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Abstract

Across all domains of life, the surface of all cells is coated in a dense array of
carbohydrates appended to proteins and lipids, collectively referred to as glycans. The interaction
between glycans and glycan-binding proteins, also known as lectins, are at the interface of nearly
every biological interaction at the cellular level. Unlike other biological macromolecules (nucleic
acids and proteins), glycan biosynthesis is not template driven and glycans can be branched
polymers, resulting in heterogenous structures that are difficult to predict, and which are very
structurally complicated. Glycans terminating with the monosaccharide sialic acid are capable of
engaging with the Siglec lectin family. Siglecs facilitate many cellular functions, however, all Siglec
functions are initiated by engaging with a glycan terminating with sialic acid. In humans, Siglecs
are a family of fifteen cell surface receptors, which are generally found on immune cells. The
immunomodulatory properties of Siglecs motivates a better understanding of their physiological
and pathophysiological roles. Therefore, the first step in understanding the biology of a Siglec
starts with understanding the ligands of that Siglec. Nevertheless, the complexity and diversity of
glycans coupled with multiple Siglecs often being expressed by a single cell makes deconvoluting
Siglec-glycan interactions challenging. Through the development and optimization of approaches
that enable the systematic description of Siglec ligands a better understanding of the roles of
Siglecs in health and disease can be established. Insights gained by describing Siglec ligands
can then be leveraged to investigate the function of the Siglec and potentially apply these
discoveries to develop novel therapeutics towards the treatment of many pathologies such as
cancer, bacterial/viral infection, autoimmune disease, neurodegenerative disease and many

others.



In Chapter 2, improvements with respect to versatility, activity, yield, and storage of a
previously established soluble version of a Siglec referred to as a Siglec-Fc-chimera were made.
The versatility of this construct was demonstrated by its use in many different approaches for
describing Siglec-ligands including a cell-based glycan array, bead assay, ELISA, and mass
spectrometry-based assay. Using these different approaches many insights were made with
respect to Siglec ligands. Two examples of new insights are: the relationship between cis and
trans binding of Siglecs on primary human immune cells and the glycan ligands of CD33. It is
noteworthy that the tools and approaches developed in this Chapter were extensively applied in
the later Chapters.

In Chapter 3, a novel liposomal nanoparticle formulation was developed for optimal
engagement of Siglecs by glycolipids. Using this formulation, the human and murine Siglec family
was screened against a panel of glycolipids. During this interrogation, it was revealed that
glycolipids are ligands for Siglec-6. Additionally, the glycolipid binding profiles between human
and murine Siglecs were compared and the appropriateness of murine models to study humans
Siglec-glycolipid interactions was assessed.

Building on the work from Chapter 3, the ability of Siglec-6 to bind glycolipids was
systematically dissected using a panel of synthetic glycolipids referred to as neoglycolipids
coupled with mutagenesis studies. These studies revealed that a solvent exposed tryptophan
residue is critical for Siglec-6 engagement of sialosides when presented from a liposome.
Additionally, Siglec-6-liposome binding was probed on genuine human cells and tissues
demonstrating that glycolipid bearing liposomes can target Siglec-6 in physiologically relevant
contexts. A possible biological role was ascribed to Siglec-6 when it was found that Siglec-6 can
facilitate the internalization of natural nanoparticles, known as extracellular vesicles, in a
glycolipid-dependant manner. In summary, the work described above demonstrates how
systematic description of Siglec ligands leads to the development of probes which can be applied

to learn more about the biological roles Siglecs play in health and disease.
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This thesis is submitted for the degree of Doctor of Philosophy at the University of Alberta,
Department of Chemistry. It represents a summary of the research completed by Edward N.
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In Chapter 2, the introduction was adapted from a published book chapter Schmidt E.N.,
Jung J., and Macauley M.S.; Flow cytometry-based detection of Siglec ligands; Carbohydrate-
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In Chapter 3, large portions of the results section were published as Schmidt E.N. et al.,
Siglec-6 mediates the uptake of extracellular vesicles through a noncanonical glycolipid binding
pocket, Nat Commun, 2023 and Schmidt E.N. et al., Dissecting the abilities of murine Siglecs to
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Prof. Ratmir Derda performed LiGA binding experiments. Mass spectrometry experiments were
performed by Dr. Ling Han, Dr. Duong T. Bui and Dr. Elena N. Kitova under the supervision of

Prof.John S. Klassen. Xue Yan Guo assisted in performing glycolipid binding assays.



In Chapter 4, large portions of the results section were published as Schmidt E.N. et al.,
Siglec-6 mediates the uptake of extracellular vesicles through a noncanonical glycolipid binding
pocket, Nat Commun, 2023. Neoglycolipids were synthesized and characterized by Dr. Maju Joe
and Fahima Mozaneh. Dr. Kelli A. McCord generated B cell lines transduced with Siglec-6 as well
as performed imaging flow cytometry. Prof. Elisa Fadda identified a solvent exposed tryptophan
residue in Sigelc-6. Jasmine Nguyen and Dr. Dimitra Lamprinaki under the supervision of Prof.
Meghan R. Riddell and Prof. Lara K. Mahal respectively performed experiments with human
placental explants. Human spleen samples and LAD2 cells were provided by Prof. Lori J. West
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from human blood by Dr. Dimitra Lamprinaki under the supervision of Prof. Lara K. Mahal. 31-
4GaINT1” N2a cells were produced by Amanda R. Krysler and Christopher R. Cromwell under
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Chapter 1: Glycobiology and the Siglecs



1.1: Introduction to Glycobiology

1.1.1: Glycans as biological polymers
The surface of all cells across all domains of life are coated in a dense array of

carbohydrate-decorated macromolecules known as glycans'. These cell surface glycans are
collectively referred to as the glycocalyx of a cell. Often, the first point of contact between two
cells occurs through glycans and glycan binding proteins called lectins®. Glycans are a critical part
of nearly all physiological (protein folding®, blood typing*, reproduction®, immunomodulation®, etc.)
and pathophysiological functions (cancer’, neurodegenerative disorders®, viral® and bacterial
infections'®, autoimmune disorders'", etc.). In fact, many breakthroughs in biology, such as HIV
vaccines'? and organ transplant/xenotransplants’ have come through understanding the
interactions between glycans and lectins. However, glycans are difficult to study because they
are branched polymers made from subunits many of which are isomers, and their sequence
cannot be predicted according to the central dogma of biology, because the biosynthesis of
glycans is not template-encoded. Thus, new tools and approaches are required to develop a
better understanding of the roles of glycans in health and disease.
1.1.2: Glycans as a family of biological macromolecules

Glycans are polymers made from subunits known as monosaccharides. The structure of
glycans can be relatively simple (e.g. single monosaccharide unit) to very large/complex (e.g.
hundreds of monosaccharides with multiple branches)'. Compared to other biomolecules such
as DNA, RNA, and protein, relatively less is known about the roles of glycans in biology (Figure
1.1). This discrepancy in knowledge likely stems from the inherent challenges in studying glycans.
Glycans are particularly challenging to study because glycan biosynthesis is governed by the
expression of glycosyltransferases rather than a direct template like RNA and proteins' 6.
Studying glycans is further complicated by the fact that glycans can be branched polymers,

whereas nucleic acids and proteins are linear polymers. Moreover, monosaccharides in glycans
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Figure 1.1: Comparison of biological macromolecule families. DNA, RNA, and proteins all fall along
the central dogma of biology and can be predicted at each level based on the primary sequence of the
macromolecule the proceeds it in the dogma (e.g. DNA can predict RNA can predict protein). Unlike DNA,
RNA, and proteins, glycans can be branched structures and can have different stereochemical linkages
between monosaccharides, and their structure cannot be predicted according to the central dogma of
biology.

can be linked in different regio- and stereochemistries, unlike the other biological molecules that
are generally linked in the same way between each subunit. Additionally, many monosaccharides
and glycans are stereoisomers, making them difficult to study by mass spectrometry. Glycans
also do not possess an innate chromophore, making it challenging to study glycans by
ultraviolet/visible spectrophotometry-based techniques'’. Moreover, when synthesizing glycans,
the abundance of alcohol groups can make targeting a specific alcohol arduous, and each
monosaccharide can adopt two anomers in solution, further complicating synthetic approaches
(Figure 1.2a)'®. Monosaccharides convert between these anomers through a process referred to

as mutarotation (Figure 1.2b, c¢). Mutarotation is possible under physiological conditions due to
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the presence of the oxygen in the cyclohexane/cyclopentane ring, which lowers the pK, of the
anomeric hydroxyl by five orders of magnitude (17 to 12)'°. A pyranose (six-membered ring) or
furanose (five-membered ring) forms when the hydroxyl on C5 or C4 attacks the aldehyde at C1
respectively. If the monosaccharide is in its more common pyranose form, it is denoted with a p
(e.g. Glcp), and when it is in its furanose form is denoted with an f (e.g. Glcf)°. Due to these

reasons, monosaccharides are complex molecules to study.
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Figure 1.2: Proposed mechanism of interconversion of isomers of glucose.a, Different isomers of
glucose with respect to pyranose/furanose and a/B- anomers. b, ¢, Interconversion of a/B-glucose under
acidic and basic conditions respectively.



