14.7 1884.80 | 3 5 1 0 0.151 14.8 1681.71 | 3 4 1 0
1.569 17.7 235496 | 5 5 2 0 0.147 18.4 2135.88 | 4 4 3 0
1.524 16.9 215188 | 5 4 2 0 0.146 13.8 1535.66 | 3 4 0 0
1.371 18.7 1939.77 | 8 2 0 0 0.146 13.6 197281 3 4 1 1
1.359 16.8 3098.18 | 6 5 0 3 0.145 19.4 2904.10| 10 3 1 1
1.350 17.3 3098.19 | 6 5 0 3 0.144 17.5 219291 | 4 5 2 0
1.274 14.5 1681.72 | 3 4 1 0 0.141 16.7 1989.83 | 4 4 2 0
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1.260 16.1 1453.61 5 2 0 0 0.141 19.6 2297941 5 4 3 0
1.050 158.5 215086 | 5 4 0 1 0.141 13.3 1535.66 | 3 4 0 0
1.034 17.4 237999 | 3 6 3 0 0.137 19.0 250101 | 5 5 3 0
0.992 13.8 1478.63 | 3 3 1 0 0.136 18.4 1939.76 | 8 2 0 0
0.990 19.4 2663.07 | 6 5 3 0 0.135 19.0 2686.05 | 4 6 0 2
0.944 17.5 2338.97 | 4 5 3 0 0.134 17.6 1615.66 | 6 2 0 0
0.887 15.3 244196 | 5 4 0 2 0.131 13.9 1827.78 | 3 4 2 0
0.884 16.3 251599 | 6 5 0 1 0.131 17.4 1615.66 | 6 2 0 0
0.881 15.8 2087.88 | 3 6 1 0 0.130 20.0 2354.96 | 5 5 2 0
0.863 18.7 3303.30 | 6 6 4 1 0.129 20.3 381550 ¢ 9 2 0
0.837 16.9 251599 | 6 5 0 1 0.127 14.4 2077.84 | 4 3 2 1
0.795 19.4 2866.15 | 6 6 3 0 0.124 156.3 1884.80 | 3 5 1 0
0.772 20.5 3158.26 | 6 6 5 0 0.124 16.7 2500.00| 5 5 1 1
0.757 14.1 1640.69 | 4 3 1 0 0.122 21.3 2809.13 | 6 5 4 0
0.735 17.5 215188 | 5 4 2 0 0.121 20.5 3196.21 | 10 3 3 1
0.731 20.0 2501.02 | 5 5 3 0 0.119 16.6 2483.99 | 4 5 2 1
0.730 17.4 1777.71 7 2 0 0 0.115 18.2 2808.11 | 6 5 2 1
0.728 15.8 2046.85 | 4 5 1 0 0.113 14.9 2280.92 | 4 4 2 1
0.725 20.9 317426 | 7 6 4 0 0.113 21.2 3415.29 | 11 4 2 1
0.694 15.1 188480 | 3 5 1 0 0.109 16.7 2805.08 | 4 3 1 4
0.692 19.6 2809.13 | 6 5 4 0 0.108 18.1 324526 | 6 5 3 2
0.688 20.0 3050.16 | 10 3 2 1 0.106 19.6 3011.20 | 6 6 2 1
0.620 17.2 2807.09 | 6 5 0 2 0.103 16.7 2515991 6 5 0 1
0.583 16.3 1948.80 | 5 3 2 0 0.103 19.0 264606 | 5 5 2 1
0.575 20.0 2866.15 | 6 6 3 0 0.102 16.2 1802.75| 5 3 1 0
0.574 15.9 229692 | 5 4 1 1 0.101 17.6 2395.98 | 4 6 2 0
0.572 21.7 3523.40 | 7 7 5 0 0.098 19.4 2354.96 | 5 5 2 0
0.567 17.6 1777.71 7 2 0 0 0.096 20.0 3503.30 | 11 3 2 2
0.534 21.2 3377.34 | 7 7 4 0 0.096 19.3 2850.15| 5 6 4 0
0.518 15.9 1989.83 | 4 4 2 0 0.095 18.0 2568.04| 5 6 2 0
0.515 16.0 2807.09 | 6 5 0 2 0.094 15.9 1802.74| 5 3 1 0
0.507 16.1 200582 | 5 4 1 0 0.093 18.3 229693 | 5 4 1 1
0.494 18.4 2354.96 | 5 5 2 0 0.093 17.0 200582 | 5 4 1 0
0.469 15.4 209384 | 5 3 1 1 0.092 20.5 264707 | 5 5 4 0
0.468 18.5 295416 | 6 5 3 1 0.091 16.3 2290.95| 3 7 1 0
0.444 15.3 2087.88 | 3 6 1 0 0.091 17.1 2338.96 | 4 5 3 0
0.435 20.5 2263.87 | 10 2 0 0 0.091 20.6 3253.24 | 10 4 2 1
0.424 15.8 1884.80 | 3 5 1 0 0.090 16.6 2046.85 | 4 5 1 0
0.402 16.2 2484.00 | 4 5 2 1 0.090 17.2 2208.90 | 5 5 1 0
0.400 18.0 3389.28 | 6 5 0 4 0.086 17.7 1786.74 | 4 3 2 0
0.388 15.2 1786.75 | 4 3 2 0 0.084 20.5 2501.02| 5 5 3 0
0.382 15.7 1859.77 | & 4 0 0 0.082 18.3 3011191 6 6 2 1
0.379 16.4 223393 | 3 6 2 0 0.081 16.6 1623.68 | 3 3 0 1
0.379 21.3 332032 | 7 6 5 0 0.080 17.5 2280.92 | 4 4 2 1
0.373 14.7 1640.69 | 4 3 1 0 0.079 20.0 2954.16 | 6 5 3 1
0.369 16.4 229692 | 5 4 1 1 0.077 19.4 2501011 § 5 3 0
0.366 18.7 270409 | 5 6 3 0 0.075 15.4 233794 | 4 5 1 1
0.361 14.7 215086 | 5 4 0 1 0.074 12.9 1478.64 | 3 3 1 0
0.353 18.4 198982 | 4 4 2 0 0.074 15.2 213486 | 4 4 1 1
0.349 17.5 213486 | 4 4 1 1 0.072 17.4 2233.93| 3 6 2 0
0.349 17.2 2792.11 5 5 3 1 0.070 20.7 2663.07 | 6 5 3 0
0.341 20.8 321221 | 11 3 2 1 0.068 17.8 2849.14| 5 6 2 1
0.337 21.3 33588.27 | 11 3 3 1 0.067 17.1 216788 | 6 4 1 0
0.335 15.0 213487 | 4 4 1 1 0.067 18.1 2808.11 | 6 5 2 1
0.330 17.3 244196 | 5 4 0 2 0.066 15.5 198983 | 4 4 2 0
0.322 17.3 196480 | 6 3 1 0 0.066 16.7 229692 | 5 4 1 1
0.322 20.6 321528 | 6 7 4 0 0.065 15.6 2337.94 | 4 5 1 1
0.320 19.0 3011.19 | 6 6 2 1 0.064 14.5 217589 | 3 5 1 1
0.317 19.0 3195.19 | 10 3 1 2 0.063 16.4 1818.74| 6 3 0 0
0.315 17.1 223393 | 3 6 2 0 0.062 18.3 2558.04| 5 6 2 0
0.312 18.5 344834 | 6 6 3 2 0.062 14.5 1535.66 | 3 4 0 0
0.308 14.9 1599.67 | 5 2 1 0 0.060 19.9 2809.12 | 6 5 4 0
0.308 16.2 2525.03 | 3 6 2 1 0.059 16.8 1623.68 | 3 3 0 1
0.278 22.4 3685.45 | 8 7 5 0 0.058 18.6 2313.93| 6 4 2 0
0.273 17.5 2500.00 | 5 5 1 1 0.058 16.6 2441.95| 5 4 0 2
0.270 16.0 244196 | 5 4 0 2 0.057 13.7 2077.85| 4 3 2 1
0.269 16.8 244195 | 5 4 0 2 0.056 16.2 224993 | 4 6 1 0
0.267 20.4 3012.21 6 6 4 0 0.056 16.6 194880 | 5 3 2 0
0.265 16.5 225590 | 6 3 1 1 0.055 16.3 2588.02 | 5 4 1 2
0.259 15.1 1681.72 | 3 4 1 0 0.054 13.7 1494.64 | 4 3 0 0
0.257 15.0 1843.77 | 4 4 1 0 0.053 16.2 2513.98 | 4 3 1 3
0.256 17.3 222490 | 6 5 0 0 0.053 16.0 1623.68 | 3 3 0 1
0.253 15.7 2030.85 | 3 5 2 0 0.052 16.3 1332.58 | 3 3 0 0
0.251 17.5 211085 | 6 3 2 0 0.050 18.1 2662.05| 6 5 1 1
0.247 21.7 3561.35 | 11 4 3 1 0.050 16.3 2150.86 | 5 4 0 1
0.240 20.1 3465.36 | 7 6 4 1 0.047 12.6 1478.64 | 3 3 1 0
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0.236 15.5 2484.00 | 4 5 2 1 0.047 14.6 198881 | 4 4 0 1
0.234 17.1 239599 | 4 6 2 0 0.046 22.1 3520.32 | 12 3 3 1
0.234 14.5 1786.75 | 4 3 2 0 0.046 19.7 177771 7 2 0 0
0.229 20.0 264707 | 5 5 4 0 0.046 15.0 194778 | 5 3 0 1
0.228 17.1 219290 | 4 5 2 0 0.045 20.9 242592 | 11 2 0 0
0.228 21.6 301220 | 6 6 4 0 0.044 16.7 1931.79 | 4 3 1 1
0.226 18.1 2354.96 | 5 5 2 0 0.044 14.8 2030.85| 3 5 2 0
0.226 14.2 1681.72 | 3 4 1 0 0.044 19.4 2889.11 [ ¢ 3 4 0
0.224 17.4 241794 | 7 3 1 1 0.043 21.6 2587.98 | 12 2 0 0
0.217 17.9 3098.19 | 6 5 0 3 0.043 16.9 1859.76 | 5 4 0 0
0.216 13.8 1738.74 | 3 5 0 0 0.043 17.0 2937.15| 5 5 2 2
0.213 14.1 1931.79 | 4 3 1 1 0.043 17.5 198983 | 4 4 2 0
0.212 14.9 1786.75 | 4 3 2 0 0.043 19.7 1939.76 | 8 2 0 0
0.202 16.8 220890 | 5 5 1 0 0.041 17.6 1453.61 | 5 2 0 0
0.202 18.7 1777.71 7 2 0 0 0.039 16.1 225589 | 6 3 1 1
0.200 20.6 3668.44 | 7 7 4 1 0.039 14.3 1738.74 | 3 5 0 0
0.200 16.5 215187 | 5 4 2 0 0.038 16.3 1859.76 | 5 4 0 0
0.198 18.7 3158.25 | 8 8 0 0 0.037 15.0 1656.69 | 5 3 0 0
0.196 15.4 1802.74 | 5 3 1 0 0.036 14.1 2077.84 | 4 3 2 1
0.195 15.9 2337.94 | 4 5 1 1 0.033 15.0 229692 | 5 4 1 1
0.195 19.0 2663.07 | 6 5 3 0 0.032 16.5 1599.66 | 5 2 1 0
0.195 18.1 231393 | 6 4 2 0 0.031 16.4 224993 | 4 6 1 0
0.191 16.3 2046.85 | 4 5 1 0 0.030 16.8 251398 | 4 3 1 3
0.188 18.8 245999 | 6 4 3 0 0.028 14.4 198881 | 4 4 0 1
0.187 13.7 178573 | 4 3 0 1 0.028 17.1 2647.06 | 5 5 4 0
0.185 17.3 229793 | 5 4 3 0 0.027 17.7 2605.03 | 6 4 2 1
0.183 14.6 1827.78 | 3 4 2 0 0.024 15.3 178572 | 4 3 0 1
0.180 16.5 200582 | 5 4 1 0 0.024 16.2 2337.95| 4 5 1 1
0.179 19.8 3319.30 | 7 6 3 1 0.024 16.2 256298 | 7 3 0 2
0.176 15.6 1843.77 | 4 4 1 0 0.024 18.7 1615.66 | 6 2 0 0
0.175 15.0 1827.78 | 3 4 2 0 0.022 16.2 2378.98 | 3 6 1 1
0.172 19.0 2647.07 | 5 5 4 0 0.021 15.5 194182 | 3 6 0 0
0.172 17.0 2150.86 | 5 4 0 1 0.021 16.7 1332.58 | 3 3 0 0
0.171 21.7 3567.36 | 6 3 4 4 0.019 14.7 1494.63 | 4 3 0 0
0.170 18.7 2517.01 6 5 2 0 0.018 17.1 2805.08 | 4 3 1 4
0.170 14.3 188480 | 3 5 1 0
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Synthesis of tri-antennary N-glycans
terminated with sialyl-LewisX reveals the
relevance of glycan complexity for
influenza A virus receptor binding
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and Geert-Jan Boons

Abstract

Sialyl-LewisX (SLex) epitopes are widely involved in the immune system, human
fertilization, cancer, and bacterial and viral diseases. However, the influence of
the complex glycan structures, which present SLex epitopes, on binding is largely
unknown. We report a chemoenzymatic strategy for the preparation of a panel
of asymmetrical tri-antennary N-glycans presenting SLex-Lex epitopes. In glycan
microarray binding studies, we showed that E-selectin bound equally well to linear
glycans presenting SLex(-LeX) epitopes and fri-antennary N-glycans on which the
SLex-Lex was presented on either the MGAT4 or MGATS arm. On the other hand,
we showed a strong preference of HS influenza A virus (IAV) hemagglutinins (HA)
for the tri-antennary N-glycan structures when compared to linear structures
terminating in SLex. Furthermore, some H5 HAs showed increased binding when
the SLex epitope was presented on the MGAT4 arm, in contrast to the MGATS arm.
SLex is displayed in the respiratory tract of several avian species, demonstrating
the relevance of investigating the binding of, among others IAVs, to complex N-
glycans presenting SLex.
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Infroduction

ABO(H) and Lewis antigens were initially discovered on erythrocytes and therefore
designated as histo-blood group antigens. These carbohydrate structures are,
however, widely distributed and found on many other cell types including
epithelial- and vascular endothelial cells, sensory neurons, and oocytes, where
they are involved in a multitude of biological processes [1, 2].

