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Abstract

Influenza viruses, particularly type A, are highly pathogenic and prone to causing global
pandemics. While most cases are mild, the virus can cause severe symptoms like pneumonia and even
death, especially in infants, the elderly, and those with chronic illnesses. The hemagglutinin (HA)
glycoprotein on the virus surface binds to glycans on host cells, playing a crucial role in infection and
vaccine development. In this study, I used a glycan microarray with 182 different glycans to mimic
host cell glycan structures and investigate HA protein binding. This helped explore the binding
specificity between various influenza virus HA proteins and glycans, providing insights for vaccine
design. I examined HA proteins from different strains and subtypes (14 HIN1, 3 H5N1, 2 influenza
B, and 1 H3N2). Results showed that some HIN1 HA proteins bind to glycans with LacNAc repeats
and 02,6-linked Neu5Ac, and HIN1 A/Beijing/262/1995 could recognize Neu5Ac with both 02,3 and
02,6 linkages. The HSN1 A/Vietnam/1194/2004 HA protein exhibited strong binding affinity to a2,3-
linked glycans due to its structural characteristics. However, other HA proteins did not show any
binding under various experimental conditions. In addition to modify the experimental conditions,
we also examined the activity of the HA protein through HA assays, and confirmed the feasibility of
the glycan microarray using seven different lectins.
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Introduction

The influenza virus is a highly infectious pathogen that can cause respiratory infections, fever,
cough, rhinitis, headache, and muscle soreness. In severe cases, it can lead to complications such as
pneumonia, particularly among the elderly, infants, and people with chronic diseases.'>? Historically,
the world has experienced four severe influenza pandemics, the 1918 Spanish flu caused by HINI,
the 1957 H2N2 Asian flu, the 1968 H3N2 Hong Kong flu, and the 2009 HIN1 swine flu. The 1918
Spanish flu was the most severe, causing an estimated 40-50 million deaths globally and infecting
over one-third of the world's population.*> Currently, the World Health Organization (WHO)
primarily addresses influenza through designing suitable vaccine antigens based on the virus's
variations and gene sequences.® 7 However, prediction is not entirely accurate, as seen in the 2019-
2020 season, where WHO predicted the influenza virus strain to be 2A2B but the actual prevalent
strain was the B-type Yamagata strain, resulting in a vaccine efficacy of only 30%.% ° Therefore,
efforts are focused on developing universal vaccines that can flexibly respond to the influenza virus's

mutations, aiming to achieve true prevention of influenza.

Influenza viruses are members of the Orthomyxoviridae family, which is characterized by the

presence of multiple segmented, negative-sense, single-stranded RNA segments encapsulated by a
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lipid envelope.!® ' The Orthomyxoviridae family includes four main types of influenza viruses: A,
B, C, and D. These viruses are zoonotic pathogens, capable of transmitting between humans and
various animal species, including pigs, horses, birds, and cattle. Only influenza A and B viruses are
primarily responsible for causing pandemics in humans.'? Influenza A virus (IAV) and influenza B
virus (IBV) each have eight RNA segments that encode 11 or 12 proteins, which form the basic
structure of the virus.!> Upon entry into the host cell, the RNA-dependent RNA polymerase complex
encoded by the PA, PB1, and PB2 segments transcribes the negative-sense RNA template into a
positive-sense RNA template. The M segment encodes the matrix protein M1 and the ion channel M2
located on the viral membrane, which facilitates acidification of the virus within endosomes. The
nucleoprotein (NP) segment is responsible for encoding the nucleoprotein, which plays a crucial role
in packaging and protecting the viral RNA. Additionally, the NS segment can encode non-structural
protein NS1, which counteracts the host's antiviral response, and nuclear export protein NS2 (NEP),
which is essential for viral particle assembly and release.* '*'® Most importantly, the HA and NA
segments encode the surface glycoproteins hemagglutinin (HA) and neuraminidase (NA),

respectively, which play critical roles in controlling virus entry and exit from host cells.!’

Upon infecting host cells, the influenza virus initially binds to host cell receptors composed of

sialic acids linked by either 02,3 or 02,6 glycosidic bonds.!®2° This binding event triggers the virus's
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endocytosis, whereby the virus is internalized via the endocytic pathway. Subsequently, the viral
envelope fuses with the endosomal membrane in a pH-dependent manner, releasing the viral genome
into the cytoplasm. The viral genome is then transported to the nucleus, where replication and
transcription into viral mRNA occur. The mRNA is translated into viral proteins, which are