1.2: Types of Glycans

1.2.1: Building blocks and glycosyltransferases
In mammals, there are nine monosaccharide building blocks that contribute to the diversity

and complexity of glycans (Figure 1.3)?'. Monosaccharides can also be represented using a
Fischer projection when in their linear form which is helpful when assigning D or L configuration
of the monosaccharide. Nucleic acids and proteins are typically described as 5’-OH to 3’- OH and
N-terminus to C-terminus from left to right respectfully. Likewise, monosaccharides are described
from non-reducing end to reducing end from left to right. The reducing end refers to the end of
the sugar that features a ketone (e.g. sialic acid) or aldehyde (e.g. glucose) in its open chain form.
As drawing the complete chemical structures of glycans can be rather cumbersome, a unified
Symbolic Nomenclature for Glycans (SNFG) has been developed where each monosaccharide

is represented by a different shape and colour®.
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Figure 1.3: Chemical structures of the nine monosaccharide building blocks in mammals.
Monosaccharides are represented in their pyranose form, Fischer projection and symbol according to the
Symbolic Nature for Glycans (SNFG).

Monosaccharides are activated by the addition of a nucleotide diphosphate making a

nucleophilic substitution reaction at the anomeric center energetically feasible. This nucleotide

activated sugar is referred to as the donor (Figure 1.4). The donor acts as an electrophile and is

attacked by a nucleophile, known as the acceptor, from another monosaccharide, a protein, or a

lipid?®. Glycans are synthesized in a stepwise fashion by enzymes collectively referred to as

glycosyltransferases that catalyze the assembly of sugar donors and acceptors, to thereby build

the glycan. In addition to making the monosaccharide more electrophilic and serving as a better

leaving group compared to water or hydroxide, the nucleotide diphosphate also contributes to the

recognition of the sugar donor by the glycosyltransferase®*
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Figure 1.4: Chemical structures of the nine monosaccharide donors. Glycosyltransferases use
activated forms of monosaccharides referred to as sugar donors to build glycans.

Glycosyltransferases are divided into many families and subtypes, which is determined by

the substrates the enzyme acts on and linkage it forms'®. These enzymes can be broken down

into two general classes: retaining or inverting®®. This is based on the differences in the anomeric

linkage in the product compared to the sugar donor®. Inverting glycosyltransferase generally use

an Sn2-like mechanism (Figure 1.5a) and catalysis can be aided by a divalent cation such as

magnesium?’, whereas a retaining glycosyltransferase generally use a substrate assisted or Si

mechanism (Figure 1.5b

. Glycosyltransferases are typically expressed in the Golgi

apparatus®, but can also be expressed in the endoplasmic reticulum (ER)'® depending on the

type of glycan/protein/lipid they act on. While building glycans is important for maintaining cellular

health, it is just as important to degrade glycans. Enzymes that break down glycans are known

as glycosyl hydrolases or glycosidases and they generally operate through a double S\2 like

mechanism (Figure 1.5c). Many of the cellular glycosidases reside in the lysosome to participate

in recycling of monosaccharide building blocks.
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Figure 1.5: Proposed general mechanisms of glycosyltransferases and glycosidases. a, b, Proposed
general mechanism of inverting Sn2-like and retaining Sni-like glycosyltransferase respectfully. ¢, Proposed
general mechanism of a glycosidase operating through a double Sn2-like mechanism. R1 represents of the
remainder of the nucleotide portion of the sugar-donor. Rz represents the remainder of glycan, protein, or

lipid.

In mammals, the three major types of glycans are N-glycans (Figure 1.6a), O-glycans

(Figure 1.6b) and glycolipids (Figure 1.6c); however, these classes are further divided into many

subtypes®. Glycans are typically depicted using SNFG with the reducing end on the right-hand

side. Oxford Notation can be used to further describe glycans represented using SNFG by using

angles between the shapes to denote the type of linkage (e.g. 90° counter-clockwise from the

reducing end represents a 2-8 linkage).
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Figure 1.6: Major types of glycans. a, Representative structure of a complex N-glycan. b, Representative
structure of a sialylated core-2 O-glycan. ¢, Representative structure of glycolipid ganglioside GM1a.
Structures are represented as the chemical structure as well as SNFG with Oxford notation.

1.2.2: N-glycans
N-glycan biosynthesis begins with the synthesis of an N-glycan precursor known as Glcs-

Mano-GIcNAcCc,, which is appended to a dolicholdiphosphate. Glcs-Mang-GIcNAc: is synthesized
one monosaccharide at a time by adding monosaccharides to dolicholdiphosphate, which is
anchored to the membrane of the ER on the cytoplasmic face®. Once the first seven
monosaccharides are added, it is then flipped into the lumen of the ER where it is further
elongated into the 14-mer oligosaccharide®'. The glycan is then transferred to a protein while it
is being translated by the ribosome (Figure 1.7a). As N-glycans are transferred to their protein
substrate as the protein is being translated, N-glycans often increase the stability of the protein
and in many cases, proteins cannot fold without the N-glycan®?. Generally, N-glycosylation sites
can be predicted by the sequon Asn-Xxx-Ser/Thr, where ‘Xxx’ is any amino acid other than
proline®. Unlike other glycans, N-glycans are linked through an amide bond (Figure 1.7b) rather
than a glycosidic linkage; much like the peptide bond linking two amino acids®. Once on the

protein, the protein travels from the ER to the Golgi apparatus through the secretory pathway?®'.



While the protein is being shuttled through the Golgi apparatus, the N-glycan is further modified

to yield three different types of N-glycans: high mannose, hybrid, or complex (Figure 1.7¢)%.
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Figure 1.7: Biosynthesis and classes of N-glycans. a, Simplified schematic of N-glycan biosynthesis in
mammals, adapted from The Essentials of Glycobiology 4" Edition. b, Chemical structure of an N-glycan
attached to a protein. R1 is the remainder of the glycan, R: is either H or CHs, of a serine or threonine
respectively, and Rs is any R group of an amino acid other than proline. ¢, Different classes of N-glycans.
For panels a, and c, the glycans are represented using SNFG representation.

N-glycans are a relatively well-studied type of glycan and many tools have been developed
to study them. Common strategies used to modulate N-glycans are knocking-out enzymes critical
for the biosynthesis of N-glycans®®, treatment of cells or proteins with enzymes that specifically
act on N-glycans such as Endoglycosidase H (EndoH)*, and Peptide: N-glycosidase F (PNGase
F)*, or chemical inhibitors of N-glycan biosynthesis such as kifunensine®. The mgat? gene is
often targeted in knock-out experiments, as it is required to mature high mannose N-glycans into
complex N-glycans. Similarly, treatment of cells with kifunensine also results in immature high
mannose N-glycans by inhibiting ER mannosidases that are involved in converting the N-glycan

from a high mannose to complex-type. EndoH is a glycosidase which cleaves the glycosidic
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linkage between the two GIcNAc residues on high mannose and hybrid N-glycans liberating the
glycan from the protein while leaving behind the initial GalpNAc residue on the protein. While
often referred to as a glycosidase, it is more appropriate to refer to PNGase F as an amidase as
it hydrolyzes the amide linkage between the GlcpNAc on the reducing end of the glycan and the
asparagine residue. Treatment of proteins with PNGase F leaves a characteristic scar as the
asparagine residue is chemically converted to an aspartic acid residue.
1.2.3: O-glycans

O-glycans are another type of glycan frequently found on proteins; however, they differ
from N-glycans in several ways*’. For instance, O-glycans are linked through a serine or threonine
residue in a glycosidic linkage and there is no reliable sequon to predict O-glycosylation sites.
Moreover, there is no precursor like there is for N-glycans and the glycans are built up one
monosaccharide at a time. There are many types of O-glycans including: O-GalNAc, O-Mannose,
O-Fucose, O-Xylose, and O-GIcNAc*" *2. All of these factors make O-glycans very structurally
diverse.

1.2.3.1: O-GalNAc glycans
Mucin-type O-GalNAc glycans are the most common forms of O-glycans and the initial

GaIlNAc is added to a protein by a family of twenty polypetidyl GalNac transferases
(ppGaINAcTs)*®. When identifying the roles of O-GalNAc glycans, knocking-out cosmc, a
chaperon required for functional core 1 galactose transferase (C1GalT) the enzyme responsible
for elongating the Tn antigen a(GalpNAc—Ser/Thr) to the T antigen p-Gal-(1—3)-a-GalpNAc-
(Ser/Thr) also known as core 1 O-GalNAc. This results in truncated O-GalNAc glycans®. As an
alternative to genetically interrupting the biosynthesis of O-GalNAc glycans, a-benzyl-GalNAc can
be used as a pharmacological inhibitor of O-GalNAc glycans, which acts via a decoy acceptor®.
Unfortunately, there are no enzymatic tools equivalent to PNGaseF or EndoH to study O-glycans.
Instead of removing O-glycans enzymatically, O-glycans can be liberated from their protein

through B-elimination. However, these conditions are not ideal, as under basic conditions, open
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chain monosaccharides can undergo further eliminations/rearrangements as well as truncated

glycans due to the presence of an acidic proton (Figure 1.8)*.
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Figure 1.8: B-elimination mechanism of O-glycans. R1 represents a hydrogen (serine) or methyl
group (threonine). Rz, R3, and R4 represent possible extension points of the glycan or hydrogen if the
glycan is not extended. PT, proton transfer.