Sialyl Lewis* (SLex), which is composed of a type-2 N-acetyl lactosamine (Galp1-
4GIcNAc, LacNAc) moiety that is a(1,3)-fucosylated at GIcNAc and 2,3-sialylated
at galactose (Gal), is a Lewis antigen that plays important roles in cell adhesion.
For example, E- and P-selectin are C-type lectins expressed by inflamed
endothelial cells that can bind SLex-containing cell surface glycoconjugates of
circulating leukocytes resulting in cell rolling and vascular extravasation [1]. The
overexpression of SLex by cancer cells promotes metastasis by binding to selectins
resulting in tumor cell adhesion and extravasation [3]. SLex containing
glycoconjugates can also serve as (co-)receptor for several pathogenic bacteria
such as Helicobacter pylori and Anaplasma phagocytophilum, and viruses
including noroviruses, human parainfluenza viruses, mumps virus, Sendai virus,
MERS-CoV, cadliciviruses [4-6]. Influenza A viruses (IAV) from all subtypes, except
H15, can also employ SLex containing glycans as receptors [7, 8].

Lewis antigens, such as SLex, are usually part of N- and O-glycans and glycolipids
[?. 10]. The glycan moieties of these biomolecules have usually highly complex
architectures. There is data to indicate that the complex architecture of glycans

can modulate recognition of minimal epitopes such as SLex [11, 12]. N-glycans
have a common core pentasaccharide that can be modified by a family of N-
acetylglucosaminyltransferases (mannosyl-glycoprotein N-

acetylglucosaminyltransferases or MGATs), to give oligosaccharides having

SLe*Le* on MGAT4 arm SLe*Le* on MGAT5 arm

Fig 1. Putative ligands for E-selectin. Glycans similar to the upper left structure, presenting
SLex-Lex on the extended MGAT4 arm and a2,3- or a2,é-linked sialic acids on the other
anfennae, have been suggested as high-affinity ligands for E-selectin.
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various numbers and patterns of branching N-acetylglucosamine (GICNAC)
moieties that can carry Lewis anfigens such as SLex. Affinity purification of N-
glycans by E-selectin followed by structural elucidation of the isolated compounds
indicated that it preferentially binds to multi-antennary N-glycan presenting a
SLex-Lex epitope on the MGAT4 antenna (Fig. 1) [12]. The isolated ligands were
further decorated by a2,3- or a2,6-linked sialosides at the other antennae [12].
Other observations have indicated that E-selectin preferentially binds to glycans
presenting multiple SLex moieties [12-14].

Here, we report a chemoenzymatic strategy for the preparation of a panel of
asymmetrical fri-antennary N-glycans 1-22 (Fig. 2, Fig. 3) that include putative
high-affinity ligands for E-selectin and derivatives thereof. It is composed of two
series of isomeric compounds (1-11 and 12-22) that have a complex epitope,
including SLex-Lex, on either the MGAT4 or MGATS antenna. Additionally, glycans
were synthesized with either one or multiple SLex epitopes. It was expected that
the series of compounds would be well-suited to establish the importance of the
presentation of SLex-Lex on the MGAT4 or MGATS antenna and multiple SLex
epitopes on the same glycan for recognition by glycan-binding proteins such as
E-selectin. The synthetic tri-antennary glycans and several reference compounds
(Fig. 2) were printed as a glycan microarray that was probed for recognition by
several plant lectins, DC-SIGN, galectins, and E-selectin. It was found that the
molecular complexity of the glycans does not influence the recognition of these
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Fig 2. The glycans that were printed on the glycan microarray presented in this study.
Structures 1-22 were synthesized in this study (Fig. 3) and linear and bi-antennary structures
A-W were used as reference compounds.
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profeins. The microarray was also used to examine receptor specificities of
hemagglutinins of several avian H5 IAVs. In these cases, the complexity of the tri-
antennary N-glycan modulates binding. Not only fucosylation of a 2,3-sialyl
LacNAc moiety to give SLex but also the length of a LacNAc chain and
presentation at a specific antenna of an N-glycan influences receptor binding.
Our findings demonstrate the importance of considering the complex glycan
structure in binding studies of IAVs and other processes and diseases.

Results
Chemoenzymatic Synthesis of isomeric tri-antennary N-glycans

The asymmetrical branched tri-antennary N-glycans 1-22 were prepared by a
chemoenzymatic approach that takes advantage of the inherent substrate
preferences of glycosyltransferases. Furthermore, it makes use of a so-called stop-
and-go strategy [15] to temporarily disable a specific antenna from enzymatic
extension. The preparation of the panel of compounds started from biantennary
N-glycan 23 that could easily be prepared from a sialoglycopeptide (SGP)
isolated from egg yolk powder (Fig. 3) [16, 17]. This compound is a substrate for the
enzymes MGAT4 and MGATS making it possible to install an additional branching
GIcNAc moiety to give tri-antennary glycans. The target compounds have
asymmetric architectures differing in epitopes at the MGAT4 or 5 and MGATI and
2 antennae. Therefore, a stop-and-go synthetic methodology [15] was employed
that allows unique enzymatic modification of the MGAT4 or 5 antenna of fri-
antennary glycans. The MGAT4 and 5 enzymes can utilize 5-diphospho-N-
trifluoracetylglucosamine (UDP-GICNHTFA) as a substrate to give GICNFTA-
containing fri-antennary glycans. Treatment with sodium hydroxide to remove the
TFA moiety was expected to give GIcNH; containing glycans 25 and 27. The
GIcNH2 moiety of the latter derivatives will temporarily block extension by
glycosyltransferases, and therefore the GIcNAc moieties of the MGATIT and 2 arm
can be extended by appropriate glycosyltransferases to install specific epitopes.
At an appropriate stage in the synthesis, the GIcNH2 moiety can be acetylated to
give natural GIcNAc allowing selective elaboration of the MGAT4 or MGATS
antenna infto complex structures such as SLex-Lex. A key strategic consideration
was that the MGAT1 and MGAT2 antennae were, in the first instance, modified as
2,6-sialo-LacNAc to give compounds such as 2 and 13. The latter structures are
resistant to modification by most mammalian glycosyltransferases including al,3-
fucosyltransferases such as FUTS. Therefore, a 2,3-sialyl-di-LacNAc moiety could be
installed at the MGAT4 or 5 antenna that could selectively be fucosylated by FUT5
to form a SLex-Lex epitope. Cleavage of the sialosides by a specific- or broad-
acting sialidase followed by re-sialylation and further fucosylation was expected
to diversify the compounds to give a library of structural analogs.

SGP isolated from egg yolk powder was subsequently treated with a
neuraminidase from Clostridium perfringens and galactosidase from Aspergillus
niger to remove the sialosides and galactosides, respectively, to give a GO
structure. The GO structure was subjected to a-1,6-fucosyltransferase (FUT8) to
install a core fucoside and then to peptide N-glycosidase F (PNGaseF) to remove
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Fig 3. Chemoenzymatic synthesis of a panel of isomeric tri-antennary glycans having a
complex epitope at either the MGAT4 or 5 antenna.

the peptide to provide symmetrical bi-antennary N-glycan 23. The latter
compound was exposed to MGATS in the presence of UDP-GICNHTFA to install a
GICNHTFA moiety at the C-6 arm to afford tri-antennary N-glycan 24. The TFA
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group of the latter compound could readily be removed by aqueous NaOH (0.1
M, pH 10) to give 25 having a GIcNH; moiety at the MGATS antenna. As expected,
the GIcNAc moieties at the MGAT] and 2 antennae could readily be
galactosylated by Bl1,4-galactosyliransferase 1 (B4GalTl) and  uridine-5'-
diphosphogalactose (UDP-Gal) whereas the GIcNH2 was resistant to modification
by this enzyme to provide bis-galactosylated glycan 26 [15]. Next, the free amine
of GIcNH2 moiety was acetylated by N-acetylsuccinimide (AcOSu) to give the fri-
antennary glycan 1 having a natural GIcNAc residue at the C-6 antenna. The
LacNAc moieties of the C-2 and C-2' antennae of 1 were selectively sialylated
with beta-galactoside alpha-2,6-sialyltransferase 1 (ST6Gall) and cytidine-5'-
monophospho-N-acetylneuraminic acid (CMP-NeuSAc) to afford bis-sialoside 2.
The terminal GIcCNAc residue of 2 was galactosylated by B4GalTl and UDP-Gal to
give 3 bearing a LacNAc moiety at the C-6 arm. An additional LacNAc moiety
was installed at this antenna to give 5§ by freatment with p1,3-N-
acetylglucosaminyltransferase 2 (BAGNT2) and uridine 5'-diphospho-N-
acetylglucosamine (UDP-GIcNAc) (4) and then B4GalTl and UDP-Gal. The
terminal galactoside of 5 was modified as a 2,3-sialoside using ST3 beta-
galactoside alpha-2,3-sialyltransferase 4 (ST3Gal4) in the presence of CMP-
NeuSAc to provide 6. The 2,3-sialyl-di-LacNAc moiety at the MGATS antenna of
compound 6 is a substrate for 4-galactosyl-N-acetylglucosaminide 3-alpha-L-
fucosyltransferase (FUT5) and treatment of this compound with the enzyme in the
presence of guanosine 5'-diphospho-B-L-fucose (GDP-Fuc) afforded 7 having a
SLex-Lex moiety at the MGATS arm. All enzymatic transformations were monitored
by LC-MS using hydrophilic interaction liquid chromatography (HILIC) and in the
case a reaction did not proceed to completion, additional glycosyltransferases
and sugar nucleotides were added. The compounds were purified by size
exclusion column chromatography over Biogel P4 and fully characterized by multi-
dimensional NMR and MS.

Compound 7 was diversified to provide additional derivatives. Thus, tfreatment of
7 with an a2-3,6,8 sialidase from Clostridium perfringens removed all sialosides to
give 8. Alternatively, the use of 2,3-neuraminidate S resulted in the selective
removal of the 2,3-sialoside to provide compound 9 that has a Lex-Lex moiety at
the MGATS antenna. Compound 8 was exposed to ST3Gal4 and CMP-NeuSAc
and as expected the LacNAc moieties at the MGATIT and 2 antennae were easily
sialylated. A prolonged reaction time and excess of CMP-NeuSAc were required
to modify the Lex moiety with a 2,3-sialoside, giving 10. The reaction mixture was
purified by size-exclusion chromatography using Bio-Gel P-4, which gave the
desired glycan 10 and a small amount of partially sialylated material that was
removed by semi-preparative HPLC using a HILIC column (XBridge Amide 5 um,
10 mm x 250 mm, Waters). Detailed NMR and MS analysis confirmed the purity and
structural integrity of target glycan 10. Compound 10 was further modified using
FUT5 and GDP-Fuc to afford glycan 11.

A range of isomeric compounds (12-22, Fig. 3B) was prepared by modifying
symmetrical glycan 23 with al,3-mannosyl-glycoprotein B1,4-N-
acetylglucosaminyltransferase (MGAT4) and GICNTFA followed by the removal of
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the TFA moiety (27) and further enzymatic and chemical manipulations to give
glycans 12-22.
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Fig 4. Microarray binding of plant lectins and antibodies to synthetic glycans. For the fri-
antennary N-glycans, either the MGAT4 or MGATS arm was elongated to two LacNAcC
repeating units. Glycans were terminating without a NeuAc (yellow), or with a2,6-linked
NeuAc (pink), a2,3-linked NeuAc (white), Lex (blue), or SLex (black). Bars with two colors
indicate glycans terminating in different epitopes on different arms. The glycan microarray
was used to probe the presence of (A) a2,6-linked sialic acids (SNA, Sambucus nigra
agglutinin), non-sialylated epitopes (ECA, Erythrina cristagalli lectin), a2,3-sialylated
glycans (MAL-Il, Maackia amurensis lectin 1l), as well as (B) LeX and SLeX using antibodies.
See Fig. 2 for the structures of A-W and 1-22. Bars represent the mean £ SD (n=4).