subsequently assembled into new viral particles.>'-*

Hemagglutinin is a trimeric glycoprotein crucial for the infection and replication of influenza
viruses. Serving as the primary surface antigen, HA induces an immune response in the host.
Antibodies recognize and bind to HA, thereby preventing the virus from attaching to host cells and
inhibiting infection. For example, studies have shown that antibodies targeting specific regions of HA
can effectively neutralize viral particles, highlighting HA's importance as a vaccine target.?* 2
Designing vaccines that focus on HA can therefore elicit protective immune responses tailored to
combat circulating influenza strains. Unlike protein-protein interactions, the binding of HA to cell-
surface receptors is mediated by N-acetylneuraminic acid (Neu5Ac) residues, and studies on various
influenza virus subtypes and recombinant HAs have observed a correlation between sialoside binding
preferences and viral species: human HA prefers 02,6 linkage to galactose, avian HA prefers 02,3
linkage to galactose, and swine HA can recognize both 02,6 and 02,3 linkages to galactose or

glucose.?” 26 However, the HA protein exhibits high variability, allowing influenza viruses to evade
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the immune surveillance induced by vaccines. This is why influenza vaccines need to be frequently
updated to match new viral strains.?” ?® By monitoring circulating influenza viruses, scientists can
determine which HA subtypes should be included in new vaccines to provide effective protection.
However, as mentioned earlier, this approach is not entirely accurate.® ° To provide more durable
protection against different strains and subtypes of the influenza virus, scientists are developing
universal vaccines, and understanding the receptor binding specificity of HA proteins to glycans is
crucial for designing more effective vaccines.?**! This exploration provides valuable information and

guidance for vaccine research.

Glycan microarrays have emerged as powerful tools for analyzing HA-glycan interactions.
These high-throughput platforms allow for the simultaneous screening of multiple glycan structures,
providing detailed insights into the binding preferences of different HA proteins.*? It has significant
applications in the study of glycan-mediated diseases such as infectious diseases, inflammation, and
cancer.®* In this study, we use the self-made glycan microarray which is composed of 182 different
glycan structures, including both natural and artificial glycans such as mannose, N-glycan, fucose,
sialic acid, sulfate, GIcNAc, Gal, LacNAc, and GalNAc. The array is fabricated using NHS-coated
slides, with glycans featuring a CsH2N group fixed onto the slides using an array printer.>* The study

specifically focuses on the interactions between HA proteins and glycans with terminal sialic acid in
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N-linked glycans, as well as those containing LacNAc units. Previous research has shown that certain

viral strains of HA proteins exhibit strong binding to LacNAc units, while N-linked glycans are

known to be present on cell surfaces.*>>’

Over all, we utilize a self-made glycan microarray comprising 182 different glycan structures to

investigate the interactions between HA proteins from various strains and subtypes (14 HINI, 3

H5NI1, 2 influenza B, and 1 H3N2) and their glycan receptors. By comparing the binding specificities

among these different strains and subtypes, we aim to contribute to a deeper understanding of HA-

glycan interactions and provide valuable insights for future vaccine design strategies.
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1. Material and Method

1.1 Materials

HA proteins, anti-HA antibodies (anti-HIN1 HA, Rabbit PAb; anti-HSN1 HA, Mouse MAb;

anti-H3N2 HA, Mouse MAb; B type anti-HA, Rabbit Mab) were purchased from Sino Biological.

Anti-mouse IgG fluor 647 and anti-rabbit IgG fluor 647 were obtained from laboratory. Alexa Fluor®

647 anti-His Tag antibody was purchased from BioLegend. SDS-PAGE tools were acquired from

Thermo Scientific. Easy Stain for polyacrylamide gel staining was obtained from ECL. TRBCs stock

was sourced from Innovative Research. Lectins were purchased from Sigma, Vector Laboratories,

BioLegend, and EY Laboratories. NHS-coated glass slides were obtained from SCHOTT (Nexterion

H). Glycans printed on the array slides were obtained from laboratory.

1.2 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

The HA proteins, were subjected to NuPAGE™ gel (4 to 12%, Bis-Tris) and run electrophoresis

in vertical gel electrophoresis apparatus with NuPAGE™ MOPS SDS Running Buffer (Thermo

Scientific) at 120V for 50 minutes. The gels were then processed for protein staining with EASY

Blue-Plus (ECL).
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1.3 Hemagglutination assay (HA assay)

The HA assay was performed using TRBCs, (Innovative™) diluted to a concentration of 0.5%
(vol/vol) in PBS buffer. HA proteins were serially diluted twofold from 100 pg /mL in a total volume
of 25 pl in V-shaped 96-well microtiter plates. Next, 25 pl of 0.5% turkey erythrocyte solution were
added. The plates were tapped gently 10 times, and the hemagglutination was read after 60 minutes

of incubation at room temperature.

1.4 Glycan microarray production

Glycan microarrays were prepared by printing (AD3200; BioDot) the glycans with pentylamine
tail (CsNH2) prepared in the laboratories to the NHS-coated glass slide by robotic pin (Metal
Industries Research & Development Centre) at room temperature with 80% humidity. The slides were
spotted with glycan solutions at 100 uM with two duplicates in each chamber, storage in desiccator.
The results were analyzed with GenePix Pro 6.0 (Molecular Device) to located and quantify the

fluorescence intensity of all spots on the slides.