Following the addition of the initial GalpNAc, many different O-glycan cores can be
assembled, with cores 1-4 being the most common (Figure 1.9)*. Alternatively, the glycan may
not be modified (yielding the Tn antigen) or the GalpNAc can be sialylated (forming the siay/ Tn
antigen). The Tn and siayl Tn antigens are uncommon and are typically elongated in healthy
humans. However, these truncated glycans can be a molecular marker for cancer*” “8, While O-
GalNAc glycans are found on many proteins, they are particularly abundant on a family of proteins
known as mucins®. In fact, a defining characteristic of a mucin is having a stretch of amino acids
that is heavily glycosylated with O-GalNAc glycans (up to 80% by weight)*°. Mucins can either be
soluble and released to the extracellular matrix® or they can be membrane-bound extending out
from the surface of cells®'. Cell surface mucins are characteristic of epithelial cells and contributes
to the formation of a protective gel around the cells especially in the gut and lungs. These mucins
are often considered the first line of defense between the outside world and tissues such as the

lungs and gastro-intestinal track®?.
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Figure 1.9: O-GalNAc O-glycans. Different types of O-GalNAc cores. Cores 1-4 (highlighted in green)
are the most common. R is either a H (serine) or CHs (threonine). R2 and R3 are possible glycan extension
points.

1.2.3.2: O-Mannose glycans
The O-mannose modification (Figure 1.10) is less abundant (30% of O-glycans®) and

has fewer cores compared to O-GalNAc glycans, however it is still an important modification.
Disruptions in O-mannosylation leads to neuronal disorders and muscular dystrophies®. There
are two enzymes Protein O-mannosyl-transferase 1 and 2 (POMT1 and POMT2), which are both
required for transferring the initial mannose to the protein in the ER®.There are three O-mannose

core structures, which can be further modified as the protein travels through the Golgi apparatus®.

O-Mannose glycans
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Figure 1.10: O-Mannose O-glycans. R: is either a H (serine) or CHs (threonine). Rz, Rs, and R4 are
possible glycan extension points.

1.2.3.3: O-Fucose glycans
A serine or threonine residue can also be modified with a fucose residue (Figure 1.11).

Fucose is added to proteins by Protein O-fucosyltransferase 1 (POFUT1 or FUT12), which
initiates the synthesis of epidermal growth factor-like repeats (EGFR) glycan motif and acts on
the sequon of Cys-Xxx-Xxx-Xxx-Xxx-Ser/Thr-Cys where Xxx is any amino acid®®. Protein O-
fucosyltransferase 2 (POFUT2 or FUT13) also transfers a fucose to a protein through a serine or
threonine residue however it proceeds the biosynthesis of thrombosin type-1 repeats glycan motif

and recognizes the sequon Cys-Xxx-Xxx-Ser/Thr-Cys®®. Both POFUT1 and 2 act on their protein
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substrates in the ER®. Compared to other types of glycans, the biological functions of O-fucose

are relatively unknown.

O-Fucose glycans
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Figure 1.11: O-Fucose O-glycans. R is either a H (serine) or CHs (threonine). Rz is a possible glycan
extension point.

1.2.3.4: O-Xylose glycans
O-Xylose is another type of O-glycosylation, which is the starting point for many

proteoglycans which are proteins that are decorated with long linear glycan chains often with
repeating subunits made of two monosaccharides (Figure 1.12)*®. The addition of xylose by
xylose transferase 1 or 2 (XT1/2) to a protein begins the biosynthesis of heparan sulfate and
chondroitin sulfate®®; both of these start from the same motif and are important components of the

extracellular matrix*2.

O-Xylose glycans
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Figure 1.12: O-Xylose O-glycans. R is either a H (serine) or CHzs (threonine). Rz, is a possible glycan
extension point.

1.2.3.5: O-GIcNAc glycans
O-GIcNAc is different than the other types of O-glycosylation because it is not elongated

like the other types and only exists as a single monosaccharide linked to a protein (Figure 1.13)°’.
Moreover, O-GIcNAc sites are found on intracellular proteins rather than cell surface proteins.
Additionally, there is only one enzyme, O-GIcNAc transferase (OGT), that catalyzes the addition
of GIcNAc to a protein®”. Another important distinction between O-GIcNAc modification and other

glycans is that it is a reversible modification. The reversible nature of this modification allows it to
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participate in cell signaling pathways and, in many cases, it competes with phosphorylation sites
on proteins®®.

O-GIcNAc glycans
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Figure 1.13: Structure of O-GlcNac modification. R1 is either a H (se.rine) or CHjs (threonine). OGA, O-
GIcNAcase; OGT, O-GIcNAc transferase.

1.2.4: Glycolipids
The last major class of glycans are the glycolipids, more specifically glycosphingolipids,

that can be further divided into series according to the sequence of monosaccharides extending
from the ceramide®. Regardless of the series, nearly all glycolipids are derived from
glucosylceramide, which is synthesized on the cytoplasmic face of the ER starting from serine
and a coenzyme-A modified fatty acid (Figure 1.14a)®. As glucosylceramide is the precursor to
nearly all glycolipids, UDP-glucose ceramide glucosyltransferase (UCGC) is often a genetic or
pharmacological target for the disruption of glycolipid biosynthesis®'. Ceramide travels to the Golgi
apparatus where it is converted into glucosylceramide and can be further elaborated with other
monosaccharides (Figure 1.14b). Different glycolipid series have tissue specific expression. For
example, the ganglio-series or gangliosides are the most abundant form of glycolipid in adult
mammals, with high prevalence in the central nervous system®?. Lacto-series glycolipids can be
found on secretory organs and the neolacto-series and globo-series can be found on white and
red blood cells, respectively®®. The artho and mollu series are generally found in invertebrates

and are not relevant to mammalian biology®®.
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Figure 1.14: Glycolipids as a type of glycan. a, Biosynthesis of glucosylceramide the precursor to
glycolipids. m (16-22), and n (18) methylene units. The alkyl chains may also be unsaturated. b, SNFG
representation of different glycolipid series.

1.2.5: GPl-anchored proteins
Glycosylphosphatidylinositol (GPI) anchored glycans are another class of glycans but are

less abundant compared to N-glycans, O-glycans, and glycolipids®®. The characteristics of a GPI-
anchor are a glucosamine linked to a phospholipid through an inositol. This glycan seed can be
further elaborated with other monosaccharides which anchor a protein to the extracellular side of
the cell membrane (Figure 1.15)%*. The biosynthesis of the GPI anchor begins with the lipid
portion in the ER, after which the protein is linked to a lipid through the glycans®. More
monosaccharides can then be added to the GPI anchor as it travels through the Golgi apparatus®.

An example of a GPIl-anchored protein is CD24, which is important in cell signalling®®.
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Figure 1.15: Glycosylphosphatidylinositol as a glycan. Chemical structure and SNFG representation of
a GPI anchored protein. R1 and Rz are possible extension points of the glycan and Rs is the remainder of
the lipid.

1.2.6: C-mannose
Another infrequent but important type of glycan is C-mannosylation. Like N-glycans, C-

mannosylation sites can be predicted by the sequon Trp-Xxx-Xxx-Trp/Cys where the mannose is
added to the first tryptophan residue (Figure 1.16)%. C-mannosylation is unique from other
glycans as the monosaccharide is attached to the protein through a carbon-carbon bond
catalyzed by C-mannosyltransferase, which acts in the ER. C-mannosylation is proposed to be
important for protein folding and protein secretion®®. An examples of C-mannosylated proteins

include type-1 cytokine receptors®.
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Figure 1.16: C-Mannose as a glycan. Chemical structure and SNFG representation of C-linked mannose
to a tryptophan on a protein.