Glycan array development and validation by lectins and antibodies

Next, attention was focused on the development of a glycan microarray using the
newly synthesized fri-antennary glycans and number control compounds
including linear glycans having various forms of sialylation and fucosylation and
bi-antennary glycans terminating in 2,3- and 2,6-sialosides relevant for IAV binding.
The tri-antennary glycans have a reducing end and therefore were freated with
2-[(methylamino)oxylethanamine to install an amino-containing anomeric linker.
After purification by P4 size exclusion column chromatography, the resulting
derivatives were prinfed on N-hydroxysuccinimide (NHS)-activated glass slides.
The microarray was interrogated with several fluorescently labeled plant lectins to
validate proper immobilization (Fig. 4A). Sambucus nigra lectin (SNA), which binds
to a2,6-linked sialic acids [18, 19] recognized all linear, bi-antennary, and ftri-
antennary glycans having such a moiety. Erythrina crystagalli agglutinin (ECA)
binds glycans having a terminal LacNAc residue [20] and all compounds having
such an entity were detected. As expected, fucosylation and sialylation of
LacNAc moieties abolished binding by this lectin. The presence of Lex and SLex
was further confirmed by using monoclonal antibodies recognizing these epitopes
(Fig. 4B). The anti-Lex antibodies did not bind Lex (J), however, Lex-Lex (K) and
compounds presenting this epitope on the MGAT4 (19, 20) or 5 (8, 9) antenna were
bound with similar affinities. Binding studies with additional plant lectins (AAL, LEL,
and SBA) further confirmed proper printing of the glycans and the presence of
fucosylated glycans, elongated glycans, and glycans with a terminal galactose,
respectively (Fig. S1).

E-selectin does not show a preference for linear glycans or SLex-Lex presented
on the MGAT4 and 5 antenna

The dendritic cell-specific infracellular adhesion molecule-3-grabbing nonintegrin
(DC-SIGN) is a C-type lectin presented on the surface of antigen-presenting cells,
where it functions as a pathogen recognition receptor [21]. It can also interact
with endogenous glycoproteins by binding to epitopes such as Lex [22]. All
structures having a Lex epitope showed similar responsiveness (Fig. 5., J, K, 8, 9, 19,
and 20) indicating that this glycan binding protein does not have a preference for
a specific presentation of the minimal epitope. SLex containing glycans were
poorly bound by this glycan binding protein (M, 7, 10, 11, 18, 21, and 22).
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Next, the binding specificity of E-selectin for the different SLex-containing structures
was investigated (Fig. 5). Previous studies indicated that E-selectin has a
preference for N-glycans having a Slex-Lex epitope displayed on the MGAT4
antenna [12]. However, glycans having Slex-Lex at the MGAT4 or MGATS arm of a
tri-antennary N-glycan (7, 10, 11, 18, 21, and 22) or as part of linear structures (M)
gave similar responsiveness. Furthermore, this lectin bound Slex and Slex-Lex equally
well (L, M, and N). It has also been suggested that E-selectin preferentially binds to
multi-antennary glycans displaying several SLex moieties [13, 23]. The array data
does not show such a preference since tri-antennary N-glycans having three SLex
moieties (11 and 22) gave similar responses compared to tri-antennary glycans
having only one such moiety (7, 10, 18, 21). Thus, the array data indicate that the
presentation of SLex in the context of a complex glycan does not modulate E-
selectin binding. We also investigated the binding properties of various galectins
(1,3, 4,8, 9) and collectin-12 and similar binding patterns were observed for linear
and tri-antennary glycans (Fig. S2).
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Fig 5. Microarray binding of DC-SIGN and E-selectin. For the fri-antennary N-glycans, either
the MGAT4 or MGATS arm was elongated to two LacNAc repeating units. Glycans were
terminating without a NeuAc (yellow), or with a2,6-linked NeuAc (pink), a2,3-linked NeuAc
(white), Lex (blue), or SLex (black). Bars with two colors indicate glycans terminating in
different epitopes on different arms. See Fig. 2 for the structures of A-W and 1-22. Bars
represent the mean + SD (n=4).
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Receptor specificity of H5 influenza A viruses is modulated by the complex
architecture of N-glycans

Influenza A viruses (IAV) employ sialic acid as receptors for cell entry. Sialic acids
can be linked at the penultimate galactoside of glycans by either an a2,3- or a2,6-
anomeric linkage, which are, respectively, considered as the avian- and human-
type receptors [4]. The presence of a2,3- and a2,6-linked sialic acids in the upper

airway and intestinal fissues differs between species [11] and represents a barrier
for cross-species infection. Receptor binding of IAVs is, however, much more
complex than the 2,3- vs. 2,6-sialoside paradigm [11]. For example, chicken IAVs

exhibit a binding preference for, among others, SLex whereas duck-adapted IAVs
employ non-fucosylated a2,3-sialosides as their receptors [24]. Phylogenetic and
functional analyses have indicated that amino acids at positions 222 and 227 of
HS5 HA are responsible for this switch in specificity. In particular, K222 and $227 are
highly conserved among duck-adapted AlVs, while K222R and S227R substitutions
have been observed in chicken-adapted IAVs [24-26].

A highly pathogenic avian IAV (H5Nx) emerged in 2015 in the South-West of
France involving more than 70 outbreaks in commercial poultry flocks [24].
Previous glycan array analysis indicated that recombinant HA derived from wild-
type (WT) virus (A/duck/France/150236/2015) can bind fri-LacNAc modified by
a2,3-NeuSAc, which is consistent with a duck-adapted virus [24]. K222R and $227R
mutations switched the binding preference to Slex and resulted in increased
adhesion to the chicken trachea [24].

Here, we examined the receptor specificity of the recombinant HA (rHA) of
A/duck/France/150236/2015 and the double mutant (K222R and S227R) using a
much broader range of glycans including the previously employed linear
compound (C, F, I, N), bi-antennary glycan having LacNAc moieties of different
length capped by a 2,3- or 2,6-sialosides and the newly synthesized tri-antennary
glycans (Fig. 6A). As expected, the WT HA preferentially bound 2,3-sialyl LacNAc
containing compounds. The length of the LacNAc chain appeared to be
important for binding and in the case of the linear glycans only compound I, which
has a tri-LacNAc backbone, showed binding. In the case of the bi-antennary
glycans, increasing the length of the LacNAc chain resulted in stronger binding (U,
V, W). However, compound U, which has two «(2,3)-sialyl moieties at a single
LacNAc moiety showed binding whereas a.(2,3)-sialyl-LacNAc alone (G) did not
give any responsiveness, highlighting that presentation of the epitope as part of
an N-glycan substantially increases binding. Interestingly, most tri-antennary
glycans having an o(2,3)-sialyl-LacNAc moiety also showed strong binding (10, 17,
and 21). Interestingly, compound 6, an isomeric derivative of 17, was not bound
by the WT HA, indicating that the presentation of the SLex epitope at the MGAT4
or 5 antennae may be important for recognition. Some binding was observed for
tri-antennary glycans having only terminal SLex-Lex and sLeX moieties (11 and 22)
whereas a similar linear glycan did not show responsiveness (M).

The K222R and $227R mutant HA of A/duck/France/150236/2015 bound
preferentially to SLex containing glycans and it was found that in this case display
of the epitope as part of a complex glycan also modulates binding (Fig. 6A). For
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Fig 6. Microarray binding of influenza A H5 HAs towards linear glycans and bi- and tri-
antennary N-glycans. (A) Binding of the recombinantly expressed IAV H5 HAs of
A/duck/France/150236/2015 (WT, binds a2,3-linked NeuAc, and mutant K222R+S227R,
binds SLex) and (B) A/chicken/lbaraki/1/2005 (WT, binds SLex, and mutant R222K+R227S,
binds a2,3-linked NeuAc). For the tri-antennary N-glycans, either the MGAT4 or MGATS arm
was elongated to two LacNAc repeating units. Glycans were terminating without a
NeUuAc (yellow), or with a2,6-linked NeuAc (pink), a2,3-linked NeuAc (white), Lex (blue), or
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Slex (black). Bars with two colors indicate glycans terminating in different epitopes on
different arms. See Fig. 2 for the structures of A-W and 1-22. Bars represent the mean + SD
(n=4).

example, the linear SLex containing glycans (L, M, N) showed weak or no
responsiveness whereas the tri-antennary glycans (7, 10, 11, 18, 21, and 22) bound
strongly. Furthermore, compound 7, which has 2,6-LacNAc moieties at the MGATI
and 2 antennae, bound somewhat weaker compared to compounds 10 and 11,
having a 2,3-sialyl-LacNAc or SLex epitope at these positions.

Next, we examined the receptor specificity of rHA of A/chicken/lbaraki/1/2005
H5N2 (Fig. 6B), which has arginine at positions 222 and 227 of the HA and was
previously shown to bind linear SLex containing glycans [25]. When the receptor
specificity of this rHA was probed using the new glycan microarray, it was found
that it has a strong preference for tri-antennary glycans having a SLex moiety (11,
21, 22). Unlike the mutant HA of A/duck/France/150236/2015, the WT HA of
A/Chicken/Ibaraki/1/2005 preferentially bound to glycans having a SLexLex
epitope on the MGAT4 antenna (21 and 22 vs. 11) indicating fine receptor
specificity. Compounds 21 and 22 gave similar responsiveness indicating that the
additional SLex moieties at the MGAT1 and MGAT2 do not confribute to binding.
The R222K R227S mutant HA of A/chicken/lbaraki/1/2005 H5N2 showed a switch in
receptor specificity and only bound to a2,3-NeuSAc containing glycans V, W, and
21 (Fig. 6B). Bi-antennary glycan W having a 2,3-sialoside at a tri-LacNAc structure
showed the greatest responsiveness.

The relevance of the fri-antennary structures was further shown by the binding of
whole influenza A viruses (Fig. S3). A/Indonesia/5/2005 is known to bind a2,3-
NeuSAc containing glycans [27]. The binding of other H5 IAVs to SLex structures has
so far only been shown in the context of tetrasaccharides [28, 29] or linear glycans
[24, 25]. Here, we showed that A/Indonesia/5/2005 (H5NT), which contains the
typical amino acids for binding a2,3-NeuSAc (222K and 227S), bound equally well
to N-glycans terminating in either a2,3-linked NeuSAc and SLex (Fig. S3). No
preference was observed for linear glycans or bi- or tri-antfennary N-glycans.

The human H3N2 IAV A/Netherlands/816/1991 is known to bind a2,6-linked sialic
acids [30] and all structures with at least one a2,6-linked sialic acid were bound
(Fig. S3). No binding preference was observed for either linear glycans or bi- or tri-
antennary N-glycans. Collectively the data shows that the receptor specificity of
IAVs is complex and that not only fucosylation of a 2,3-sialyl LacNAc moiety to give
SLexbut also the length of a LacNAc chain and presentation at a specific antenna
can modulate receptor binding.

SLex epitopes are displayed on tracheal tissues of several avian, but not
mammalian, species

There is limited information about the presence and location of Slex epitopes in
the respiratory tracts of IAV hosts. Therefore, we investigated whether SlLex
structures are present on the fracheaq, which is the natural location of IAV infection,
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Fig 7. Binding of anti-SLex antibodies and influenza A H5 HAs to fracheal tissues of different
species. (A, B) The presence of (S)Lex on the tracheal tissue of chicken, turkey, guinea
fowl, duck, pigeon, horse, pig. and human was investigated using antibodies against
(S)Lex, precomplexed with anti-mouse IgM-HRP antibodies. Tissues that were positive for
SLex (A) were additionally treated with Vibrio cholerae neuraminidase (VCNA) to remove
sialic acids. (C) The binding of the WT (binds SLex) and mutant (R222K+R227S, binds a2,3-
linked NeuAc) H5 HA of A/chicken/Ibaraki/1/2005 to chicken, duck, and human trachea
was investigated. Binding (red discoloration) was visualized using AEC and cell nuclei
(blue) were visualized using hematoxylin.

of a variety of avian and mammalian species which are relevant for IAV infections.
Histological staining of paraffin-embedded frachea sections was performed using
monoclonal antibodies recognizing SLex and Lex. The binding properties of these
antibodies were characterized by the glycan microarray presented here, which
showed it can bind a wide variety of glycans displaying the epitope (Fig. 4B). The
antibodies were precomplexed with secondary antibodies coupled to horse-
radish peroxidase for detection. As a control for SLex-positive tissues, slides were
pretreated with a neuraminidase (VCNA) to remove all sialosides and in this way
converting SLexinto Lex.

In agreement with previous reports, we found SLex to be present on chicken [5, 26,
31, 32] and turkey frachea [33] (upper two panels of Fig. 7A). Additionally, we
observed SLex on the trachea of guinea fowl (Fig. 7A). Interestingly, we observed
that the location of SLex on tracheal tissues varied between species. In the chicken
tracheaq, the cilia on the epithelial cells and some mucus-producing goblet cells
were positive, while in the turkey trachea, only goblet cells presented SLex. In the
guinea fowl tracheaq, only goblet cells on the apical membrane presented SLex.
IAV infection of hosts occurs through epithelial cells [8] and, therefore, the SLex
epitopes on the chicken cilia are potentially used as receptors. On the other hand,
mucus forms a barrier against 1AVs [34] and the presence of SLex on mucus-
producing goblet cells from turkeys and guinea fowl may indicate that these
epitopes are used as a barrier that prevents infection. A neuraminidase treatment
(VCNA) of the ftissues indeed resulted in a loss of SLex, whereas stronger staining
was observed for the anti-Lex antibody (Fig. 7A). Lex epitopes were not detected
in any of the species without VCNA tfreatment. On the other hand, SLexwas absent
from the duck [31] and pigeon trachea (Fig. 7B). Thus, SLex is not universally
presented by avian species.