1.5 Glycan Microarray Binding of Lectin
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Lectins SNA, LTL, WGA, PHA-L, AOL, MAL-I, RCA-I, and Galectin-4, which contain either

biotin tags or AlexaFluor-488, were prepared in TSM binding buffer (20 mM Tris-HCI, 150 mM NaCl,

2 mM CaClz, 2 mM MgCla, 0.05% Tween 20, 1% BSA) at concentrations ranging from 0.5 to 10

pg/ml. The array slides were blocked for 1 hour with SuperBlock™ Blocking Buffer, then washed

three times with TSM wash buffer (20 mM Tris-HCI, 150 mM NaCl, 2 mM CaClz, 2 mM MgCla,

0.05% Tween 20). Samples were loaded onto the array slides and incubated for 1 hour at room

temperature. For arrays containing biotin-tagged lectins, Streptavidin-AlexaFluor-488 (5 ug/mL in

TSM binding buffer) was added to the array chambers and incubated for 1 hour at room temperature.

The slides were then dipped five times in TSM wash buffer and three times in ddH20. The results

were analyzed with GenePix Pro 6.0 (Molecular Devices) to locate and quantify the fluorescence

intensity of all spots on the slides.

1.6 Glycan Microarray Binding of HA protein

1.6.1 Mouse Anti-His Ab Sequential

Block the total array slides with SuperBlock™ Blocking Buffer for 1 hour at room temperature.

Wash the slide with PBST three times. The HA protein (5 pg/ml) in PBST (PBS with 0.05% Tween-

20) with 3% BSA was first placed onto the array slide and incubated for 1 hour. Subsequently, Alexa

Fluor® 647 mouse anti-His Tag antibody (5 pg/ml) was added and incubated for one hour. Dip the
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slides in PBST five times and ddH2O three times. The results were analyzed with GenePix Pro 6.0

(Molecular Device). The median of fluorescence intensity of each spot was taken to calculate the

median value of binding activities toward each sugar (duplicates for each glycan). The medians from

at least three independent experiments were averaged for the figures.

1.6.2 Mouse Anti-His Ab Precomplexation

HA-antibody precomplexes were prepared by mixing HA proteins and Alexa Fluor® 647 mouse

anti-His Tag antibody in a molar ratio of 2:1 in PBST (PBS with 0.05% Tween-20) with 3% BSA,

incubate overnight at 4°C. Block the total array slides with SuperBlock™ Blocking Buffer for 1 hour

at room temperature. Wash the slide with PBST three times and load the mixtures into the array

chambers, incubate for 8 hours. Dip the slides in PBST five times and ddH2O three times. The results

were analyzed with GenePix Pro 6.0 (Molecular Device). The median of fluorescence intensity of

each spot was taken to calculate the median value of binding activities toward each sugar (duplicates

for each glycan). The medians from at least three independent experiments were averaged for the

figures.

1.6.3 Mouse Anti-His Ab Precomplexation with Additional Fluorescent Secondary Ab.
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Base on the method of mouse anti-His Ab precomplexation, the additional anti mouse Fluro 647

were added. The molar ratio of HA protein: mouse anti-His Ab: anti mouse Fluro 647 = 4:2:1. Load

the mixture into the array chambers incubate for 8 hours. Slides were subsequently washed by

successive rinses in PBST, and deionized water, then immediately subjected to imaging.

1.6.4 Anti HA Ab sequential

Strain-specific antibodies were used: anti-HIN1 HA antibody for HINI, anti-HSN1 HA

antibody for H5N1, anti-B type HA antibody for B type, and anti-H3N2 HA antibody for H3N2.

Block the total array slides with SuperBlock™ Blocking Buffer for 1 hour at room temperature. Wash

the slide with PBST three times. The HA protein (5 pg/ml) in PBST (PBS with 0.05% Tween-20)

with 3% BSA was first placed onto the array slide and incubated for 1 hour. Subsequently, Anti-HA

antibodies (5 pg/ml) were added and incubated for one hour., Then, add secondary anti-mouse or anti-

rabbit IgG fluor 647 antibodies (0.75 pg/ml), incubate for one hour. Dip the slides in PBST five times

and ddH20 three times. The results were analyzed with GenePix Pro 6.0 (Molecular Device) to

located and quantify the fluorescence intensity of all spots on the slides.

10
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2. Results

PartI  Characterization of HA protein

I.1 SDS PAGE of HA protein

The HA protein is composed of two subunits, HA1 and HA2, with molecular masses of

approximately 50 kDa and 20 kDa, respectively. These subunits are cleaved from their precursor,

HAUO, which has a molecular mass ranging from 63 to 75 kDa, depending on the strain. In SDS-PAGE

gels, the uncleaved HAO typically appears at around 70 kDa. The results indicate that, except for part

of HA proteins from A/Vietnam/1194/2004 were cleavage into HA1 and HA2 (Figure 1).