1.2.7: Extensions and capping of glycans
The diversity of glycans begins with the different types and subtypes of glycans (N-

glycans, O-glycans, efc.), which is further increased by glycosyltransferases that build onto

existing cores®’. Cores are said to be capped by specific glyco-patterns that terminate the growth
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of the glycan chain®®. Common glycan caps are sialic acid and fucose. In some cases, sialic acid
can be directly transferred onto a Gal in an a(2—3) or a(2—6) manner or a(2—6) to a GalNAc
residue, ending the glycan® 7. Alternatively, the glycan can be built up further before it is
capped’’. Many of the cores (Figure 1.17a) terminate with a GIcNAc residue(s), which can serve
as an extension point to further diversify the glycan. One of the ways a terminal GIcNAc residue
can be elongated is by either a $(1—3) or B(1—4) Gal residue, which are referred to as type-1 or
type 2 LacNac respectfully*®. Continuing from type-1 LacNAc, a fucose residue can be added
a(1—4) to the GIcNAc giving a biantennary glycan. The Gal can then be capped with an a(2—3)
sialic acid residue yielding the Lewis A antigen. Lewis antigens are commonly found on blood
cells and many bodily fluids’. Alternatively, the Gal, from LacNAc, can be modified with an
a(1—2) fucose residue giving rise to the blood group H antigen. The H antigen can then be
modified with either a a(1—3) GalNAc or Gal resulting in blood group antigens A and B
respectively*. Another possibility is for the LacNAc to be a(1—3) fucosylated on the GIcNAc. This
can then be followed by a(2—3) sialyation of the Gal, completing the siayl Lewis X antigen or the
Gal can be capped with a(1—2) fucose completing the Lewis Y antigen (Figure 1.17b)">.

The LacNAc motif can serve as a starting point for many other glycan epitopes. Starting
with the simpler glycans, LacNAc can be modified with a a(1—3) Gal yielding the a-Gal epitope,
which is common in many mammals but not humans’, and is the glycan epitope which can cause
an allergy to red meat in response to infection by ticks’*. LacNAc can also be capped with either
a(2—3) or a(2—6) sialic acid yielding a(2—3/6) Siayl-LacNAc. While this can be the end of the
glycan epitope, more sialic acid residues can be added in an a(2—38) linkage to the previously
a(2—3/6) sialic acid. This can happen just once’®, or it can happen many times yielding poly sialic
acid (poly-Sia) with as many as 400 sialic acid residues’®. However, poly-Sia is not very common,
with only six proteins being identified as poly-sialylated in humans™. Alternatively, GalNAc can
be added to in a B(1—4) fashion to a(2—3) Siayl LacNAc yielding the Cad/Sda epitope, which

has implications in xenotransplants as it is not a common epitope in humans but is common in
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other mammals such as pigs’’. Another possible outcome for LacNAc is to be further modified

with more LacNAc®. The poly LacNAc can then be capped with many motifs including a(2—3) or

a(2—6) sialic acid (Figure 1.17c).
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Figure 1.17: Glycan extension and capping of different glycan cores. a, Summary of glycan cores. b,
elongation of terminal GIcNAc residue. ¢, Elongation of terminal LacNAc B-Galp-(1— 4)- B-GlcpNAc-(1—3).

The glycan structure that is produced is governed by which glycosyltransferases and the

specificity of the glycosyltransferases expressed in the Golgi apparatus®. This means that the
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same protein produced in two different cell types may have different types of glycosylation
depending on the glycosylation machinery produced by that cell type. Moreover, glycans are very
heterogenous as not every glycosylation site may be acted on in every copy of a given protein or
lipid, producing either truncated glycans or if the initial monosaccharide is missed, no glycan at
all®. This can complicate glycomic analysis as the same protein can be found with different
glycosylation states or glycoforms even when produced from the same cell. Glycan structures are
further diversified by post glycosylation modifications. Examples of this include Gal and GIcNAc
sulfation (Figure 1.18)"° %% This takes place in the Golgi apparatus and is accomplished using a
family of enzymes referred to as carbohydrate sulfotransferases (CHST) and an activated form of
sulfate called 3'-phosphoadenosine-5'-phosphosulfate (PAPS)?'. The addition of sulfation to

79, 80

glycans affords many properties such as changing interactions with lectins and how glycans

are metabolized®?.
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Figure 1.18: Chemical structures of mono- and di-sulfated LacNAc. R1, Rz, and Rs are possible
branches of the glycans.

Each of these modifications and combinations of these modifications are possible,
demonstrating the complexities and variety of structures that populate the glycocalyx of any given
cell. However, this is not an exhaustive list of glycans, and this section serves only to illustrate

the vast structural complexity of the glycocalyx (Figure 1.19).
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1.2.8: Sialic acid as a cap for glycans
One of the most common and biologically important caps for glycans in mammals is sialic

acid*"" ® 83, Sialic acid is a nine-carbon alpha-keto acid monosaccharide and its biosynthesis
begins in the cytoplasm with the sugar donor UDP-GIcNAc which is converted into N-acetyl-
mannosamine 6-phosphate (ManpNAc-6-P) by the bifunctional enzyme GNE (Figure 1.20a, b)®*.
A carbon-carbon bond is then formed between ManpNAc-6-P and phosphoenolpyruvate by
Neu5NAc-9-P-synthase to N-acetylneuraminic acid (Neu5Ac) 9-phosphate. The product is then
dephosphorylated by a phosphatase yielding Neu5Ac that is subsequently transported into the
nucleus for it to be charged into its donor form CMP-Neu5Ac by the enzyme N-acylneuraminate
cytidylyltransferase (CMAS). CMP-Neu5Ac is then transported out of the nucleus and into the

Golgi apparatus where it is then transferred to a glycan. CMP-Neu5Ac biosynthesis is tightly
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regulated through feedback inhibiting GNE, the first enzyme in the biosynthesis of CMP-
Neu5Ac®.
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Figure 1.20: Biosynthesis of N-acetylneuraminic acid (Neu5Ac). a, b, biological and chemical depiction

the biosynthesis of Neu5Ac respectfully.
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Sialic acid is generally specific to vertebrates, however there are many species-specific,
tissue specific and cell to cell chemical variations®. For instance, keto-deoxy-nonulonic acid (Kdn)
is commonly found in the tissues of fish, whereas N-glycolyl-neuraminic acid (Neu5Gc) and N-

acetyl-neuraminic acid (Neu5Ac) are the predominant forms of sialic acid in mammals(Figure

a b c
HO HO HO
OH 1o o OH o o OH 1o o
HO: o o) HO: o O HO: o O
HO N N
HO 0 M HAO 0O HO™ [ HHO o!
O @)
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R,=H,Ac,Me, SO0,  HO'\—r 4 O
N
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1.21a-c)®*®". In many mammals, both Neu5Ac and Neu5Gc are present in a cell type/tissue
dependant manner. However, Neu5Ac is the only type of sialic acid biosynthetically produced in
humans, as humans have lost a functional gene for the enzyme (cytidine monophospho-N-
acetylneuraminic acid hydroxylase-CMAH) that converts CMP-Neu5Ac into CMP-Neu5Gc® &,
Each form of sialic acid can be further modified at carbon 4, 8, and 9 with acetyl groups and with

phosphorylation and sulfation being possible at carbon 8 and 9, respectively (Figure
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1.21d)*°. However, the modification of sialic acid with phosphorylation and sulfation have not been

robustly investigated.
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1.21: Different types of sialic acid. a, b, and ¢ Chemical structures and SNFG symbols of Kdn, Neu5Ac,
and Neu5Gc respectfully. d, Possible chemical modifications of sialic acids.

1.2.9: Sialic acid as a self-associated molecular pattern
As described above, sialic acid is generally specific to vertebrates and is not commonly

(some species of bacteria produce sialic acid) found across the other kingdoms of life such as
bacteria, fungi, and protozoa, which is important as organisms from these kingdoms are often

pathogenic to mammals and other vertebrates®. This means that sialic acid is a unique marker

24



that can be used to differentiate animal cells from other types of cells. To this end, sialic acid can
be considered a self-associated molecular pattern (SAMP), which can help immune cells
differentiate self-cells from pathogens preventing autoimmunity while destroying pathogens®'.
However, this system of self-differentiation has placed a selective pressure on pathogens and
some bacteria have evolved to make their own sialic acid or scavenge sialic acid from their host
to hide from the immune system®. Sialic acid is also important in viral infection as viral proteins
are synthesised in their host’s cells and can be glycosylated and sialylated by the same machinery
that glycosylates the host proteins®. Moreover, enveloped viruses take pieces of the host cells’
bilayer when they bud off from the cells taking many of the host cells’ glycans with it *. Following
the same motive, many cancerous cells increase the amount of sialic acid on their surface to
avoid being destroyed by immune cells (Figure 1.22)% % While some of the properties sialic acid
imparts to the glycocalyx may be nuanced, one of the most obvious properties sialic acid affords

glycans is the ability to bind to lectins and modulate immune cell function®’.