We did not observe SLex in the trachea of the examined mammalian species
(horse, pig, human) (Fig. 7B), which is in agreement with earlier observations [32,
35, 36]. Furthermore, the avion WT and mutant (R222K R227S) HAs of
A/chicken/lbaraki/1/2005, bound to both chicken and duck trachea (Fig. 7C),
despite the narrow receptor binding specificities of these HAs (Fig. 6B), which is
consistent with earlier observations [24]. However, the WT and mutant H5 HAs
failed to bind the human frachea (Fig. 7C), indicating that an increased binding
specificity towards SLex epitopes does not automatically result in increased
zoonotic potential.
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Discussion

We describe here, for the first time, the preparation of a panel of isomeric glycans
that have either a complex epitope on the MGAT4 or MGATS5 antenna, thereby
providing opportunities to investigate the importance of glycan isomerism for
biological recognition. The selection of the target compounds was guided by
compounds that were identified as putative high-affinity ligands of E-selectin that
have a SLex-Lex epitope at the MGAT4 antenna. A previous synthetic approach to
synthesize N-glycans having a SLex-Lex epitope was based on the time-consuming
chemical synthesis of a tri-antennary glycan having different moieties at the
MGAT4 and 5 arms followed by selective modification by glycosyltransferases [37].
Here, a much more efficient stop-and-go strategy [15] is employed in which a bi-
antennary glycan derived from a glycopeptide isolated from egg yolk powder is
converted into a fri-antennary glycan using MGAT4 or 5 and UDP-GICNTFA as a
glycosyl donor. Removal of the TFA moiety by aqueous sodium hydroxide gave a
GIcNH2 residue that temporarily blocked enzymatic modification by a panel of
glycosyltransferases. Acetylation of GIcNH2> to give natural GIcNHAc allowed
selective extension of the MGAT4 or 5 antenna by a complex epitope such as SLex-
Lex. It is demonstrated that the compounds could be diversified to give a panel of
structural analogs by removal of the sialosides by either a broad-acting or 2,3-
selective sialidase followed by resialylation or fucosylation. The fri-antennary
glycans and several reference compounds were printed as a glycan microarray
that was used to examine ligand requirements of lectins, antibodies, and several
glycan-binding proteins. E-selectin bound to all compounds displaying a SLex or
SLex-Lex epitope at the MGAT4 or MGATS antenna and simpler linear derivatives
gave similar responsiveness. Furthermore, an N-glycan having one SLex epitope
gave similar binding as an N-glycan displaying three of these epitopes. These
observations indicate that the presentation of the minimal epitope in the context
of a complex glycan does not modulate the binding of E-selectin. Previous affinity
purification of glycans using E-selectin indicated a multi-antennary glycan as a
high-affinity ligand [12]. Furthermore, multivalent SLex derivatives have proven to
be more potent inhibitors of E-selectin [13, 23]. In these cases, the glycans were
used as soluble ligands and E-selectin was immobilized on a resin or presented on
a cell surface. Binding affinities and possibly also selectivities can greatly differ
when glycans are presented in solution or on a surface and this may account for
possible differences in selectivity.

The new glycan array was also used to examine receptor specificities of several
avian influenza viruses. It is known that sulfation and fucosylation of 2,3-sialyl-
LacNAc can be animportant determinant for receptor binding specificity of avian
IAVs and for example, those adapted to duck preferentially bind 2,3-sialyl-LacNAc
whereas chicken IAVs preferentially bind to SLex [8, 24-26]. We found that the
complexity of glycans has a major impact on binding selectivities of rHAs and
whole viruses and not only fucosylation but also the length of a LacNAc chain and
presentation at a specific antenna determines binding. For example, we showed
fine receptor specificity of H5 HA of A/chicken/lbaraki/1/2005 which has a
preference for SLex at the MGAT4 antenna of an N-glycan. Duck-adapted IAVs
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generally have K222 and $227 at their HAs while chicken AlVs have K222R and
S227R substitutions, which correlate with binding to 2,3-sialyl-LacNAc and SLex-
containing glycans. The array studies using several mutant HAs confirmed this
selectivity. Previously, receptor binding properties may not have been properly
assighed due to a lack of complex glycans on a used microarray.

Overexpression of SLex on MDCK cells was previously shown to increase the virus
replication, suggesting that SLex is an important functional receptor for IAV [31,
38]. However, the investigated viruses also grew in SLex-deficient cells [31, 38],
suggesting that SLexis not essential [26]. Furthermore, SLex was found to be present
on O-glycans in mucus [39], therefore, the use of SLex as a decoy receptor has
been suggested [34]. The strong binding of IAVs to specific SLex-terminated
glycans indicates the necessity to further investigate the function of SLex in IAV
infection.

Although histological experiments have shown that various avian species
including chicken, duck, turkey, pheasant, guinea fowl, and pigeon have SLex
containing glycans in their respiratory and intestinal tract, [26, 31-33, 38] these
studies do not provide information the context in which SLex is presented. Mass
spectrometry (MS) can provide more detailed structural information, and it has
been shown that glycans obtain from chicken trachea contain SLex moieties [40].
MS provides, however, often only compositions of glycans but not detailed
structures [35]. The synthetic glycans synthesized here can be used as standards
to develop MS methods to determine the exact structures of (fragments of)
glycans [17]. Future synthetic efforts should be guided by glycan structures found
on the respiratory tissues of humans and relevant animails.
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Materials and methods

General protocols for chemoenzymatic reactions

The tri-antennary N-glycans were synthesized with the general protocols described
below. The analysis of the synthesized glycans consisted of LC-MS and NMR
characterization.

Procedure for the installation of 1,6 GICNTFA using MGATS

To a solution of N-glycan acceptor (5-10 mM) and UDP-GICNTFA (1.5 eq) in @
sodium cacodylate buffer solution (100 mM, pH 6.8) containing MnCl, (10 mM)
and BSA (1% total volume, stock solution = 10 mg/mL) was added calf intestinal
alkaline phosphatase (CIAP, 1% total volume, 1000 U/mL) and MGATS (50 ug/umol
acceptor). The reaction mixture was incubated at 37 °C. Reaction progress was
monitored by MALDI-TOF MS, if starting material remained after 18 h, another
portion of MGATS and UDP-GICNTFA (0.5 eq) were added until no starting material
could be detected. The reaction mixture was centrifuged, and the resulting
supernatant was loaded on Bio-Gel P4 column (eluent: HO). The product
containing fractions were combined and lyophilized to afford the desired
product.

Procedure for the installation of B1,4 GICNTFA using MGAT4A

To a solution of N-glycan acceptor (5-10 mM) and UDP-GICNTFA (1.5 eq) in a Tris
buffer solution (100 mM, pH 7.0) containing MnCl> (10 mM) and BSA (1% total
volume, stock solution = 10 mg/mL) was added calf intestinal alkaline
phosphatase (CIAP, 1% total volume, 1000 U/mL) and MGAT4A (300 pg/umol
acceptor). The reaction mixture was incubated at 37 °C. Reaction progress was
monitored by MALDI-TOF MS, if starting material remained after 18 h, another
portion of MGAT4 and UDP-GIcNTFA (0.5 eq) were added until no starting material
could be detected. The reaction mixture was centrifuged, and the resulting
supernatant was loaded on Bio-Gel P4 column (eluent: H,O). Product containing
fractions were combined and lyophilized to afford the desired product.

General procedure for the removal of TFA protecting group

The GIcNTFA moiety of N-glycan (10 mM) was converted to GIcNH2 by the
addition of an aqueous solution of 100 MM NaOH. The reaction mixture was
incubated at room temperature. Reaction progress was monitored by MALDI-TOF
MS. Once the reaction was completed, 1 M acetic acid was added to the mixture
to adjust the pH to 7. The resulting mixture was loaded on Bio-Gel P2 column
(eluent: 0.1 NH4sHCO3). Product containing fractions were combined and
lyophilized to afford the desired product.

General procedure for the installation of B1,4 Gal using B4GalT1l

To a solution of N-glycan acceptor (5-10 mM) and UDP-Gal (1.2 eq per Gal) in a
Tris buffer solution (100 mM, pH 7.5) containing MnClz (10 mM) and BSA (1% total
volume, stock solution = 10 mg/mL) was added calf intestinal alkaline
phosphatase (CIAP, 1% total volume, 1000 U/mL) and B4GalTl (40 ug/umol
acceptor). The reaction mixture was incubated at 37 °C. Reaction progress was
monitored by MALDI-TOF MS or ESI-MS, if starting material remained after 16 h,
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another portion of B4GalTl and UDP-Gal (0.3 eqg per Gal) were added until no
startfing material could be detected. The reaction mixture was centrifuged, and
the resulting supernatant was loaded on Bio-Gel P4 column (eluent: 0.1 NHsHCOg).
Product containing fractions were combined and lyophilized to afford the desired
product.

General procedure for acetylation of amine

The GIcNH2 moiety of N-glycan (10 mM) was converted to natural GIcNAc by the
addition of AcOSu (10 eq) in a basic solution (pH 8). After the reaction mixture was
agitated for 30 min at room temperature, the pH of the solution was checked
again and adjusted to 7-92 by adding 1 M NaOH(aq.). The reaction was kept at
room temperature until full acetylation was observed by ESI-MS. If the starting
amine was detected, additional AcOSu (5 eq) was added until complete
conversion was observed. The reaction mixture was centrifuged, and the resulting
supernatant was loaded on Bio-Gel P4 column (eluent: 0.1 NH4HCOg3). Product
containing fractions were combined and lyophilized to afford the desired
product.

General procedure for the installation of a2,6 NeusAc using ST6Gall

To a solution of N-glycan acceptor (5-10 mM) and CMP-NeuSAc (1.5 eq per
NeuSAc) in a sodium cacodylate buffer solution (100 mM, pH 7.2) containing BSA
(1% total volume, stock solution = 10 mg/mL) was added calf intestinal alkaline
phosphatase (CIAP, 1% total volume, 1000 U/mL) and ST6Gall (80 ug/umol
acceptor), and the reaction mixture was incubated at 37 °C. Reaction progress
was monitored by ESI-MS, if starting material remained after 16 h, another portion
of ST6Gall and CMP-NeuSAc (0.5 eq per NeuSAc) were added until no starting
material could be detected. The reaction mixture was centrifuged, and the
resulting supernatant was loaded on Bio-Gel P4 column (eluent: 0.1 NHsHCO3).
Product containing fractions were combined and lyophilized to afford the desired
product.

General procedure for the installation of B1,3 GICNAC using B3GNT2

To a solution of N-glycan acceptor (5-10 mM) and UDP-GIcNAc (1.5 eq) in a HEPES
buffer solution (100 MM, pH 7.2) containing KCI (25 mM), MgClz (2 mM), DTT (T mM),
and BSA (1% total volume, stock solution = 10 mg/mL) was added calf intestinal
alkaline phosphatase (CIAP, 1% total volume, 1000 U/mL) and B3GNT2 (100
ug/umol acceptor), and the reaction mixture was incubated at 37 °C. Reaction
progress was monitored by ESI-MS, if starting material remained after 18 h, another
portion of B3AGNT2 and UDP-GIcNAc (0.3 eq) were added until no starting material
could be detected. The reaction mixture was centrifuged, and the resulting
supernatant was loaded on Bio-Gel P4 column (eluent: 0.1 NH4sHCO3). Product
containing fractions were combined and lyophilized to afford the desired
product.

General procedure for the installation of a2,3 NeuSAc using ST3Gal4

To a solution of N-glycan acceptor (5-10 mM) and CMP-NeuSAc (1.5 eq) in @
sodium cacodylate buffer solution (100 mM, pH 7.2) containing BSA (1% total
volume, stock solution = 10 mg/mL) was added calf intestinal alkaline
phosphatase (CIAP, 1% total volume, 1000 U/mL) and ST3Gal4 (100 pg/umol
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acceptor), and the reaction mixture was incubated at 37 °C. Reaction progress
was monitored by ESI-MS, if starting material remained after 18 h, another portion
of ST3Gal4 and CMP-NeuSAc (0.5 eq per NeuSAc) were added until no starting
material could be detected. The reaction mixture was centrifuged, and the
resulting supernatant was loaded on Bio-Gel P4 column (eluent: 0.1 NHsHCO3).
Product containing fractions were combined and lyophilized to afford the desired
product.