.2 Hemagglutination assay (HA assay)

HA protein has the ability to agglutinate red blood cells, and HA assay is widely used to detect

and quantify the presence of influenza viruses. In this study, we aim to assess the hemagglutination

activity of commercial HA proteins from different influenza virus strains and subtypes using TRBCs.

TRBCs are commonly used in hemagglutination assays due to their sensitivity in detecting a wide

range of influenza viruses. The key to this experiment is observing the behavior of TRBCs in each

well. In the absence of HA protein or if the HA proteins lack activity, the TRBCs will precipitate at

11
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the bottom of the well, forming a small red spot. The results show that not all commercial HA proteins

can agglutinate TRBCs. The HA proteins from HS5N1 A/Vietnam/1194/2004, HINI1

A/Beijing/262/1995, and HIN1 A/Hawaii/70/2019 can cause TRBCs to agglutinate even at very low

HA protein concentrations (Figure 2), indicating strong activity. Meanwhile, H3N2 A/Darwin/9/2021

HA proteins exhibit intermediate activity. In contrast, HA proteins from HIN1 A/California/07/2009,

A/Brisbane/59/2009, and A/Beijing/22808/2009 can cause TRBCs agglutination only at very high

HA protein concentrations.

PartII Part II HA proteins binding patterns on glycan microarray

II.1 Key glycans in HA protein studies

This study employed a glycan microarray containing 182 glycans, with a focus on N-glycans

and poly-LacNAc structures. N-glycans are commonly found on the cell surface, featuring terminal

02,3 or 02,6 sialic acid residues. Poly-LacNAc chains, composed of repeating disaccharide units of

N-acetyllactosamine (LacNAc), are also recognized by some strain of HA proteins. These glycans are

abundant on the cell surface, making them crucial for HA protein binding. We selected and organized

these glycans into figure 3

12
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II.2 HA binding patterns on glycan microarray

This study primarily employed two experimental methods: sequential and precomplexation. In
the sequential method, the HA protein is first incubated on the array, followed by the addition of anti-
His antibody. In the precomplexation method, the HA protein is precomplexed with the anti-His
antibody before being incubated on the array. The sequential method more closely mimics the natural
interaction between the HA protein and the glycans on the host cell surface. Previous research has
shown that the precomplexation method can enhance binding signals. Therefore, this study will
primarily discuss the data obtained from the sequential method, using the precomplexation method
to provide additional support. A portion of HIN1 HA proteins were able to bind to glycans No. 29
and 30, with the strongest binding to the terminal 02,6 poly-LacNAc on glycan 30. (Figure 4 and 5)
The results for HIN1 A/California/07/2009 (2009 Pandemic) and HIN1 A/Brisbane/59/2009 (2009
Seasonal) were consistent with previous studies.*® *® Additionally, A/Vietnam/1194/2004 (H5N1), an
avian flu strain, was able to bind to any glycans with terminal a2,3 sialic acid (Figure 4 and 6), which
also aligned with prior research.®® H HINI A/Beijing/262/1995 recognized glycans with both
terminal 02,3 and 2,6 sialic acids (Figure 7), indicating its potential for cross-species transmission.
Within the a2,6-linked sialic acids, the HIN1 A/Beijing/262/1995 HA exhibited a preference for poly-

LacNAc structures, with binding signals increasing as the number of LacNAc units increased. For

13
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a2,3-linked sialic acids, this HA showed a preference for tri- and tetra-antennary N-glycans. The

remaining HA proteins from HINI, HSN1, H3N2, and B type viruses did not exhibit binding

specificity to any glycans on the microarray. (Appendix A and B)

Several of the HA proteins used in my experiments had been previously published, and our

results matched those reports. However, this outcome did not meet our expectations, as HA proteins

are theoretically capable of recognizing 02,3 or 02,6 sialic acid, but this pattern was not observed on

the array. Therefore, we attempted to modify the experimental conditions, meanwhile, re-evaluate the

HA proteins and self-made glycan microarray. The lack of binding specificity observed in my study

suggests that the HA proteins may require other experimental conditions or additional factors to

exhibit their full receptor binding pattern on the glycan microarray platform.

II.3 Comparison of anti-His Ab and anti-HA Ab on glycan microarray

According to the results, only two strains of HA protein demonstrated binding specificity, while

the remaining proteins bound exclusively to glycans No.29 and 30, with some HA proteins showing

no binding to any glycans. This contrasts with our expectations of binding to terminal sialic acid N-

glycans or poly-LacNAc. To further investigate this phenomenon, I modified the experimental

approach by substituting the antibody with anti-HA antibody, aiming to induce binding specificity of

14
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HA protein on glycan microarrays. The results indicated that the group using anti-HA antibody

showed enhanced binding signals, but did not alter the glycans to which it binds (Figure 8).