) sialylated sialylated hyper-sialylated
self cell bacterium bacterium virus cancer cell

U 0 O
W i

Figure 1.22: Biological roles of sialic acid. Sialic acid is a self-associated molecular pattern which
can help the immune system differentiate self-cells from non-self-cells (highlighted in green).
However, some pathogens and cancers take advantage of this system to avoid or exploit the immune
system (highlighted in red).
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1.3: The Siglec family of cell surface receptors
The sialic-acid-binding immunoglobulin-like lectins or Siglecs are a family of cell surface

receptors that are typically found on the immune cells of vertebrates. Siglecs are defined as |-
type lectins due to their homology with the immunoglobulin superfamily and their ability to bind
sialylated glycans®®. There are several structural components that make up a Siglec (Figure
1.23a). First, there is the extracellular N-terminal glycan-binding domain known as a V (variable)-
set domain, which is responsible for engaging with the glycan®. Within the V-set domain of a
Siglec, there is a common positively charged arginine which forms a salt bridge with the negatively
charged carboxylate of sialic acid (Figure 1.23b). All Siglecs also have at least one 1gG-like (i.e.
C (constant) 2) domain that serves as a spacer to place the V-set domain away from the plasma
membrane of the cell. The number of C2 domains in a Siglec can range from sixteen (Siglec-1)
to one (Siglec-15)®. Another common structural feature between Siglecs is a disulfide bond
between the V-set domain and the first C2 domain which, provides more structure to the V-set
domain. Siglecs are anchored into the plasma membrane by a single pass transmembrane
segment. Some Siglecs such as Siglec-15 have a positively charged residue in their
transmembrane domain which requires an adaptor proteins such as DAP12 to exist in a
membrane®. The cytoplasmic tail of the Siglec is presumably unstructured and, with the exception
of Siglec-1, contain signalling motifs'®. The majority of Siglecs contain motifs that antagonize
immune cell signaling, although some Siglecs, such as Siglec-15, are activitory in nature owing
to their pairing with DAP12 and the absence of an inhibitory motif'°*. The inhibitory signaling motifs
are described as immunoreceptor tyrosine-based inhibitory (ITIM) or ITIM-like'®. The number of

these motifs can also vary between Siglecs. These strucutal features unite the Siglecs as a family

of receptors, however, finer aspects of their structure and function can vary across species'®.
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Figure 1.23: The human Siglec family. a, Representation of the human Siglec family. b, Depiction of the
critical salt bridge that forms between an arginine residue in the V-set domain of the Siglec and the
carboxylate of the sialoside.

1.3.1: Siglecs across species
Siglecs first evolved approximately 400 million years ago as all jawed vertebrates have

Siglecs in some capacity (Figure 1.24)'%2. Siglecs can be divided into two groups: the conserved
Siglecs and the CD33-related Siglecs'®. As their name implies, the conserved Siglecs are
conserved across vertebrates with respect to primary sequence similarity and cell type
expression'®. The CD33-related Siglecs are said to be rapidly evolving and tend to be unique to
each species. However, some of the members of the CD33-related sub-family of Siglecs can be
likened between species as orthologs or paralogs while others are unique to that species.
Orthologs result from new genes evolving from a common ancestral gene and paralogs result
from a gene duplication event'®. In humans, there are fifteen Siglecs and they are referred to by
a number. The conserved Siglecs are Siglecs -1, -2, -4, and -15 while the CD33 related Siglecs
are Siglec-3 through Siglec-12, Siglec-14, and Siglec-16. Siglec-12 is often left out when
discussing the Siglec family as its glycan binding domain has evolved such that it cannot bind
glycans'®. In addition to the human Siglec-sialic acid-axis being different from other mammals,

due to the absence of Neu5Gc in their glycans, humans also lack Siglec-13 while it is present in

27



other mammals such as chimpanzees'”’. As Siglecs are conserved across vertebrates many
organisms such as zebra fish'%®, mice'® and great apes’'® can serve as model organisms to study
the roles of Siglecs in human physiology. However, there are structural differences between
Siglecs from different species which may have biological consequences, and outside of a few
examples such as CD22'"", how Siglecs differ functionally between species has been largely

unexplored.
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Figure 1.24: Evolution of Siglec-sialic acid axis. The relevant highlights of the evolution of Siglecs. The
first appearance of sialic acid biosynthesis approximately 500 million years ago (MYA) shortly followed by
the evolution of the conserved Siglecs (440 MYA). The CD33 related Siglecs evolved approximately 200
MYA and CMAH (cytidine monophospho-N-acetylneuraminic acid hydroxylase) was lost in humans
approximately 3 MYA.
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1.4: Siglec ligand binding

1.4.1 cis vs trans binding
Siglec-glycan binding can be divided into two types. One type is referred to as cis binding,

which refers to when the Siglec and the glycan are on the same cell (Figure 1.25a). The other
type of binding is known as frans binding, where the Siglec ligand is on another cell, particle, or

soluble protein (Figure 1.25b)""2

. When a Siglec is bound to a cis ligand, the Siglec is said to be
masked as it is limited in its ability to bind in trans (Figure 1.25¢)'. However, if the cis ligands
are removed, the Siglec is said to be unmasked (Figure 1.25d), making frans binding more

favoured. This balance between cis and trans binding is relevant when studying the physiological

roles of Siglecs.

a b c d
cis binding trans binding masked unmasked
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Figure 1.25: Siglec binding can be either in cis or trans and depending on the relationship between
the ligand and the Siglec. a, b, depiction of cis and trans Siglec binding where the Siglec and the ligand
are on the same cell/particle or different cell/particle respectively. ¢, d depiction of Siglecs being masked
and binding cis ligands over trans ligands or unmasked and binding trans over cis ligands respectively.

1.4.2 Siglec-ligand interactions are driven by non-covalent interactions
While each Siglec has a different preference for different glycan motifs®, the binding

between a Siglec and its ligand is a reversible non-covalent interaction that is driven by the sum

of many weaker interactions'"®

. Gibbs free energy is often used as a measure of the strength of
a given bond or non-covalent interaction. For reference, the Gibbs free energy required to break
a carbon-carbon bond is approximately 90 kJ/mol (Figure 1.26)"'*. The binding of a Siglec to its

ligand is largely driven by the salt bridge formed between the carboxylate anion of the sialic acid
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and the guanidinium cation of the arginine residue from the Siglec. lonic interactions, such as this

IS, Other non-covalent interactions that are

have a Gibbs free energy of approximately 5 kdJ/mo
important for Siglec binding are hydrogen bonds which typically have a Gibbs free energy of 1-2
kJ/mol''®. In some cases, such as with Siglec-2 (CD22), a significant decrease in binding to
sialosides with 9-O-acetylation was observed, which is likely due to the loss of the hydrogen bond
between the 9 hydroxyl on the sialic acid and Siglec'"”. Dipole-dipole interactions likely also

contribute to the binding between a Siglec and a sialoside'"®

. Another key contributor to Siglec
binding is the hydrophobic interaction. Binding between any two molecules is inherently
entropically disfavoured, however the properties of an aqueous environment can be leveraged to
make binding favourable due to the hydrophobic effect and Van der Waals or dispersion forces'®.
When a hydrophobic molecule or a hydrophobic patch of a protein is placed in an aqueous
environment, it causes ordering of the water molecules around the hydrophobic area. Siglecs tend
to have hydrophobic patches in their binding site that are occupied by ordered water molecules'"®.
When the sialoside binds to the Siglec, the hydrophobic areas of the glycan can line up with these
hydrophobic patches on the Siglec releasing the water to the solvent, where it is then disordered
making the binding entropically favourable. Moreover, hydrophobic groups can form favourable
interactions through London dispersion forces. Through the sum of all these relatively weak

interactions, Siglec-sialoside binding is possible, however it is relatively weak® when compared

to other biological interactions.
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Figure 1.26: Non-covalent interactions drive the interaction between a Siglec and sialosides.
Comparison of the Gibbs free energy between different kinds of non-covalent interactions as well as the
amount of energy required to break a carbon-carbon bond for comparison.

1.4.3: Relative strength of Siglec-glycan interactions
Protein-ligand interactions can be simplified to an equilibrium illustrated in Figure 1.27a.

Typically, protein-ligand interactions are quantified by a dissociation constant or Ky (Figure
1.27b). The Ky is often used as a measure of binding strength of a given interaction as it is the
concentration at which half the binding sites on the protein are occupied by the ligand on the
protein. Typical Ky ranges for a Siglec and a sialoside are 10°3-10° M (10 uM — 1 mM) depending
on the Siglec and the sialoside®. When comparing this with other non-covalent biological
interactions such as insulin/insulin receptor (10° M)'?, antibody/antigen (10°-107'2 M)'?', or
streptavidin/biotin (10™'*-10"° M)'#2, Siglec-sialoside interactions are relatively weak (Figure
1.27¢). However, Siglecs overcome their relatively weak affinity for their ligands through a
phenomenon known as avidity (Figure 1.27d)'?®. Avidity can be simplified as many weak
interactions adding up to a strong interaction or “a whole is greater than the sum of its parts” and
interactions that leverage avidity are often likened to Velcro®. However, the effect of the number
of binding pairs on avidity is not linear and modeling these interactions is non-trivial'?*. Avidity is

the multivalent binding strength between two cells, a cell and a particle, or two particles.
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Figure 1.27: Protein ligand binding and comparison of the binding strength between receptor ligand
pairs in biological systems. a, Simple depiction of protein ligand interaction. b, Formula for calculating
the dissociation constant Kq for protein ligand interactions. ¢, comparison of the binding strength as
measured by Kq between various protein ligand pairs. d, depiction of avidity between Siglecs and sialosides.
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1.5: Siglecs in biological systems

1.5.1: Siglec functions
Siglecs, which are generally expressed by immune cells, have many functions. Most of

these functions are controlled by the binding of a Siglec to its ligand(s)'® '?°. One of the functions
of Siglecs is cell-adhesion. Indeed, Siglec-1 was first known as Sialoadhesin as it was found to
help macrophages adhere to other cells through sialic acid containing glycans (Figure 1.28a)'®.
Another function of Siglecs is to endocytose particles, such as extracellular vesicles and viruses.
Many Siglecs including Siglec-1%4, -2'%6 -3'%" 6% and -9'%° have all been known to endocytose
(internalize) particles (Figure 1.28b). While internalization of particles by Siglecs is believed to be
largely driven by the intracellular signaling motifs, interestingly Siglec-1 does not possess any
signaling motifs, yet it is still capable of internalizing particles. This suggest that the mechanism
of internalization may not be conserved across Siglecs. In addition to internalization, Siglecs are
also known to regulate cell signaling through glycan binding, this can be in trans where the Siglecs
on one cell affect the signalling pathway on another cell (Figure 1.28c) or in cis where the Siglec
affects the signalling on the same cell as the Siglec (Figure 1.28d). Examples of Siglecs
modulating cell signalling in frans are rare, but one example is Siglec-7 which has been shown to

decrease T cell activation however the mechanism(s) of this are not well understood'”.