General procedure for the installation of a1,3 Fuc using FUTS

To a solution of N-glycan acceptor (5-10 mM) and GDP-Fuc (1.5 eq per Fuc) in a
Tris buffer solution (100 mM, pH 7.5) containing MnClz (10 mM) and BSA (1% total
volume, stock solution = 10 mg/mL) was added calf intestinal alkaline
phosphatase (CIAP, 1% total volume, 1000 U/mL) and FUT5 (80 ug/umol acceptor).
The reaction mixture was incubated at 37 °C. Reaction progress was monitored
by ESI-MS, if starting material remained after 18 h, another portion of FUTS and
GDP-Gal (0.5 eq per Fuc) were added unfil no starting material could be
detected. The reaction mixture was centrifuged, and the resulting supernatant
was loaded on Bio-Gel P4 column (eluent: 0.1 NH4HCOg). Product containing
fractions were combined and lyophilized to afford the desired product.

General procedure for the removal of terminal NeuSAc using a2-3,6,8
neuraminidase

To a solution of N-glycan (5-10 mM) in sodium acetate buffer solution (50 mM, pH
5.5) containing CaCl; (5 mM) was added a2-3,6,8 neuraminidase (2500 U/mL, from
Clostridium perfringens, #P0720S, New England Biolabs), and the mixture was
incubated at 37 °C. Reaction progress was monitored by ESI-MS, if starting material
remained after 16 h, another portion of neuraminidase was added until no starting
material could be detected. Once the reaction was completed, the
neuraminidase was inactivated at 65 °C for 10 min. The reaction mixture was
centrifuged, and the resulting supernatant was loaded on Bio-Gel P4 column
(eluent: 0.1 NH4HCO:3) to afford the desired product.

General procedure for selective removal of terminal a2,3-NeuSAc using a2,3-
neuraminidase S

To a solution of N-glycan (5-10 mM) in sodium acetate buffer solution (50 mM, pH
5.5) containing CaCl; (5 mM) was added a2,3-neuraminidase S (8000 U/mL, from
Streptococcus pneumoniae, #0743S, New England Biolabs), and the mixture was
incubated at 37 °C. Reaction progress was monitored by ESI-MS, if starting material
remained after 16 h, another portion of neuraminidase was added until no starting
material could be detected. Once the reaction was completed, the
neuraminidase was inactivated at 65 °C for 10 min. The reaction mixture was
centrifuged, and the resulting supernatant was loaded on Bio-Gel P4 column
(eluent: 0.1 NH4HCO:3) to afford the desired product.

Procedure for ST3Gal4-catalyzed reaction for a2,3-sialylation of the LeX moiety of
N-glycan

To a solution of N-glycan acceptor 8 or 19 (5-10 mM) and CMP-NeuSAc (6 eq) in
a sodium cacodylate buffer solution (100 mM, pH 7.2) containing BSA (1% total
volume, stock solution = 10 mg/mL) was added calf intestinal alkaline
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phosphatase (CIAP, 1% total volume, 1000 U/mL) and ST3Gal4 (300 ug/umol
acceptor), and the reaction mixture was incubated at 37 °oC for 24 h. ESI-MS
analysis showed that most of the starting material was remaining. Additional
ST3Gal4 and CMP-NeuSAc (3 eq) were added and incubated at 37 °C. Reaction
progress was further monitored by ESI-MS, if starting material remained after 24 h,
another portion of ST3Gal4 and CMP-NeuSAc (1.5 eq) were added. After 4 days,
the reaction mixture was centrifuged, and the resulting supernatant was loaded
on Bio-Gel P4 column (eluent: 0.1 NHsHCO3). Product containing fractions were
combined and lyophilized for further purification by HPLC to afford the desired
product.

Procedure for FUT5-catalyzed reaction for al,3-fucosylation to synthesize 11 or 22
To a solution of N-glycan acceptor 10 or 21 (5-10 mM) and GDP-Fuc (3 eq) in a Tris
buffer solution (100 mM, pH 7.5) containing MnCl> (10 mM) and BSA (1% total
volume, stock solution = 10 mg/mL) was added calf intestinal alkaline
phosphatase (CIAP, 1% total volume, 1000 U/mL) and FUT5 (200 ug/umol
acceptor), and the reaction mixture was incubated at 37 oC for 24 h. ESI-MS
analysis showed most of the starting material was remaining. Additional FUTS and
GDP-Fuc (2 eq) were added and incubated at 37 oC for 36 h. Reaction progress
was further monitored by ESI-MS, if starting material remained after 24 h, another
portion of FUT5 and GDP-Fuc (1 eq) were added. After 3 days, the reaction mixture
was centrifuged, and the resulting supernatant was loaded on Bio-Gel P4 column
(eluent: 0.1 NHsHCO3). Product containing fractions were combined and
lyophilized for further purification by HPLC to afford the desired product.

General procedure for installation of a bi-functional spacer to reduce the terminal
of glycans

Glycans 1-22 (10-20 mM) and linker 2-[(methylamino)oxy]ethanamine (100 eq)
were dissolved in aqueous NaOAc buffer (0.1 M, 50-200 uL), and the final pH of
the reaction mixture was adjusted to 4.0-5.0. The reaction was incubated at 37 oC
for 3 days. The resulting mixture was loaded on a Carbograph cartridge for rapid
solid phase extraction (SPE) to remove excess spacer and salt (eluent: 10 mM
NHsHCO3), followed by releasing product with a mixture solution of CH3CN and 10
mM NHsHCOs3 (v/v 1:1). Product containing fractions were combined and
lyophilized to afford glycans with an amino-containing linker at reducing terminal
[41].

Expression and purification of HA for binding studies

HA encoding c¢DNAs of A/duck/France/150236/2015 (H5N9) and
A/chicken/lbaraki/1/2005 (HSN2) were cloned into the pCDS expression vector as
described previously [42]. HAs were mutated using site-directed mutagenesis and
checked using sequencing. The HA-encoding cDNAs were cloned in frame with a
secretion signal sequence, the Twin-Strep (WSHPQFEKGGGSGGGSWSHPQFEK);
IBA, Germany), a GCN4 trimerization domain (RMKQIEDKIEEIESKQKKIENEIARIKK),
and a superfolder GFP [43]. The HAs were expressed in HEK293S GnTI(-) cells and
subsequently purified from the cell culture supernatants as described previously
[42]. In short, transfection was performed using the pCD5 plasmid DNA and
polyethyleneimine |. The fransfection mixtures were replaced at 6 h post-
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transfection by 293 SFM Il expression medium (Gibco), supplemented with sodium
bicarbonate (3.7 g/L), Primatone RL-UF (3.0 g/L, Kerry, NY, USA), glucose (2.0 g/L),
glutaMAX (1%, Gibco), valproic acid (0.4 g/L) and DMSO (1.5%). At 5 to 6 days
after transfection, cell culture supernatants were collected and Strep-Tactin
sepharose beads (IBA, Germany) were used to purify the HA proteins according
to the manufacturer’s instructions.

Glycan microarray binding studies

Microarrays were constructed as described before [22, 44, 45]. Briefly, the synthetic
glycans (100 uM in 250 mM sodium phosphate buffer, pH 8.5) were printed as
replicates of 6 on activated glass slides (Nexterion Slide H, Schott Inc) with 24
subarrays per slide by piezoelectric non-contact printing (sCiFLEXARRAYER S3,
Scienion Inc). After overnight incubation, the remaining activated esters were
quenched with 50 mM ethanolamine in 100 mM TRIS, pH 9.0. Washed and dried
sides were stored in a desiccator at RT. Biotinylated lectins (from Vector
Laboratories) SNA (Sambucus nigra agglutinin, 20 uyg/mL; B-1305), ECA (Erythrina
cristagalli agglutinin, 20 uyg/mL; B-1145), MAL-Il (Maackia amurensis lectin |, 20
ug/mL; B-1265), AAL (Aleuria aurantia lectin, 5 yg/mL; B-1395), LEL (Lycopersicon
esculentum lectin, 10 yg/mL; B-1175), and SBA (soybean agglutinin, 20 uyg/mlL; B-
1015) were premixed with streptavidin-conjugated AlexaFluor555 (2 ug/mlL;
S32355, Invitrogen) or AlexaFluoré35 (5 ug/mL; $S32364, Molecular Probes), after
which the mixtures were incubated on the subarrays in TSM binding buffer (20 mM
Tris Cl, pH 7.4, 150 mM NaCl, 2 mM CaCl,, 2 mM MgClp, 0.05% Tween, 1% BSA) for
1 h. Similarly as described for the plant lectins, recombinant human DC-SIGN--Fc
Chimera (10 yg/mL; R&D systems, 161-DC) and recombinant human E-selectin--Fc
Chimera (2 ug/mL; R&D systems, 724-ES) were assayed premixed with anti-lgG Fc-
biotin (5 ug/mL; ThermoFisher Scientific, A18833) and streptavidin-AlexaFluoré35 (5
ug/mL) in TSM binding buffer. Mixtures of recombinant human galectins-1, -3, -4, -
8, and -9 from R&D systems (3 ug/mL; 1152-GA, 3 ug/mL; 1154-GA, 3 uyg/mL; 1227-
GA, 10 ug/mL; 1305-GA , and 1 ug/mL; 2045-GA , respectively), their corresponding
biotinylated anti-human galectin goat IgG from R&D systems (3 ug/mL; BAF1152,
BAF1154, BAF1227, BAF1305, and BAF2045, respectively), and streptavidin-
AlexaFluoré35 (5 ug/mL) in TSM binding buffer were incubated for 2 h on the
microarray. Recombinant human collectin-12 with an N-terminal 9-His tag (10
ug/mL; CL-P1/COLEC12, R&D systems, 2690-CL) was assayed premixed with 6x-
HisTag monoclonal antibody conjugated to AlexaFluoré47 (5 ug/mL; ThermoFisher
Scientific, MA1-135-Aé47) in TSM binding buffer with 1 h incubation. Anti-sialyl-
LewisX and anfi-LewisX antibodies (mouse IgM, respectively #551344 (clone
CSLEXT) and #555400 (clone HI?8 or HIM1), BD Biosciences) at 50 pyg/mL in 40 pL
PBS-T were applied to the subarrays for 20 min. Subsequently, the arrays were
incubated with a mixture of goat anfi-mouse IgM HRP (10 ug/mL; #1021-05
Southern Biotech) and donkey anti-goat antibody labeled with AlexaFluor555 (5
ug/mL; A21432, Invitrogen) in 40 uL PBS-T for 1 h. H5 HAs were pre-complexed with
human anti-streptag and goat anti-human-AlexaFluor555 antibodies in a 4:2:1
molar ratio, respectively in 50 yL PBS with 0.1% Tween-20 (PBS-T) on ice for 15 min.
Next, the mixtures were added to the subarrays for 20 min. Virus isolates from
A/Indonesia/05/2005 H5N1 or A/Netherlands/816/1991 H3N2 (25 uL) were diluted
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with 25 yL PBS-T supplemented with 400 nM oseltamivir and incubated on the
subarrays for 1 h. Afterward, the arrays were incubated with CR8020 (for H3N2) or
CR6261 (for H5SN1) influenza hemagglutinin stem-specific antfibody (5 ug/mL) in 100
uL PBS-T. Next, a secondary goat anti-human AlexaFluoré47 antibody (2 ug/mL in
100 uL PBS-T) was incubated on the arrays for 1 h. Wash steps after each
incubation, irrespective of the antibody, lectin, virus, or HA, involved 4 successive
washes of the whole slides with either PBS-T — PBS — 2x deionized water (for LEL, HAs,
viruses) or TSM wash buffer (20 mM Tris Cl, pH 7.4, 150 mM NaCl, 2 mM CaClp, 2 mM
MgClz, 0.05% Tween-20) - TSM buffer (20 mM Tris Cl, pH 7.4, 150 mM NaCl, 2 mM
CaClp, 2 mM MgCl) - 2x deionized water (for the other lectins and recombinant
proteins) with 5 min soak times. Unless stated otherwise, all steps were performed
at RT. The slides were dried by centrifugation and immediately scanned for
fluorescence on a microarray slide scanner (Innopsys) as described previously. The
six replicates were processed by removing the highest and lowest value, after
which the mean value and standard deviation over the four remaining replicates
was calculated.

Histochemical tissue staining

Sections of formalin-fixed, paraffin-embedded animal tracheal ftissues were
obtained from the Division of Pathology, Department of Biomolecular Health
Sciences, Faculty of Veterinary Medicine of Utrecht University, the Netherlands.
Sections of formalin-fixed, paraffin-embedded human tracheal tissues were
obtained from the UMC Utrecht, Department of Pathology, Utrecht, the
Netherlands (TCBio-number 22-599). Tissue sections of 4 um were deparaffinized
and rehydrated, after which antigens were retrieved by heating the slides in 10
MM sodium citrate (pH 6.0) for 10 min. Endogenous peroxidase was inactivated
using 1% hydrogen peroxide in MeOH for 30 min at RT. When a neuraminidase
treatment was performed, slides were incubated overnight at 37 °C with Vibrio
cholerae neuraminidase (VCNA, #11080725001, Roche) diluted 1:50 in a solution
of 10 mM potassium acetate and 0.1% Triton X-100 at pH 4.2. Non-treated control
slides in experiments with neuraminidase were incubated with buffer only. After
washing with PBS-T, tissues were blocked using BSA (3% w/v) in PBS at 4 °C for at
least 90 min. Anti-sialyl-LewisX antibodies or anti-LewisX antibodies (mouse IgM,
respectively #551344 (clone CSLEX1) and #555400 (clone HI98 or HIM1), BD
Biosciences) were diluted 1:1000 in PBS and precomplexed with goat anti-mouse
IgM-HRP (#1021-05, Southern Biotech) in a 1:100 dilution on ice for 20 min. H5 HAs
(5 ug/ml) were pre-complexed with human anti-streptag and goat anti-human-
HRP (#31410, Thermo Fisher Scientific) in a 4:2:1 molar ratio in PBS and incubated
on ice for 20 min. Afterwards, the slides were stained for 90 min with these mixtures.
After washing with PBS, binding was visualized using 3-amino-9-ethylcarbazole
(AEC) (Sigma-Aldrich) and slides were counterstained using hematoxylin.