I1.4 Additional fluorescent secondary antibody detection

Regardless of whether a sequential or pre-complexation approach was used, or anti-HA antibody

was substituted for detection, no binding specificity of the HA protein was observed. In the anti-His

Ab and HA protein pre-complexation experiment, we additionally add anti-mouse Fluor 647 to

enhance the signal. This method led to an amplification of the detection signal (Figure 9). However,

the glycan-binding specificity of the HA protein did not change.

II.5 Comparison of HA Protein Monomer and Trimer Binding on Glycan Microarray

The HA protein used in our previous experiments was in its monomeric form, with each

monomer possessing a single glycan-binding site. However, HA naturally exists as a trimer, which

has three binding sites. It is plausible that the trimeric HA, through multivalent interactions, binds

more strongly to glycans and exhibits distinct binding specificities. Therefore, I conducted a

comparative analysis of the monomeric and trimeric forms of HA on an array. The experimental

results demonstrated that the binding patterns of HA monomer and trimer on the glycan microarray

were nearly identical (Figure 10). This suggests that, despite the potential for multivalent interactions

15
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in the trimeric form, the overall binding specificity and affinity of HA towards glycans remain

consistent between its monomeric and trimeric forms.

Part III Lectin binding specificity on glycan microarray

II1.1 Lectin binding specificity on glycan microarray

To ensure the quality and reliability of glycan microarray data, quality control measures are
essential. In this study, we conducted a quality control by examining 182 different glycan on the

microarray using seven different lectins: WGA, PHA-I, AOL, LTL, Galectin-4, and RCA-I

Sambucus nigra Agglutinin (SNA, SNA-I)

SNA, commonly abbreviated as SNA, is a lectin isolated from elderberry bark and is one of the
most widely used tools for detecting a2,6-linked sialic acids. Previous studies have indicated that
02,6-sialylated lactosamine (LacNAc) is the primary binding determinant for SNA. These studies
have also revealed that SNA can recognize a variety of a2,6-sialic acid structures, including N-
glycolylneuraminic acid (Neu5Gce) and KDN, in addition to the typical NeuSAc. However, our
experimental results show some discrepancies with previous research.?® *° We found that while SNA

does selectively recognize 02,6-sialic acids, its tolerance for different a2,6-sialic acid structures is
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relatively low. Specifically, SNA only binds to a2,6-sialylated type II LacNAc structures and does
not recognize other types of a2,6-sialylated structures (Appendice D). This finding contrasts with

earlier reports suggesting that SNA can recognize a broader range of a2,6-sialic acid structures.

Lotus Tetragonolobus Lectin (LTL)

The binding pattern of LTL is not well-defined. Initially, it was thought to be a fucose-binding
lectin, but no clear binding rule has been established. Recent studies have identified al,3-fucose as
the main recognition motif for LTL, although not all glycans containing this structure can be
recognized.*”*! Our results align with these recent findings, showing that LTL does not exhibit a clear
binding pattern (Appendice E). However, glycans containing the a1,3-fucose structure, such as Lewis

x and Lewis y, were enriched in LTL binding assays

AOL (Aspergillus oryzae Lectin)

AOL is identified as an a-linked fucose-binding lectin Notably, AOL cannot bind blood group A
and B antigens.*’ Our glycan microarray results indicate that AOL exhibits strong binding affinity for
certain glycans, with signal saturation even at low concentrations, demonstrating AOL's strong
fucose-binding capability (Appendice E). AOL shows high affinity for various fucosylated structures,

including B-linked fucose (No. 76), but the sample size for B-linked fucose is limited, still need further
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research. Additionally, AOL does not bind to blood group A and B antigens (No. 144, 145). AOL also
interacts with some non-fucosylated oligosaccharides or fails to bind certain fucosylated

oligosaccharides, the patterns of these interactions remain unclear.

Wheat germ agglutinin (WGA)

WGA, derived from wheat germ (Triticum aestivum or Triticum vulgare), is one of the most
extensively studied and widely utilized lectins. Although primarily classified as a lectin that binds N-
acetylglucosamine (GlcNAc), WGA actually exhibits remarkably broad binding specificity. Previous
studies have demonstrated that WGA can interact with a diverse array of terminal N-acetyl-containing
glycans, including GleNAc o-, GalNAc o-, GalNAcp-, and Neu5Ac.** 42 My results are consistent

with the prior findings, confirming the broad binding specificity of WGA (Appendice F).

Ricinus communis Agglutinin (RCA-I)

RCA-I exhibits a strong preference for terminal type I LacNAc (Galp1-4GIcNAc) as its main
binding determinant. It tolerates substitution at the 6-position of the terminal galactose but not at the
3-position.** My experimental results confirm this binding specificity observed in the literature. The
data show that RCA-I preferentially binds to type II LacNAc structures, with a small subset of

terminal structures containing a.2,6-linked sialic acid (Neu5Ac) also being recognized (Appendice G).
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Interestingly, a2,3-sialylation of LacNAc blocked recognition by RCA-I, while a2,6-sialylation had

little effect on RCA-I binding.