Additionally, Siglec-9 has been proposed to induce apoptosis in cells by binding in trans™"

. Siglec
cis-signaling has be more thoroughly studied and many Siglecs including Siglec-2, -3, -7, and -9
have been shown to inhibit cellular activation through Fc receptors'? 33, Siglecs are not like other
types of cell surface receptors such as G-protein coupled receptors'* that undergo confirmational
change when they bind their ligands. Instead, Siglecs need to be in close spatial proximity to their

counter receptor in order to dampen a signalling cascade'®

. Once in proximity to the activitory
receptor, the ITIM and or ITIM-like motifs are phosphorylated by Src kinases. Following
phosphorylation, the Siglec then recruits phosphatases such as SHP-1 or -2 which then act on

the activitory receptor dampening the activitory signal’®2. All of these functions make Siglecs
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multifunctional cell surface receptors that immune cells can use to battle pathogens and maintain
immune homeostasis. Because the many functions of Siglecs are initiated by Siglec binding to its
ligand(s), understanding Siglec ligands is paramount for understanding Siglec function.
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Figure 1.28: Biological roles of Siglecs. a, Siglecs contribute to cell adhesion and immune synapse
formation through binding ligands in trans. b, Siglecs mediate endocytosis (internalization) of extracellular
particles such as viruses or extracellular vesicles. ¢, Siglecs can affect cell signaling in trans by clustering
ligands on other cells into microdomains. d, Siglecs can affect cell signaling in cis by being brought into
close spatial proximity to an activitory receptor.
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1.6: Current state of Siglec ligands

1.6.1 Approaches to describe Siglec Ligands
To understand the biological roles of a Siglec, a complete description of their ligands is

required. Physiological and pathophysiological circumstances when these ligands change have
the potential to drive biological effects through altered Siglec function. To this end, many studies
have investigated which type(s) of sialoside a Siglec can bind. This has been accomplished with
a variety of approaches including glycan microarrays, ELISAs, cell-based glycan arrays,
probe/nanoparticle-based glycan arrays, lectin microarrays, and mass spectrometry-based
approaches to name a few?® 7% 128.135.136. anq each approach has its own advantages and
disadvantages.
1.6.2 Plate-based glycan arrays

Surface-based glycan arrays are a high throughput approach ideal for screening large
libraries of glycans against many Siglecs. Surface-based glycan arrays can be divided further into
glycan microarrays (GMA)'3¢: 137. 138.139.140 5nd enzyme-linked immunosorbent assays (ELISAs)
128,141, 142,143 "|n both a GMA and ELISA, glycans are displayed from a solid surface such as a
glass slide or microplate well respectively (Figure 1.29). A general difference between the two
approaches is that in a GMA the glycans are chemically linked to the surface whereas in an ELISA
the glycans are non-specifically adsorbed to the surface’* '*°. The glycans are then probed with
a soluble version of a Siglec and is detected with a fluorescently labeled secondary antibody in a
GMA or an antibody conjugated to a reporting enzyme in an ELISA. An additional difference
between a GMA and ELISA is GMAs typically probe a larger library of compounds compared to
ELISAs. A disadvantage of surface based glycan arrays is that the glycans are presented in an
unnatural way which can affect the Siglec’s ability to recognize the glycan. Moreover, the glycans
in a surface-based glycan array are typically synthesised and, therefore, the pool of glycans is

limited to what is synthetically accessible.
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Figure 1.29: Glycan-arrays for discovering Siglec ligands. a, depiction of general synthetic scheme
used to link a glycan to a surface. It is common for the glycan to be modified at the reducing end with a
nucleophilic functional group whereas there is an electrophilic functional group on the surface. b, Examples
of commonly used nucleophile and electrophiles for linking glycans to a surface. ¢, Schematic of how
Siglec-glycan binding is reported. In a GMA (glycan microarray) the binding between a Siglec and glycan
is typically reported using a fluorescently labeled secondary. In an ELISA (enzyme-linked
immunosorbent assays), the binding between the Siglec and glycan is quantified colourimetrically by a
secondary antibody that is conjugated to an enzyme such as horseradish peroxidase. Nu, nucleophile; LG,
leaving group.

1.6.3 Cell-based glycan arrays
Another common approach is a cell-based glycan array where the glycans on cells are

probed directly using a soluble version of a Siglecs (Figure 1.30)*" > #°_Cell-based glycan arrays
are ideal for discovering if Siglec ligands are present on a given cell. Using genuine/primary cells
and tissues ensures the glycans are presented in a biologically relevant context; however, it can
be challenging to determine specific Siglec-glycan interactions. Cell-based glycan arrays can be
complimented by genetically engineering cells that express different carbohydrate modifying
enzymes such as carbohydrate sulfotransferases’, CMAH or specific sialyltransferases. The
effect of a glycosyltransferase on Siglec ligands can also be probed by knocking-out different
glycosylation pathway enzymes®. Moreover, glycans on a cell can also be enzymatically modified
with neuraminidases or can be built up further using exo-enzymatic modifications'*® 147 148 astly,

pharmacological inhibitors can also be used to modify the glycans of a cell'*°.
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Figure 1.30: Cell-Based arrays for discovering Siglec ligands. Cell-based glycan arrays are ideal for
probing Siglec ligands in a natural context on cell lines or primary cells (a). Moreover, cell glycans can be
modified to have a defect in a glycosylation pathway either genetically, pharmacologically or by using small
interfering RNAs (b). Alternatively, or overexpressing a glycan modifying enzyme can be used to explore
the effect of an enzyme on Siglec binding. Another popular strategy is to treat cells with glycan modifying
enzymes such as neuraminidases, mucinases, efc. to explore the effect of the enzyme on Siglec binding
to the cells.

1.6.4 Nanoparticle-based glycan arrays
Nanoparticles decorated with glycans are another common approach for discovering

Siglec ligands (Figure 1.31). There are many different types of nanoparticles, but common

128, 150, 151, 152 and

nanoparticles used for probing Siglec ligands include liposomes®”
bacteriophages'?® 3% 153 Alternatively, a glycan of interest can be covalently linked to a protein
such as bovine serum albumin, but this is less common'*. Advantages of using glyco-
nanoparticles are that the glycans are defined and homogenous and that the glycan itself is not
the reporter. Additionally, for glycolipids presented from liposomes, the glycan is presented in a

more biologically relevant context compared to glycan arrays or ELISAs, and that the glycan

density can be easily modulated. Historically, Siglec-glycolipid interactions have been studied
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outside the context of a lipid bilayer such as in a glycan microarray/ELISA™" 1 Alternately,
glycans have been formulated into lipids by conjugating the glycan through long polymers to
lipids'?”:1%°; again, separating the glycan from the bilayer and presenting the ligand in an unnatural
way. Moreover, both liposomes and phages are generally not immunogenic or toxic making them

ideal for profiling Siglec-ligands in vivo'®® '

. Generally, glycan bearing liposomes are
fluorescently labeled and then added to Siglec-expressing cells and the interaction between the
particle and the cell can be quantified by flow cytometry. In the case of glycan decorated phages,
the phages are labeled with a DNA barcode which enables the binding between the glyco-phage
and a Siglec-expressing cell to be quantified through next generation sequencing. The downside

of using glycan labeled nanoparticles is the work to prepare libraries of glycan bearing

nanoparticles with a high degree of quality control, making it a relatively low throughput approach.

glyco-phage

glyco-liposome

Siglec expressing cell

Figure 1.31: Nanoparticle-based arrays for discovering Siglec ligands. Nanoparticles displaying
glycans such as liposomes or phages can be used to probe binding to Siglec expressing cells. Typically
binding of liposomes and phages to Siglec expressing cells is reported using fluorescence and DNA
sequencing respectively.