Data and statistical analysis

The microarray data were processed with Mapix microarray image analysis
software V.8.1.0 (Innopsys) and further analyzed using our home written Microsoft
Excel macro [46]. Data were fitted using Prism Version 10.1.1 (GraphPad Software,
Inc).
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Supplementary figures
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Fig S1. Microarray binding of plant lectins to synthetic glycans. For the tri-antennary N-
glycans, either the MGAT4 or MGATS arm was elongated to two LacNAc repeating units.
Glycans were terminating without a NeuAc (yellow), or with a2,6-linked NeuAc (pink),
a2,3-linked NeuAc (white), Lex (blue), or SLex (black). Bars with two colors indicate glycans
terminating in different epitopes on different arms. The glycan microarray was used to
probe the presence of fucosylated glycans (Aleuria aurantia lectin, AAL), elongated
glycans (Lycopersicon esculentum lectin, LEL), and glycans with a terminal galactose
(soybean agglutinin, SBA). See Fig. 2 for the structures of A-W and 1-22. Bars represent the
mean + SD (n=4).
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Fig $2. Microarray binding of galectins (1, 3, 4, 8, 9) and collectin-12 to synthetic glycans.
For the tri-antennary N-glycans, either the MGAT4 or MGATS arm was elongated to two
LacNAc repeating units. Glycans were terminating without a NeuAc (yellow), or with a2,6-
linked NeuAc (pink), a2,3-linked NeuAc (white), Lex (blue), or SLex (black). Bars with two
colors indicate glycans terminating in different epitopes on different arms. See Fig. 2 for
the structures of A-W and 1-22. Bars represent the mean + SD (n=4).
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Fig $3. Microarray binding of avian H5N1 (A/Indonesia/05/2005, specific for a2,3-linked
sialic acids) and human H3N2 (A/Netherlands/816/1991, specific for a2,6-linked sialic
acids) whole influenza A viruses. For the tfri-antennary N-glycans, either the MGAT4 or
MGATS arm was elongated to two LacNAc repeating units. Glycans were terminating
without a NeuAc (yellow), or with a2,6-linked NeuAc (pink), a2,3-linked NeuAc (white), Lex
(blue), or SLex (black). Bars with two colors indicate glycans terminating in different
epitopes on different arms. See Fig. 2 for the structures of A-W and 1-22. Bars represent the
mean + SD (n=4).
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Summary and future outlook

Summary

In chapter 2, we genetically modified cells to present elongated glycans using the
genes of the glycosyliransferases B3GNT2 and B4GALT1. We used these cells to
investigate the binding and infection of contemporary human H3N2 influenza A
viruses (IAVs) that use elongated glycans terminating in a2,6-linked N-
acetylneuraminic acid (NeuSAc) as their receptors. Flow cytometry analysis
revealed that human H3 hemagglutinins (HAs) showed increased binding to the
cells that presented elongated glycans. However, the increased number of
elongated glycans on cells did not result in a greater infection efficiency of recent
human H3N2 viruses. Therefore, we propose that H3N2 IAVs require a low number
of suitable glycan receptors to infect cells and that an increase in the glycan
receptor display above this threshold does not result in improved infection
efficiency.

In chapter 3, we investigated the presence of N-glycolylneuraminic acid
(Neu5Gc), a2,3-linked, and a2,6-linked Sias in animal models (mice, ferrets, guinea
pigs, cotfton rats, Syrian hamsters, tree shrews, domestic swine, and non-human
primates) used to study human IAVs. We suggest using ferrets as animal models for
human IAVs, since they closely resemble humans in the sialic acid content, both
in the sialic acid linkages in different positions of the respiratory tract and the lack
of Neu5Gc, lung organization, susceptibility, and disease pathogenesis.
Additionally, we evaluated the role of Neu5Gc in infection using Neu5Gc binding
viruses and CMAH -/- knockout mice and concluded that Neu5Gc is unlikely to be
a decoy receptor.

In chapter 4, we then studied the molecular determinants for H7 and H15 IAVs
binding to Neu5Gc using HAs from extinct highly pathogenic equine H7N7 viruses
that exclusively bind Neu5Gc. The resolved crystal structure of the equine H7 HA
in complex with Neu5Gc showed a high similarity with the receptor-binding site
(RBS) of an avian H7 HA. In two distant avian H7 HAs and an H15 HA, we showed
that mutation A135E is key for binding a2,3-linked Neu5Gc but does not abolish
NeuAc binding. Additional mutations S128T, 1130V, T18%A, and K193R converted
the specificity from NeuAc to Neu5Gc. Phylogenetic analysis revealed a clear
distinction between equine and avian residues at positions 128, 130, 135, 189, and
193. The results provide insights into the adaptation of H7 viruses to Neu5Gc
receptors.
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In chapter 5, we investigated the influence of the five previously identified equine
NeuSGc-adapting mutations in avian H7 IAVs in vitro and in vivo. We showed that
these mutations negatively affected virus replication in chicken cells, but not in
duck cells, and positively affected replication in horse cells. Furthermore, the
mutations reduced virus virulence and mortality in chickens but did not influence
the low virulence of this virus in ducks. To explain why chickens and ducks were
infected by these Neu5Gc-specific viruses despite the absence of Neu5Gc, we
re-evaluated the receptor binding of H7 HAs. This showed that the mutated avian
H7 HAs also bound to a2,3-inked NeuAc and sLeX epitopes, explaining why
infection of ducks and chickens was possible. Interestingly, the a2,3-linked NeuAc
and sLeX epitopes were only bound when presented on tri-antennary N-glycans.

In chapter 6, we showed that H5 HAs prefer to bind to tri-antennary N-glycan
structures when compared to linear structures terminating in sLeX. Furthermore,
some H5 HAs showed increased binding when the sLeX epitope was presented on
an elongated MGAT4 arm, in contrast to an elongated MGATS arm. Additionally,
we showed that sLeX epitopes are present on the trachea of several avian species,
but not horses, pigs, and humans.

Continuation of the research on the receptor binding of
influenza A virus beyond a2,3- and a2,6-linked Neu5Ac

In this dissertation, we investigated the receptor binding of IAVs beyond a2,3- and
a2,6-linked NeuSAc. The relevance of the complexity of the glycan structure on
IAV receptor binding is indeed increasingly recognized [1, 2]. Based on the
obtained results, further studies into the receptor binding of IAV to understudied
epitopes and biologically relevant complex glycans are recommended to
improve our understanding of IAV pathogenesis (examples in Fig. 1). Furthermore,
understanding the molecular determinants of these interactions may enable us to
improve vaccine selection, design, and production, and could provide insights
that are beneficial for the creation of antivirals.

What are the molecular determinants of binding to (elongated) complex N-
glycans?

In chapter 2, we used human H3N2 IAVs that specifically bind to glycans with at
least three consecutive LacNAc repeating units. However, the molecular
determinants of this interaction are currently unknown. Previously, amino acids in
the 150-loop (155T, 156H, 159Y), 190-helix (186G, 193S, 194L), and 220-loop (220R,
222R, 225D) were suggested to accommodate the specific binding to elongated
glycans [3, 4]. These amino acids can be used as a starting point in future research
to gain a molecular understanding of how elongated glycans are bound.
Furthermore, comparing the amino acid sequences and crystal structures of IAV
HAs that are known to bind short or long glycans, as well as molecular modelling
of glycan-HA complexes [4], can indicate relevant residues for this specific binding
phenotype.

One of the ways to investigate receptor specificities towards elongated complex
N-glycans is using mutated HAs or viruses on the glycan microarray [3], which
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Fig 1. Overview of some possible glycans and epitopes that can be investigated to
increase the understanding of the receptor binding of influenza A viruses beyond a2,3-
and a2,6-linked Neu5Ac.

provides information about which exact glycans are bound. The expansion of the
glycans presented on the glycan array, such as with the tri-antennary glycans that
were described in chapter 6 and recently synthesized asymmetrical N-glycans [5],
may provide valuable information on the receptor binding of 1AVs, such as arm
preference and previously unknown receptors (such as sLeX epitopes in chapter
5). Although the synthesis of these glycans is a huge effort, recent insights into using
chemoenzymatic synthesis methods [5-8] will simplify the synthesis of complex
glycans.

At a lower high-throughput level, more specific information about HA-glycan
interactions at the level of specific sugar moieties can be obtained using NMR
methods [4]. Furthermore, investigation of the receptor binding in a more natural
context is possible with glycan-modified erythrocytes [9] or hCK-BAGNT2 cells
(chapter 2) that both display elongated glycans, although the exact glycans
involved in the interactions cannot be distinguished when using cells.

In chapter 5 and 6, we showed that IAVs bind stronger to a2,3-linked Neu5Ac and
sLeX when presented on tri-antennary N-glycans instead of linear glycans. This is
possibly due to the specific glycan structure or a multivalency effect from the
receptor side since multiple binding epitopes are presented on the same glycan.
Furthermore, we found some HAs that preferred binding to epitopes only when
presented on specific arms. It has been recently shown that human H3N2 viruses
prefer to bind to the al,3-antenna of N-glycans [5, 9]. These results emphasize the
need to closely consider the exact glycan structures when investigating AV
receptor binding, which will aid the risk assessment of IAVs in different species,
depending on the presence and abundance of the epitopes in relevant target
cells in IAV hosts.
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Which influenza A viruses bind to sialyl-LewisX epitopes?

In chapter 5, we showed that H7 and HI15 viruses bind to sLeX epitopes when
presented on fri-antennary N-glycans. Additional preliminary results showed that
most, but not all, avian IAVs bind to sLeX when presented on tri-antennary N-
glycans. Therefore, the presence of sLeX epitopes on tissues of the respiratory and
intestinal tract, locations relevant for IAV infection, should be considered as a
potential risk for IAV infections. Since we observed that sLeX binding is not universal
for IAVs (chapter 5§ and 6), and that sLeX epitopes are not present in all species
(chapter 5 and 6), specificity for this epitope could be considered as a potential
species barrier.

Since sLeX epitopes are also presented on O-glycans [10] and little is known about
the binding of IAVs to O-glycans, investigating the binding of IAVs to O-glycans
that present sLeX could generate novel insights. Preliminary results showed that
sLeX epitopes presented on core 2 O-glycans are bound by multiple subtypes of
avian IAVs and that the binding is offen enhanced by é-sulfation of the glycans.
However, sLeX presented on core 3 is only bound by avian H5 IAVs of the 2.3.4.4
subclade, again emphasizing that the exact glycan structure is relevant for
receptor binding. Further investigation of IAV binding to sLeX epitopes presented
on different O-glycan cores and the presence of these glycans in IAV hosts will
increase the understanding of IAV pathogenesis.

So far, the only known molecular determinants for binding to sLeX epitopes are HA
residues 222Q/R and 227R in HS5 viruses [11-13] and 193K in H7 viruses [14]. It is
currently unknown whether these mutations also enable interactions with sLeX in
other subtypes, or whether other amino acids are involved in binding to sLeX.
Investigation of the molecular determinants of sLeX binding will support the risk
analysis of newly appearing and zoonotic IAVs.

What is the role of O-glycans in influenza A virus infection?

O-glycans are underrepresented in IAV research, largely because O-glycans are
absent on the glycan microarrays that are currently available. Nevertheless,
binding of human and avian HAs to O-glycan cores 2, 3, and 4 extended with
sialylated poly-LacNAc structures [15] as well as binding of human, avian, and
swine 1As to simple O-glycans [16] has been shown previously. Additionally, an
HINT1 virus showed more binding to core 1 O-glycans than an H3N2 virus [17]. More
detailed NMR and molecular dynamics studies investigated the residues and
sugar moieties that were involved in the binding of core 1 O-glycans to avian HS
IAVs [17].

Interestingly, it has recently been shown that IAVs can replicate in cells with
truncated N-glycans, O-glycans, and glycolipids. Notably, the fruncations
affected human, but not avian, IAV replication and avian IAVs were suggested to
utilize less prevalent shorter O-glycans (sialyl T and sialyl Tn) which were remaining
on the cells [18]. In confrast, studies using cells without complex and hybrid N-
glycans showed reduced IAV replication when additionally inhibiting O-glycan
formation [17]. Others suggested O-glycans to be involved in the IAV life cycle,
since a knockdown of GALNT3, an enzyme responsible for initiating O-glycan
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synthesis, reduced IAV replication [19]. The presence of sialylated O-glycans in the
submucosal glands and lower respiratory tract of ferrets [20] supports the
hypothesis that O-glycans are involved in the IAV life cycle since IAV antigens are
predominantly found in these locations [21]. Nonetheless, it is currently unknown
whether all IAVs bind to O-glycans and what the exact function of O-glycans in
the IAV life cycle is and, therefore, research investigating the interactions between
IAVs and O-glycans is recommended.