Phaseolus vulgaris-Leukoagglutinating (PHA-L)

Previous studies have observed that PHA-L predominantly binds to B1,6-branched N-glycans
and can tolerate bisecting GIcNAc, core fucose, and 02,3 sialic acid, but its binding is inhibited by
02,6 sialic acid.*® Our experimental results confirm and extend these findings, demonstrating that
PHA-L exhibits broad binding specificity on the glycan microarray (Appendice H). Most N-glycans
are recognized by PHA-L, and 12,6 sialic acid indeed inhibits binding, while core fucose and a2,3
sialic acid is tolerated. Additionally, our data suggest that PHA-L can also bind to certain linear

glycans and may recognize GIcNAc.

Galectin-4

Galectin-4 is composed of two carbohydrate recognition domains (CRDs), located at the N-
terminus and C-terminus, each with distinct binding specificities. Overall, Galectin-4 preferentially
binds to glycans containing the core structures Galp1-3GlcNAc or GalB1-3GalNAc, and shows higher
affinity for 3'-O-sulfated and 3'-sialylated disaccharides. Blood group antigens (ABH antigens) are

considered to be the ligands with the highest affinity for Galectin-4.** In our study, we observed that
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Galectin-4 exhibits a broad range of glycan binding, which is consistent with previous findings

(Appendice I). Our results demonstrate that Galectin-4 can bind to a2,3- and a2,6-linked sialic acids,

as well as terminal galactose.

I11.2 Array quality control with lectins

Based on the results, approximately 85% of the glycans were recognized by various lectins,

confirming their presence on the array slides. Although some glycans with unique structures lacked

suitable lectin matches, this did not compromise the array quality control functionality in this study.

Importantly, nearly all lectins exhibited their expected binding specificity on the array, and all key

glycans were successfully recognized by different lectins (Figure 11), demonstrating the effectiveness

of the array quality control in this research.
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3. Discussion

Our glycan microarray analysis of various influenza hemagglutinin (HA) proteins revealed

distinct binding patterns across different strains and subtypes (Table 1). Notably, 46% of HIN1 HA

proteins demonstrated binding affinity to poly-LacNAc with terminal a2,6-linked NeuSAc. This

finding aligns with previous studies that have shown human influenza viruses preferentially bind to

02,6-linked sialic acids, which are predominant in the upper respiratory tract of humans. HA protein

from HIN1 A/Beijing/262/1995, exhibits a preference for binding to glycans with a2,3-linked

NeuSAc, tri- or tetra-antennary N-glycans, and o2,6-linked poly-LacNAc structures. This dual

recognition capability suggests a potential for cross-species transmission. Such strains with broader

binding specificity may pose a higher risk for zoonotic transmission and could be important targets

for surveillance and vaccine development efforts. The HSN1 A/Vietnam/1194/2004 HA protein

showed strong binding affinity to a2,3-linked glycans, which is consistent with the typical preference

of avian influenza viruses for «2,3-linked sialic acids. In this research, the HS5NI

A/Vietnam/1194/2004 strain was primarily used as a positive control. The binding pattern of avian

flu HA proteins has been repeatedly documented in literature. By detecting the known binding affinity

of the HSN1 A/Vietnam/1194/2004 HA protein, we can confirm the reliability and accuracy of our

experimental approach, thereby ensuring the credibility of our findings for other HA proteins tested

in this study.
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However, it is notable that 46% of HA proteins in our study did not exhibit binding specificity

under various experimental conditions. The lack of binding observed for several HA proteins could

be due to several factors. Firstly, the quality and integrity of the recombinant HA proteins may have

been compromised, potentially affecting their binding capabilities. Secondly, limitations in the glycan

microarray itself, such as suboptimal glycan density or presentation, could have hindered the

detection of binding interactions. Thirdly, the experimental methodology, detection methods, may not

have been optimal for capturing the full range of HA-glycan interactions.

About the experimental methodology, we first use anti-His Ab with sequential and precomplex

method, but some HA proteins did not demonstrate any binding on the glycan microarray. This

unexpected result led us to modify our experimental approach in several ways. We first substituted

the anti-His antibody with specific anti-HA antibodies. This change helped us to exclude the

possibility that the anti-His antibody was unsuitable for use in this experiment. The results indicated

that while the use of anti-HA antibodies did enhance binding signals, it did not alter the overall glycan

binding specificity of the HA proteins. Additionally, we tested the addition of a fluorescent secondary

antibody to amplify the detection signal. While the method leads to signal enhancement, they did not

fundamentally change the glycan-binding specificity of the HA proteins. Considering the multivalent

interactions involved in the binding of HA proteins to glycans, we also compared the differences
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between monomeric and trimeric forms of HA protein on glycan microarray. However, the results
indicated that both forms exhibited the same binding patterns.