1.6.5 Mass spectrometry-based glycan arrays
Lastly Siglec-ligand interactions can be discovered through mass spectrometry-based

approaches (Figure 1.32)%3% 7912 One the biggest advantages of mass-spectrometry-based
approaches is that affinity can be directly measured in a truly label free manner. Recently,

Concentration-Independent (COIN)- native mass spectrometry was developed allowing for the
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determination of disassociation constants between lectins and their glycans independent of the
glycan concentration. This strategy can be coupled with catch and release native mass
spectrometry to identify and absolutely quantify the binding between a lectin and a glycan'®. The
disadvantage of this approach is that regiochemistry of glycans cannot be assigned and glycans
that share a molecular weight cannot be distinguished from each other. Moreover, as Siglecs are
glycoproteins themselves, the heterogeneity of the glycoforms can make mass spectra difficult to

interpret because there are many signals for a single Siglec.
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Figure 1.32: Mass spectrometry-based approaches for discovering Siglec ligands.
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While there are many approaches to discover and dissect Siglec ligands, the approaches
described above are the most common. Using these and approaches similar to these, there has
been great success at describing the ligands of many Siglecs, however, the ligands of some
Siglecs are better described than others. For some members of the human Siglec family, such as
CD22, their ligands are well described (e.g. CD22 generally binds a(2—6) sialic acid presented
from an N-glycan which is installed by ST6Gal1). However, for Siglecs such as Siglec-6, Siglec-
10, and Siglec-15 for example, a complete description of their ligands is lacking. Information
regarding Siglecs and their ligands can be found in Table 1.1. Without an understanding of a
Siglec’s ligands, it is difficult to understand their role in a biological system. Due to the complexity
of the glycocalyx and that one cell type can express multiple Siglecs, tools/approaches that enable

the systematic description of Siglec ligands are greatly needed.
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Table 1.1: Current state of Siglec ligands. N.D., not determine; Ac, N-acetylneuraminic acid; N-glycolylneuraminic acid; PDB, protein data bank.

Siglec sialic acid linkage key high-affinity crystal preferred Neu5Ac/Neu5G enhanced by
; 159 ;
preference sialyltransferases( !19and structure glycan c sulfation
s) developed (PDB ID)
hSiglec-1  a(2—3)'%% 192, q(2—6) ¥, N.D. Yes'60 No gangliosides'?® Ac > Gc'¢’ No™®
a(2—8)128. 152
hCD22 a(2—6) 37 162 ST6Gal1'63 Yes'64 5VKJ N-glycans'6® Ac = G¢'61. 166 6-O-GIcNAC™®
hCD33 a(2—3)%, a(2—6)¥" ST3Gal4®0 Yes'67 No O-glycans®, N- Gc > Ac'®7: 161,166 §.0-Gal"™® & >
glycans® 6-O-GIcNAC™®
hSiglec-4  a(2—3)'%, a(2—6)%, ST3Gal280 Yes'68 No gangliosides'?® N.D. N.D.
a(2—8) 128
Siglec- a(2—3)128. 141 g(2—8)'% N.D. No No O-glycans, Gc > Ac'37. 166 6-O-Gal®
5/14 141 gangliosides'?®
141
Siglec-6 a(2—3)'%8, a(2—6)6°, N.D. No No gangliosides'?® Gc > Ac'®® N.D.
a(2—8)128
Siglec-7 a(2—3)128. 141 q(2—6)'70 ST3Gal180. 172/280 Yes'32 2HRL, 107V, O-glycans, Ac = Gc'"™ 6-0O-Gal™ 8 >
171 inai 128, _0)- 79,
ST6GaINAC280/380/480 1NKO ?ﬁngllomdes 860 O-GIcNAc
0(2_>8)128, 141 , 171
Siglec-8 a(2—3)7 95. 140,174 ST3Gal4® Yes'"® 7QU6, 2N7A O-glycans, N- Gec > Ac 6-O-Gal® 8. 174
glycans 6-0-GIcNAC™
Siglec-9 a(2—3)128. 140 g(2—6)132 ST3Gal1'72/480/g80 Yes'76 No gangliosides'®  Ac > Gc¢'¥" 173 6-O-GIcNAC™®
141
ST3Gal4®
Siglec-10  a(2—3)'%8 177 N.D. Yes'76 No N-glycans'’® Gc > Ac™™® N.D.
gangliosides'?®:
177
Siglec- poly a(2—8)'7° N.D. No No poly sialylated Gc > Ac'80. 181 N.D
11/16 glycans
Siglec-15  a(2—3)7% 80 ST6GalNAc180 Yes'82 720Z O-glycans®, Ac > Gc'%° 6-0-Gal™® 8
ST3Gal4®
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1.7: Thesis statement and objectives
The development of any therapeutic begins by understanding the underlying molecular

mechanisms of the pathology and Siglecs are front and center in many pathologies. Viruses
including HIV, Ebola, and SARS-CoV-2° 183.184.185.186 ;56 glycans to exploit the endocytic nature
of Siglecs to infect host cells. Cancerous cells are known to hyper-sialylate which may help them
avoid destruction by the immune system through exploiting Siglecs’ ability to act as an
immunological break®. Dysregulation of the ability of Siglecs to act as an immunological break is
thought to exacerbate autoimmune diseases such as Guillain Barré Syndrome among others'”’.
Siglecs also play a role in the progression of neurodegenerative diseases such as Alzheimer’s

187

Disease, Parkinson’s Disease and Huntington’s Disease'®’. Moreover, Siglecs are thought to play

a role in conception and healthy pregnancies® '8 189

. Understanding the physiological or
pathophysiologic role of a Siglec begins with describing the ligands of a Siglec as all Siglec
functions are initiated by the binding of a glycan. While great progress has been made in
describing Siglec ligands, many gaps remain (Table 1.1). There are many factors that complicate
Siglec-ligand discovery, two of the largest obstacles are diversity of the glycans in the glycocalyx
and that cells that express Siglecs almost always express multiple Siglecs; consequently,
deconvoluting Siglec-ligand interactions is incredibly difficult. If approaches which enable the
ligands of Siglecs to be systematically described are developed, then the physiological and
pathophysiological roles of Siglecs can be better understood. Insights from these approaches
can then be applied to skew physiological mechanisms around the Siglec-sialic axis for
therapeutic benefit (Figure 1.33). This thesis aims to develop new approaches and improve
previously developed approaches (section 1.6) to systematically study Siglec-glycan interactions
and apply discoveries made through these approaches to better our understanding of the

physiological and pathophysiological roles of Siglecs towards developing Siglec/sialoside based

therapeutics.
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Figure 1.33: Thesis statement visual abstract. Siglecs can be modulated for therapeutic benefits if their
ligands are understood.

1.7.1: Chapter 2: The versatility of Siglec-Fcs
In Chapter 2, the versatility of a novel Siglec-Fc chimera platform was demonstrated by

its use in many distinct approaches for studying Siglec ligands which were used in numerous
studies to describe Siglec ligands. Advancements in production and storage of Siglec-Fcs was
optimized and used to discover Siglec ligands on primary cells and to dissect the ligands of

various Siglecs including CD33 and Siglec-8 (Figure 1.Error! Bookmark not defined.).
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Figure 1.Error! Bookmark not defined.: Visual abstract of Chapter 2. Siglec-Fcs chimeras are versatile
tools which can be used in a variety of approaches to describe Siglec ligands.

1.7.2: Chapter 3: Liposomes as tools to study Siglec ligands
In Chapter 3, a novel liposomal nanoparticle formulation which, was optimized to study

Siglec-ganglioside interactions was developed. Using this optimized liposome formulation, the
entire human and mouse Siglec family was interrogated against a panel of nine gangliosides.

Many novel Siglec-ganglioside interactions were discovered most notably the ability of Siglec-6

42



to bind gangliosides independent of its conserved arginine residue. Moreover, the ganglioside
binding profiles between human and mouse Siglecs were compared and the appropriateness of
mouse models to study human Siglec-ganglioside interactions was evaluated (Figure 1.Error!

Bookmark not defined.).
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Figure 1.Error! Bookmark not defined.: Visual abstract for Chapter 3. Optimization of a liposomal
formulation to dissect Siglec-ganglioside interactions.