Preliminary results suggest that many different subtypes of IAVs broadly bind to
core 2 and core 3 O-glycans. Interestingly, NeuSAc was also bound when it was
not presented on the traditional LacNAc repeating unit, and the presence of
multiple Neu5Ac enhanced the binding to O-glycans. The current strategies for
chemically synthesizing complex O-glycans are demanding and time-consuming
[22-26]. Therefore, the development of enzymatic synthesis routes would simplify
the synthesis of O-glycans with different cores and extensions, which could in turn
be used to evaluate IAV receptor binding.

Are sulfated glycans receptors for influenza A viruses?

A glycan modification that is also understudied in biologically relevant glycans, in
the context of IAV receptor binding, is sulfation. So far, the great majority of studies
has been performed using sulfated tri- or tetrasaccharides [27-29]. Recently,
binding of H3, H4, H5, and Hé IAVs to sulfated N- and O-glycans has been shown
[30], emphasizing the relevance of further investigating IAV binding to biologically
relevant glycans. Additional preliminary results suggested that é-sulfated O-
glycans may be universal receptors for IAVs. It is unknown whether the broad
binding of sulfated epitopes is due to specific sulfated epitopes or the negative
charge of the epitopes in general. The synthesis of biologically relevant sulfated
N-glycans and O-glycans, supported by recently developed synthesis methods
[30], could aid in studying the relevance of such glycans for IAVs.

Using enzymatic treatments on tissue slides to investigate receptor binding

The glycan microarray provides the most accurate method for investigating which
exact structures are bound. However, the natural variety of glycans is massive
and, therefore, not all glycans can be synthesized and presented on the glycan
microarray. Furthermore, glycans are not presented in their natural context and
the density on the glycan microarray and the linkers between the surface and the
glycans may affect binding. The most relevant, possibly very variable, glycans are
present in the fracheal or intestinal tract of different species (used in chapter 3
through 6), which are the natural locations of infection. While an observation of
binding fo these fissues is informative, it does not provide information about which
exact glycans or groups of glycans are bound.

To further elucidate the structures that are involved in these interactions, epitopes
or complete groups of glycans should be selectively removed from the tissues. The
binding of viruses or HAs can be compared before and after freatment to gain
knowledge about relevant glycans. Some enzymes that can be used for this aim
are well known, such as PNGaseF for the removal of N-glycans, different endo
enzymes to partially remove N-glycans, sialidases for the removal of sialic acids
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(universal or specific for certain linkages), and O-glycosidases for the removal of
core 1 and core 3 O-glycans [31] (Fig. 2). Nevertheless, the function of some of
these enzymes is not optimal and the prices are currently high. Furthermore,
enzymes to study many other glycan interactions are lacking. Therefore, it is
important to confinue the efforts of discovering and characterizing new and
improved enzymes and making them affordable for a wide public. Recently, novel
enzymes have been discovered, such as specific sulfatases [32, 33], fucosidases
as shown in chapter 5 [34], and influenza C virus hemagglutinin-esterases that
remove 9-O-acetylation from Sias [35]. Not only will these enzymes aid in
identifying the relevant glycan structures in tissue binding studies, but they can
also be used in enzymatic synthesis to further expand the number of glycans that
is available on the glycan array.

Enzyme: PNGaseF Sialidase O-glycosidase Fucosidase

Mode of action:

For studying
the effect of N-glycans
the removal of:

Sialic acids (possibly Core 1 and core 3 Sialyl-LewisX
with specific linkages) O-glycans epitopes

Fig 2. Examples of enzymes that can remove specific groups of glycans or epitopes.

Studying receptor binding using (glycan-modified) cellular arrays

Alternatively, (living) cells, which also present broad arrays of glycans in a natural
context, can be used to further investigate receptor binding, as we did in chapter
2 and 5. Cells may reveal enhanced specificities due to the presence of
glycoconjugates, interactions with adjacent glycans, and their presentation on
the cell membrane [36]. Cells that are commonly used to study IAV are Madin-
Darby canine kidney (MDCK) cells because those are the most reliable, sensitive,
and easy-to-handle cell line for IAV studies. Nevertheless, other cell types can be
used to study IAVs, such as A549, BHK-21, HEK293, SPJL, LLC-MK2, and Vero cells
[37-39].

Like with the tissue slides, enzymes can be used on cells for specifically cleaving a
group of glycans or glycan epitopes (Fig. 2). The use of enzymes allows for the use
of any cell type for binding studies, provided that the glycans that are targeted in
the study are present on the cells. On the other hand, the use of enzymes relies on
the amount of enzyme, reaction conditions, and reaction time. Therefore,
incorrect usage of enzymes may lead to incomplete removal of glycans or
epitopes. Furthermore, enzyme treatments are only recommended on fixed cells,
since living cells renew the glycans that are present on the cell surface and
therefore undo the action of the enzymes.
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Alternatively, the synthesis of specific groups of glycans on cells can be
constrained by adding inhibitors to cells while they are growing [40], such as O-
glycans inhibitors [41], N-glycan inhibitors [42, 43], or glycolipid inhibitors [44-46].
Inhibitors will continually inhibit the glycan synthesis in cells and, therefore, living
cells can be used in assays. However, the inhibitors must be added at each
passage of cells, which can be considered as a disadvantage. Additionally, some
inhibitors may be (to some extent) toxic to cells and the fullimpact of many of the
inhibitors on cells is unknown. Furthermore, full inhibition of glycan synthesis
depends on the quality of the inhibitor, the amount and concentration of inhibitor
added, and the exact number of cells present. Therefore, using inhibitors may lead
to inconsistencies.

Genetic modification of cells would modify the glycans present on the cell surface
more consistently. Cells have been modified to present sLeX [14, 47], sulfated (O-
Jalycans [39, 48], Neu5SGc [49], truncated N-glycans, O-glycans, or glycolipids [18],
or extended glycans (chapter 2, [50]). Furthermore, specific lectin-resistant cells
have been created [51] and systematically knocking in or out genes of
glycosyltransferases generated a range of cells with specific glycosylation
patterns that covers a large part of the structural diversity of the (human) glycome
[36]. To improve the available repertoire of cells to investigate specific research
questions, it would be beneficial to continue to genetically modify cells by the
overexpression or knock-out of genes involved in the production of different
glycans, such as genes involved in producing multi-antennary glycans, specific O-
glycan cores, O-acetylation, and sulfation. Glycan-modified cells are self-
renewing and do not require the addition of, and therefore dependence on,
external compounds. Thus, these cells are consistent in the presentation of the
glycans on their surface, especially when clones are used. However, the synthesis
pathways of glycans are not fully elucidated yet and different glycosyltransferases
compete for substrates [36, 50]. Therefore, knockins and knockouts of genes can
lead to the formation of unexpected glycans. Before the genetically modified
cells can be used confidently in IAV binding studies, they require extensive
characterization of the cell surface glycans using binding and mass spectrometry
studies.

An array of cells presenting different glycans, obtained using enzymes, inhibitors,
or genetic modification, can be used in cellular assays such as flow cytometry and
fluorescent staining of cells with viruses or HAs. These methods create a cellular
glycan array in which the IAV binding to different glycans can be compared (Fig.
3) [36]. To a smaller extent, we also used cellular glycan arrays in chapter 2 and 5.
These cellular assays can also be performed with fixed and frozen cell stocks [36],
further simplifying the analysis. The cellular glycan array would complement the
printed glycan microarray and provide more information about IAV receptor
binding in a natural context.

What is the relation between IAV binding and internalization?

After receptor binding occurs, which we thoroughly investigated in this dissertation
in chapter 3 through 6, the next step is the internalization of the virus particles into
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Genetically modified cells Cellular assays to investigate binding
presenting different glycans (for example flow cytometry)

Hemagglutinin1

Hemagglutinin 2

ST6GAL1 knockin

Fig 3. Example of a cellular glycan array. Genetically modified cells are used (B3GNT2
knockin to elongate glycans, COSMC knockout to truncate O-glycans, MGAT1 knockout
to fruncate N-glycans, and ST6GALT knockin to present more a2,6-linked sialic acids).
These cells present different glycans and can be used in cellular assays, such as flow
cytometry, to investigate the receptor binding of different hemagglutinins.

the cell. Some report that an increase in the available glycan receptors on cells
leads to more efficient infection of cells [52, 53] and that a lower number of
available receptors leads to less infection of cells [49]. Furthermore, a lower
binding avidity correlated with decreased infection efficiency [53]. Additionally,
low-affinity receptors were shown to contribute to IAV binding and entry [54].
Others suggest that an increase in the number of suitable glycan receptors on the
cell surface does not lead to increased infection efficiencies [18, 50, 55-57],
possibly because of a threshold of receptors that is required for efficient IAV
infection as suggested in chapter 2.

Alternatively, binding may not always lead directly to internalization since some
epitopes are suggested to be decoy receptors [58-60]. Besides glycan receptor
binding, NA functionalities (binding or sialidase activity), specific (protein)
receptors for internalization, or specific signaling pathways [57, 61-63] may be
involved in the internalization of a virus into a cell. Further research into the relation
between IAV receptor binding and virus uptake is necessary to understand the
significance of IAVs binding to specific glycan receptors.

Pseudoviruses to investigate high-risk IAV infection

Investigating the infection of IAVs requires viruses or pseudoviruses and a library of
cells that present different glycans, as presented above. Pseudoviruses are
replication-deficient and therefore safer to use, which is recommended for
especially highly pathogenic IAVs or when mutating HAs to investigate the
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molecular determinants of binding to a specific receptor. Pseudoviruses are
generally virus parficles of other viruses in which the envelope proteins are
replaced by IAV HA and/or NA proteins and can be produced using different
systems, such as retroviruses (Fig. 4) [64, 65], vesicular stomatitis viruses [66],
adenoviruses [67], and nanoparticles [68]. When developing a pseudovirus
system, ideally, the HAs would be easily interchangeable, to quickly generate an
array of IAV pseudotypes. Setting up this system would enable looking beyond the
receptor binding of IAVs and investigating the effect of the receptor binding on
cellular internalization.

Reporter Packaging Envelope
Vector Vector Vector
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Fig 4. Example of the production of lentiviral pseudoviruses with influenza A virus HA and
NA surface proteins. Modified from [65].

How many glycans or HAs are required for IAV binding?

In chapter 2 we suggested that a low amount of suitable glycan receptors is
required for efficient infection. Similarly, recently, it was shown that IAVs can infect
cells presenting only minor amounts of tfruncated sialylated N-glycans (0.3%), O-
glycans (7%), and glycolipids [18]. While infection of these cells with tfruncated
glycans was reduced by 95% for human H1 IAVs, the infection of avian H5 IAVs
was only reduced by 20%, indicating that human IAVs may require a higher density
of glycan receptors on the cell surface for infection and binding [18]. It is broadly
acknowledged that multivalent interactions are involved in IAV receptor binding
[69, 70]. Previously, it was estimated that eight interactions between an HA and a
glycan receptor were required for efficient binding of a virus particle [71].
However, this number was found to depend on the glycan structures that were
presented [71]. Apart from this article, little is known about the exact number of
glycans or epitopes that is required for efficient binding. Therefore, the question
remains exactly how many glycans and HA frimers are involved in binding.
Furthermore, it is unclear whether it is more important to present multiple glycans
in close proximity or multiple binding epitopes in the same glycan.
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Further investigation of the required number of glycans could be done by
presenting glycans on a surface in different gradients or dilutions, such as in ELISA
or on a supported lipid bilayer [71] (Fig. 5). It would be interesting to investigate
whether a different number of glycans is required for efficient (pseudo)virus
binding when different glycans, such as O-glycans, simple N-glycans presenting
only one Sia, and multi-antennary N-glycans presenting multiple Sias, are used.
Additionally, it has been suggested that the presence of low-affinity receptors can
enhance the binding to high-affinity receptors [54], and therefore investigating a
combination of different receptors would also be of interest. Furthermore,
investigating a broad range of IAVs would indicate whether all IAVs require @
similar number of glycan receptors for binding.
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Fig 5. Schematic representation of an experiment in which glycans are presented in a
gradient on a surface and virus binding is probed. From [71].

Which exact glycans are present in IAV hosts?