The hemagglutination (HA) assay results revealed that most of the commercial HA proteins used
in our study were unable to cause agglutination of TRBCs. This suggests that the majority of these
HA proteins lacked hemagglutination activity. Interestingly, we observed that the presence or absence
of hemagglutination activity did not directly correlate with the ability of HA proteins to bind glycans
on our microarray. For example, HA proteins from HINI A/Victoria/67/2022 and HINI1
A/Wisconsin/67/2022 exhibited hemagglutination activity but were still able to bind to glycans on
the microarray. Conversely, some HA proteins that showed no hemagglutination activity still
demonstrated binding on the glycan microarray. Based on the above results, the correlation between
HA activity and its binding on the glycan array is not clear, this might cause by some reasons. An
experiment conducted by Nature revealed that varying glycan densities affected the dissociation
constants in the interaction with Siglec-8, indicating optimal binding at specific glycan densities.*
The glycan density on glycan arrays may differ from that on the surface of red blood cells, leading to
this phenomenon. Also, the composition of glycans can vary significantly between glycan arrays and
natural cell surfaces.*’ Glycan arrays present only one type of glycan at each spot, whereas the surface
of red blood cells has a more diverse array of glycans. This variability may also contribute to the

differences in binding observed between glycan arrays and red blood cells.
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Lastly, HA assays typically use whole influenza viruses rather than HA protein alone, which may
involve multivalent interactions.*® The large number of HA trimers on the viral surface might provide
multivalency, enhancing the strength of binding interactions.

This study marks the first comprehensive evaluation of our laboratory's glycan microarray using
multiple lectins. The results of this quality control process were highly encouraging, demonstrating
the reliability of our array. Approximately 85% of the glycans on our array were successfully
recognized by different lectins, confirming their presence and accessibility on the array surface. The
binding patterns observed for the various lectins were clear, and mostly consistent with previously
reported specificities. For example, SNA showed the expected preference for a2,6-linked sialic acids,
while AOL recognized fucosylated structures. The consistency of our results with established lectin
binding patterns validates the quality and reliability of our glycan microarray. Moreover, the fact that
our array includes about 70% of glycan structures that do not overlap with those in similar published
experiments provides new data on binding specificities. The lectin binding specificities referenced in
this study were primarily derived from a analysis conducted by the National Center for Functional
Glycomics (NCFG). The NCFG's glycan array includes 562 glycan structures, providing a broad
spectrum for lectin binding analysis. Despite our array containing only 182 glycan structures, 70% of

glycans not overlapping with those in the NCFG array, offers new binding information and highlights
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the unique contribution of our glycan microarray in expanding the current knowledge base in

glycobiology.

The glycan microarray format may not fully replicate the multivalent interactions that occur in

vivo. This limitation could explain why some HA proteins did not exhibit expected binding patterns

on the microarray even we already characterized the HA protein, and confirm the array reliability.

Future studies could explore alternative methods, such as using techniques that allow for multivalent

interactions, to better understand the binding specificities of HA proteins.

In conclusion, this work advances our understanding of influenza virus HA protein binding

specificity on glycan microarray, and provides a foundation for future studies aimed at developing

more effective strategies to combat influenza infections. As influenza viruses continue to evolve, such

detailed characterizations of HA-glycan interactions will remain crucial for staying ahead of potential

pandemic threats.
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Figure 1. SDS-PAGE result of HA proteins.
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Figure 2. HA assay result.
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Figure 4. Sequential glycan microarray analysis of HA proteins.Results obtained from glycan
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Figure 5. Precomplexation glycan microarray analysis of HA protein.
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Results obtained from glycan microarray experiments using precomplexed HA protein and anti-His

Tag Antibody methods

37

doi:10.6342/NTU202403230



H5N1 A/Vietnam/1194/2004

10000 (¢
&
\j P D’
8000 =0
i
a

F635 median

a2,3-

linked
Neu5Gc

——

SEPPNPFLETPCIESE

IR 4
g EA
“m,

S0

£9 g8 k0 g

‘vn.

95 sl.v:l__

LRSS E P I IS TFEIN

o
@ a
i
o
w
o
w
N
-
o
&
L)
o
@
FESF TS PSSPt

FEPESS PP EPPEEFLPPPELER LT PP S o
i " J

a2,3-linked a2,6-linked «2,8 02,9
Neu5Ac Neu5Ac linked Neu5Ac
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6. Table

. Hemagglutination Binding . Hemagglutination Binding . Hemagglutination Binding
HA Strain/Subtype Activity T HA Strain/Subtype Activity St HA Strain/Subtype Activity s
HIN1 A/Michigan/45/2015 X HIN1 A/California/07/2009 Low 02.3-linked
HIN1 A/Beijing/262/1995 High 02,6-linked
HIN1 A/Puerto Rico/8/1934 X HIN1 A/California/07/2009 (Trimer) X NeusAc
HIN1 A/WSN/1933 X HIN1 A/Victoria/67/2022 X a2.3-linked
H5N1 A/Vietnam/1194/2004 High N SA
HIN1 A/Ohio/UR06-0091/2007 X HIN1 A/Victoria/67/2022 (Trimer) X SIAC
Poly-LacNAc
HIN1 A/Towa/CEID23/2005 X HIN1 A/Wisconsin/67/2022 X with terminal
. No . . . a2,6-linked
HSN1 A/Anhui/1/2005 X = = HINI1 A/Wisconsin/67/2022 (Trimer) X
Binding NeudSAc
H5N1 A/Indonesia/5/2005 X HIN1 A/Brisbane/59/2009 Low
(No.29 and 30)
H3N2 A/Darwin/9/2021 Medum HIN1 A/Beijing/22808/2009 Low
H3N2 A/Darwin/9/2021 (Trimer) Medium HIN1 A/Memphis/1/1987 X
B/Austria/1359417/2021 X HIN1 A/Hawaii/70/2019 High
B/Phuket/3073/2013 X HIN1 A/Wisconsin/28/2011 X

Table 1. Summary of HA Protein Binding Specificity
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7.  Appendices
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Appendix A. HA protein sequential results on glycan microarray with no binding specificity.
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Appendix B. HA protein precomplexation results on glycan microarray with no binding specificity.
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Appendice C. Complete set of glycans used in the glycan microarray for this study
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Appendice E. Glycan microarray analysis of LTL and AOL. (A) Binding specificity of LTL to fucosylated
glycans identified by glycan microarray (B) Binding specificity of SNA to key glycans in HA protein study.

52

d0i:10.6342/NTU202403230



mm WGA 2 pg /ml

mm WGA 0.5 pg /ml

N R s A R QN

80000+
60000
400004
20000+

04

Uelpaw gged

N-linked glycans with
terminal a2.3 NeuSAc

‘nu,\uu-uu
*aOall,

*
® _t._um.

" @

@

palllg

salll;cs

Dpsl e U

c5

. WGA 2 ug /ml

m WGA 0.5 pug /ml

80000+

60000

40000+

uelpaw Zgs4

20000+

N-linked glycans with
terminal a2.6 NeuSAc

2

[ | uwmau,ﬁﬁunuo,aa.u cs

’nw,.w_n-.uum.\v.uu.uu,\,.wu..n cs
OOl Oplllg s

. nm_H_n cs

53

d0i:10.6342/NTU202403230



T
&

g Opp WO ) @ o <, .ﬂ~.nu‘ua.ap.u cs
@ OpOp BpOw 4 ® o ET
N T “ Ol l c
. % OgOp— By Oge|— @5 @
._:N.E.-.I-.lu cs -
. S ,, 4 0@l M, o
- < ,.“..n..= ©
(L. - —
e . o BGO@ o
e .‘.w..w.-u cs %
e ,
[l , . ~
%, O u;.u? u.-wu . .E. cs 4 .munf.\v_—...u <5
4
% u..uu ,:—:.__u \.v..u cs .:';..
s @@
n £
7 L F
K2 <, .nn.nm.au.ua.ua.u cs
% o
< .mm'm,a‘ P
L @ cs
s ‘e Pty pep
o8 .,/
%, nm..nn.u.-o cs
. . @
< L \.n;.nu Kna.uu, \na.o 8
. o ol gl s o @l My cs

- E B _ E
£ .m K S =
~ O = D
o 3 o =
= Te) o wn
(S = N o
< < . < <
% ..u..uu.nu.nu-u;.u = ...»..;.
f | - il o ety
3
9.0.,0°
< O.wn.u cs e
N [, c5
% Avwa.m cs < ‘ﬂ.up‘nu.g
% -lﬂo, .aa.a.—.u&.m cs
-,
™ < c5
" = > 0.0.,0,

-
2 % .|.|.‘u> galllgcs
I\\ \g .ﬂ#.u c5
lﬁ\ _QEQE.a cs
Py —~ [
S * U OuCpu@y o = > m o

L L

- o, e e e e

e 9o 9o o

S & § §

g 8 8 § *° g 8 ¢ =
e o 9o 9o
g 8 § &8

uelpaw ggg4

uelpaw Zgg4

d0i:10.6342/NTU202403230

Appendice F. Glycan microarray analysis of WGA. (A) and (B) Binding specificity of WGA to
terminal a2,3 and a2,6 sialylated glycans(C) Binding specificity of WGA to terminal Gal glycans (D)
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Appendice H. Glycan microarray analysis of PHA-L. (A) Binding specificity of PHA-L to N-linked
glycans. (B) Other bindings of PHA-L on glycan microarray.
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Appendice I. Glycan microarray analysis of Galectin-4. (A) and (B) Binding specificity of Galectin-

4 to terminal a2,3 and a2,6 sialylated glycans(C) Binding specificity of Galectin-4 to terminal Gal
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Appendice J. SEC-MAL data for HA trimer. Acessed from Sino Biological.
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