Once we know which and how many glycans are required for IAV binding
(chapter 2 through 6) and infection, it would be useful fo understand where these
glycans are present in the required density in the respiratory and intestinal fract,
which are the natural locations of IAV infections. A better understanding of the
glycans at these locations would indicate potentially relevant receptors and
thereby aid studies investigating IAV receptor binding. Furthermore, a clearer
overview of the glycans present in biologically relevant locations would also
provide a good basis for choosing appropriate animal models, like we showed for
NeuS5Gc in chapter 3. Lastly, the presence of specific glycans in some species, but
not others, would indicate potential IAV species barriers. Currently, it is unclear
which exact glycan structures are presented in the respiratory and intestinal fract
and the glycans that are known to be present there are not quantified. Therefore,
further research into the presence of glycans in different hosts and tissues would
aid in future IAV research.
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Investigating the presence of glycan epitopes using antibodies, lectins, and
hemagglutinins

A rough indication of the glycan epitopes can be obtained using lectins or
antibodies in immunohistochemistry. Traditionally, lectins like SNA, MAL-I, and MAL-
Il have been used to investigate terminal epitopes that are relevant for IAV [72-
74]. However, the specificities of these lectins are often not fully elucidated.
Furthermore, antibodies against for example sLeX (chapter 5 and é) or sulfated sLeX
epitopes can be used [75]. Nevertheless, anfibodies against some epitopes, like
sLeX presented on a core 3 O-glycan, are not available. Efforts into the
development of antibodies against currently non-detectable epitopes would
benefit the studies of these epitopes. Alternatively, IAV HAs with a restricted
specificity can be used to investigate the presence of specific epitopes, such as
the HA of A/Taiwan/2/2013 H6N1 (02,3-inked NeuAc) (chapter 5),
A/chicken/Tainan/V156/1999 H6N1 (a2,3-linked NeuAc with a sulfated LacNAc)
[76], or the Y161A mutant of A/Vietnam/1203/2004 H5NT (Neu5Gc) (chapter 5)
[77].

To efficiently investigate the presence of glycan epitopes in multiple species, tissue
microarrays could be used, which present multiple tissues from one host and/or
similar fissues from multiple hosts on one microscope slide [78]. Histochemical
staining experiments provide a first indication of the epitopes that are present but
will not provide information about the exact glycan structures and the number of
these structures that are presented.

Improving mass spectrometry methods to identify and quantify exact glycan
structures

Since we showed that the exact glycan structures affect IAV binding (chapter 5
and é), it is important to elucidate the exact structures of N-glycans, O-glycans,
and glycolipids that are present in the respiratory and intestinal tract. Often, only
the composition of glycans, without elucidating the exact structure, is obtained
using mass spectrometry (MS) experiments [16, 79-83]. When exact glycan
structures can be obtained from MS data, due to time constraints, often only a
few structures are fully elucidated [84, 85]. MS analysis also allows for the relative
or absolute quantification of glycans [86, 87]. Improving MS methods to achieve
a higher resolution will benefit the quantitative and qualitative analysis of N-
glycans, O-glycans, and glycolipids.

Currently, different methods are available for MS sample preparation and analysis
[86, 87] and new methods are continuously developed. Recently, a method was
developed for O-glycan release that maintains labile modifications such as sialic
acids, sulfates, and acetyl esters [88]. It is important to realize that different
possibilities for glycan release, labeling, purification, separation, and detection
each come with advantages and disadvantages and many methods are biased
towards a certain group or type of glycans. Furthermore, increasing the number
of processing steps may result in reduced recovery of compounds and the loss of
specific groups. Therefore, appropriate methods tailored to the research question
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should be chosen and efforts should be contfinued to improve the available array
of methods.

Recently, methods for improved O-glycan detection have been developed by
introducing a precursor in cells and analyzing the O-glycans that were built on
these precursors [89]. Furthermore, a combination of MS and chromatographic
tools allowed for the characterization of glycan isomers [90]. Alternatively, isomers
(such as glycans with differential length of branches, sialic acid linkages, or
positions of sialic acid O-acetylation) can be identified by combining ion-mobility
mass spectrometry (IMS-MS) with well-defined synthetic glycan standards (Fig. 6)
[91-93]. IMS-MS provides the collision-cross-section (CCS) of an ion, which depends
on the size and shape of the ion. Comparison of the CCS values of glycan
standards and released glycans from biological samples reveals the exact glycan
isomers present in these samples. The CCS values of glycan fragment ions of
standards can also be determined, which facilitates the exact identification of
other unknown glycans for which standards are not available. This will enable the
de novo sequencing of glycans without requiring the labor-intensive synthesis of
glycan standards. It is expected that the further development of these and other
methods will lead to approaches for exact structure identification of glycans from
complex (tissue) samples.
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Fig é. Principle of ion-mobility mass specitrometry with well-defined synthetic glycans. The
synthesized glycans are used to obtain collision-cross-section (CCS) values and conformer
distribution fingerprints of complete glycans and glycan fragments, which are saved in a
database. The CCS values from released glycans from other samples can be compared
to the CCS values in the database to elucidate the exact isomer structures that are
present in the samples. From [92].

Alternatively, shotgun glycomics only investigates a selection of relevant |IAV-
binding glycans that are presented on fissues, which eliminates the fime-
consuming analysis of structures that are irrelevant to IAVs. In shotgun glycomics,
all glycans (O-glycans, N-glycans, and glycolipids) are released from biologically
relevant tissues, after which they are labeled, separated, and printed on a glycan
microarray (Fig. 7). The glycan microarray is used to investigate the binding of IAVs
or HAs. Only the structures of glycans that are bound by HAs or IAVs are further
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elucidated using MS [94-96]. Nevertheless, shotgun glycomics usually does not
allow for the exact identification of the glycan isomers that are involved in the
interactions with 1AV, unless it is combined with the IMS-MS methods that were
mentioned above. Therefore, the glycans that are identified using shotgun
glycomics can be used as a guideline for the chemo-enzymatically synthesis of
different glycan isomers. These glycan isomers can be used to further investigate
the exact receptors of IAVs.

GSLs

Organism,

cells, tissues and other Total
glycoconjugates
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AA‘/\—/\_A—/L Tag released glycans
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Figure 7. The principle of shotgun glycomics. Glycans (O-glycans, N-glycans, and
glycosphingolipids (GSL)) are released from glycoproteins, labeled with a tag, separated,
and printed on a glycan microarray. Binding of HAs or viruses to the glycan microarray is
investigated, after which the structures of glycans that are bound are further elucidated.
From [94].
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Appendices

Nederlandse samenvatting

Influenza A virussen (griepvirussen) zorgen ervoor dat elk jaar mijoenen mensen
en dieren ziek worden en overlijden. Als je ziek wordt, maken virussen nieuwe
virusdeeltjes in jouw cellen. Om in deze cellen te kunnen komen, moeten virussen
eerst binden aan structuren op de buitenkant van een cel. Deze structuren (de
receptoren) zijn ketens van suikermoleculen (glycanen). Glycanen kunnen veel
variéren, bijvoorbeeld in de lengte, de opbouw met verschillende
suikermoleculen en de manier waarop deze suikermoleculen aan elkaar
verbonden zijn. In elk dier zien de glycanen er net iets anders uit.

De overdracht van griepvirussen van vogels, een soort waarin veel griepvirussen
voorkomen, haar mensen brengt een groot risico met zich mee. Daarom zijn er
traditioneel veel studies gedaan naar de overdracht van griepvirussen tussen
vogels en mensen. Griepvirussen binden aan siaalzuren, specifieke
suikermoleculen die aanwezig zijn op het uiteinde van glycanen. De glycanen in
vogels en mensen zijn anders doordat de siaalzuren op een andere manier aan
de glycanen zijn verbonden. In vogels komt de a2,3-koppeling veel voor, terwijl
dat in mensen juist de a2,6-koppeling is, wat ervoor zorgt dat het virus zich aan
moet passen om de andere soort ziek te kunnen maken.

Echter is er nog veel onbekend over de invioed van de gehele complexe
glycaanstructuur op de receptorbinding van griepvirussen. In dit proefschrift
hebben we onderzoek gedaan naar de binding van griepvirussen aan hun
receptoren, waarbij we verder hebben gekeken dan het traditionele onderscheid
tussen de a2,3- en a2,6-koppelingen. Met deze resultaten kunnen we griepvirussen
beter begrijpen en een betere risicoanalyse maken over de overdracht van
griepvirussen tussen verschillende soorten dieren en mensen.

In hoofdstuk 2 hebben we menselijke griepvirussen bestudeerd. Er zijn veel
verschillende griepvirussen en deze zijn ingedeeld in groepen (subtypes). Het
subtype wordt bepaald door de eiwitten die aanwezig zijn op de buitenkant van
de virusdeeltjes, namelik de hemagglutinine (HA) en neuraminidase (NA).
Menselijke griepvirussen van het subtype H3N2 hebben zich in de loop der jaren
aangepast om alleen lange glycanen te binden. Echter zijn deze lange glycanen
niet aanwezig op de cellen die gebruikt worden om deze virussen te produceren
voor onderzoek. Als er toch geprobeerd wordt om de virussen te produceren in
deze cellen, leidt dit erfoe dat de virussen zich ofwel aanpassen aan de cellen
door andere glycanen te binden die aanwezig zijn, of dat het onmogelijk is om
grote hoeveelheden van deze virussen te verkrigen. Beide gevallen zijn
problematisch voor het bestuderen van deze virussen, aangezien hiervoor grote
hoeveelheden van de originele vorm van het virus noodzakelijk zijn. In dit oofdstuk



167

hebben we cellen genetisch aangepast zodat zij langere glycanen presenteren
op hun membraan. De humane H3N2 virussen, die lange glycanen nodig hebben
om tfe binden, lieten meer binding zien aan deze cellen. Echter zorgden de
langere glycanen er niet voor dat deze virussen de cellen beter konden
infecteren. Daarom concludeerden we dat humane H3N2 virussen slechts een
laag aantal geschikte glycanen nodig hebben en dat meer glycanen boven de
drempelwaarde niet bijdragen aan een betere infectie.

In hoofdstuk 3 hebben we onderzocht welke proefdieren het meest geschikt zijn
voor het bestuderen van menselike griepvirussen, waarbij we hebben gekeken
naar de siaalzuren die aanwezig zijn in de  verschillende dieren. De twee meest
voorkomende siaalzuren zijn N-acetylneuraminezuur (NeuSAc), het siaalzuur dat
door de meeste griepvirussen wordt gebonden, en N-glycolylneuraminezuur
(NeuSGc), dat maar door enkele griepvirussen wordt gebonden en niet in alle
dieren aanwezig is. We hebben de aanwezigheid van Neu5Gc, a2,3- en a2,6-
gekoppelde siaalzuren in beeld gebracht en zijn tot de conclusie gekomen dat
fretten qua siaalzuren het meeste op mensen liken. Daarnaast zijn de longen, de
vatbaarheid, en het ziektebeeld van fretten ook het meest vergelikbaar met
mensen. In dit onderzoek hebben we ook de rol van Neu5Gc in de infectie van
griepvirussen bestudeerd en zijn tot de conclusie gekomen dat Neu5Gc mogelik
gebruikt wordt als een receptor van griepvirussen.

In hoofdstuk 4 hebben we twee virussen onderzocht die specifiek binden aan een
andere soort siaalzuur (NeuSAc en Neu5Gc) maar erg op elkaar lijken. We hebben
onderzocht welke verschillen tussen de virussen ervoor zorgen dat NeuSAc of
NeuS5Gc wordt gebonden. Het eiwit hemagglutinine (HA), dat zich bevindt aan
de buitenkant van het griepvirusdeeltje, is verantwoordelijk voor de binding van
het griepvirus aan siaalzuren. We hebben gevonden dat één mutatie in de HA
(van virussen van het subtype H7 en H15) ervoor zorgde dat zowel NeuSAc als
Neu5Gc gebonden werd. Met vijff mutaties in de HA werd NeuSAc niet meer
gebonden en was de HA specifiek voor Neu5Gc.

In hoofdstuk 5 hebben we onderzocht wat de invlioed is van de Neu5Gc-mutaties
(uit het vorige hoofdstuk) op de virusgroei van H7 griepvirussen in cellen en dieren.
De mutaties zorgden ervoor dat virussen beter groeiden in paardencellen, die
veel Neu5Gc bevatten. Daarnaast was de virusgroei lager in kippencellen, die
geen NeubGc bevatten. Echter was de virusgroei onveranderd in eendencellen,
die ook geen Neu5Gc bevatten. De mutaties zorgden ervoor dat het virus minder
ziekmakend en dodelijk was in kippen. Daarentegen zorgden de mutaties er ook
voor dat eenden meer virus verspreidden, alhoewel eenden niet ziek werden van
het virus. Hierna hebben we onderzocht hoe eenden en kippen, die geen
Neu5Gc hebben, toch geinfecteerd werden door een Neu5Gc-specifiek virus. De
H7 griepvirussen bleken te binden aan zowel Neu5Gc, Neu5Ac en sialyl-LewisX,
een structuur op het uiteinde van een glycaan met een extra suikergroep.
NeuSAc en sialyl-LewisX werden alleen gebonden als zij gepresenteerd werden
op een specifieke complexe glycaanstructuur.

In hoofdstuk 6 laten we zien dat H5 vogelgriepvirussen sterker binden aan sialyl-
LewisX wanneer deze gepresenteerd wordt op complexe glycanen in plaats van
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lineaire glycanen. Lineaire glycanen worden vaak gebruikt in onderzoek maar
komen niet in mensen en dieren voor. Complexe glycanen komen in mensen en
dieren voor en kunnen door het griepvirus gebruikt worden voor infectie. De
luchtweg is de natuurlike infectielocatie van het griepvirus. In dit hoofdstuk
hebben we ook laten zien dat sialyl-LewisX aanwezig is in de luchtweg van
verschillende vogels, maar niet in de luchtweg van zoogdieren.
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