1.7.3: Chapter 4: Exploring the ligands of Siglec-6
In Chapter 4, the ability of Siglec-6 to bind gangliosides was investigated using a panel of

synthetic glycolipids and various genetic approaches discovering that a solvent exposed
tryptophan residue is critical for ganglioside recognition by Siglec-6 and that ganglioside
recognition by Siglec-6 is mostly driven by bilayer presentation. Leveraging the knowledge of
glycolipid ligands of Siglec-6, targeting of physiological Siglec-6 was possible on primary human
memory B cells, mast cells, and placental syncytiotrophoblasts. Moreover, a possible novel
biological function of Siglec-6 was discovered in its ability to mediate the uptake of extracellular

vesicles (Figure 1.34).
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Figure 1.34: Visual abstract for Chapter 4. Liposomes and neoglycolipids were used together to
understand the ligands and probe the biological roles of Siglec-6.
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Chapter 2: Siglec-Fcs as Versatile Tools to Study Siglec
Ligands
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2.2: Introduction

2.2.1: Importance of describing Siglec ligands
The cell surface is decorated in a dense array of complex carbohydrates which play roles in

biology and are particularly important in cell-to-cell communication??5 199 191

. Siglecs are an
immunoglobulin superfamily of type-I membrane proteins found in all mammals with fifteen distinct
Siglecs in humans®. Binding of Siglecs to their sialic acid-containing glycan ligands modulates
immune responses by regulating the spatial proximity of Siglecs to other immune activitory
receptors'?®. Under the appropriate physiological context, recruitment of Siglecs to activitory
receptors can modulate immune cell signaling pathways and the immunomodulatory properties
of Siglecs can be exploited by pathogens and cancers. Indeed, both bacteria'®? and viruses'®
can exploit Siglecs in order to skew the host immune system, and cancerous cells coat
themselves with elevated levels of sialosides to exploit Siglecs®®: 194 19519

Despite their significance in health and disease, there is an incomplete description of their
ligands. Siglec-ligand interactions can be broken down into two categories. When the ligand and
the Siglec are on different cells or particles, it is referred to as a frans interaction whereas if the

Siglec and the ligand are on the same cell or particle, it is referred to as a cis interaction'®’

. Siglecs
recognize sialylated glycoconjugates (sialosides) through a conserved arginine in their V-set
domain and there are three common sialic acid motifs: a(2—3), a(2—6) linked sialic acid linked
to a galactose or N-acetylgalactosamine residue, and a(2—8) linked sialic acid to another sialic
acid residue. As Siglecs have relatively low affinities for their ligands (K4 in the low mM range),
approaches that leverage avidity are needed to study them'®. For instance, Siglec-Fcs are often
complexed with secondaries such as anti-IgG antibodies or Strep-Tactin to increase avidity.
2.2.2: Siglec-Fc chimeric proteins

Siglecs are naturally membrane bound proteins which makes studying them in vitro

challenging as studying membrane proteins in solution will often cause them to misfold and/or

precipitate. The most common scaffold to use as the Siglec probe is a soluble recombinant version
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of a Siglec in which 2-3 extracellular domains of the Siglec are fused to the constant region of an
IgG antibody, described as a Siglec-Fc chimera, creating a probe with two binding sites (Figure
2.1). This construct makes the Siglec soluble as well as increases avidity (dimer). Moreover, the
Siglec-Fc can be complexed with anti-lgG to from a tetramer further increasing avidity. Generally,
Siglec-Fcs are produced recombinantly in mammalian cells such as Chinese hamster ovary
(CHO) cells because Siglecs are glycoproteins themselves and E. coli lack the biosynthetic

equipment to install the glycans which are required for proper Siglec folding.

Siglec IgG antibody Siglec-Fc chimera
lextracelluar

domai recombinant production { Siglec 3D,
omains +

>

IgG F
IIgGFc Ig ©
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Figure 2.1: Siglec-Fc chimera concept. The extracellular domains of a Siglec, typically the first two or
three extracellular domains including the V-set domain are combined with the constant domain of an IgG
antibody and recombinantly produced as a Siglec-Fc chimera.

Siglec-Fc chimeras have been successfully deployed as tools for probing Siglec ligands for over

198, 199

three decades. Their use began in the early 1990’s for immunoprecipitations , which helped

identify CD22 as being specific for a(2—6) sialosides''” %% 2% The use of Siglec-Fc chimeras as
tools to study Siglec ligands by flow cytometry accelerated in the early 2000’s20": 202. 203, 204, 205
Many recent studies continue to make fundamental insights into Siglec specificity using flow

Cytometry37, 79, 80, 206, 207, 208.

2.2.3: Challenges with the previous versions of the Siglec-Fc

Siglec-Fcs became popular in the early 1990’s with Stamenkovic et al. being one of the
first teams to use a Siglec-Fc and Siglec-Fcs have been popular tools to describe Siglec ligands
ever since'®®. Despite their utility, traditional Siglec-Fc proteins have several drawbacks that may
not be fully appreciated. The first drawback is that the Fc has the potential to engage Fcy
receptors. A second drawback of traditional Siglec-Fc chimeras is the need for an anti-human IgG
secondary antibody for detection; while pre-complexing with a secondary can greatly enhance
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sensitivity, it can potentially further exacerbate binding to Fcy receptors and recognize human IgG
coated to human cells and tissues®®. A third underappreciated drawback, but known well to
researchers in the field, is the instability of commercially supplied Siglec-Fc stored at 4 °C. To
address the first two concerns, other scaffolds have emerged. In 2012, Gieseke et al. used a
different approach where biotinylated monomeric Siglec fragments were complexed to
streptavidin, effectively generating a tetrameric presentation while avoiding display of the Fc®'°.
Another alternative to the Siglec-Fc which, was developed by Gonzalez-Gil et al. was to fuse the
extracellular domains of a Siglec with a cartilageoligomeric matrix proteins (COMPS) to form a
pentameric complex. These probes have had success in discovering Siglec ligands on glycan

139

microarrays *°. The most recent update to the Siglec-Fc chimera was in 2020 when our laboratory

developed a new version of the Siglec-Fc chimera with subtle changes that improves Siglec-Fcs

versatility (Figure 2.2)*.
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Figure 2.2: Key contributions to the development of Siglec-Fc chimera over time.

To circumvent some of the aforementioned limitations of traditional Siglec-Fc chimeras,
our laboratory recently developed a new library of Siglec-Fc chimeras expressed from CHO cells,
with modifications that make them versatile tools for use in flow cytometry as well as other
approaches (immunohistochemistry, glycan microarrays, ELISA, etc.)*’. First, mutations were

introduced into the Fc region to abolish their undesired association to the Fc receptor but still
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allowing for anti-human IgG to be used as a secondary®''. Second, the addition of a C-terminal
Hise-tag allows for facile purification of the Siglec-Fc under mild conditions compared to Protein
G purification that requires strong acidic elution, potentially causing the Siglec-Fc to precipitate®'?.
Our constructs also contain a Strep Tag 112'3, which can be used in parallel with the Hise-tag for
two dimensional purification. Moreover, the Strep Tag |l serves as a genetically encoded handle
for building up a highly multivalent complex with Strep-Tactin (similar to the probe developed by
Gieseke et al.), yielding a probe with up to eight glycan binding sites. To ensure the most
appropriate control is used, like an isotype control in standard flow cytometry, we additionally
created a version of each Siglec-Fc wherein the essential arginine, which forms a critical ionic
interaction with sialosides, is mutated to an alanine. This new generation of Siglec-Fc constructs
are reliable tools for studying Siglec ligands. The use of Strep-Tactin as a reporter has the
additional advantage of avoiding off target binding of the secondary to IgG coated human cells
and tissues. Additionally, our lab demonstrated that this version of the Siglec-Fc can be lyophilized
which improves the shelf-life of these reagents. This new iteration of the Siglec-Fc construct was
used to further describe Siglec ligands in a variety of approaches towards a better understanding
of Siglec ligands to learn more about their physiological and pathophysiological roles.
2.2.4: Flow cytometry

Flow cytometry is a powerful analytical approach to study cells. As its name suggests, flow
cytometers leverage fluid dynamics -flow- to analyze many cells -cyto- at a time. Flow cytometry
is very similar to immunofluorescence microscopy as both approaches typically use fluorescently
labeled antibodies to stain cells however flow cytometry allows for the screening of thousands of
cells per second resulting in robust relative quantification of a fluorescent signal. For reference, a
typical flow cytometry histogram in this work represents at least 10,000 cells or events. In a
traditional flow cytometer, a bulk solution of cells is pushed through a nozzle where it is met by a
relatively quickly moving sheath fluid which results in the cells falling into a single file line due to

hydrodynamic focusing. The cells then pass one at a time through a channel that has many lasers
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and detectors that are used to measure the light scattering and fluorescents emission intensity of
each cell (Figure 2.3a). Once the cells have been analyzed, they are transferred to a waste
reservoir.

Following processing by the flow cytometer, the data needs to be analyzed. There are two
common plots used for the analysis of flow data. The first is a two-dimensional plot where a
different fluorescence intensity is plotted on the x- and y-axis. This ideally produces a plot like
Figure 2.3b which can be divided into quadrants. Each cell is then given a description based on
which quadrant it lands in (e.g. Q1, x,y; Q2, x,y"; Q3, x*,y"; Q4, x",y"). A gate can then be used
to isolate a certain population of cells for further analysis by a similar approach. Another common
way to present flow cytometry data is by using a histogram to show the fluorescence intensity of
a given parameter (e.g. Siglec-Fc binding to a given population of cells) on the x-axis and the
number of cells on the y-axis. Histograms from different populations or staining conditions can
then be overlaid on each other to compare the fluorescence intensities (Figure 2.3c).
Fluorescence intensity is often quantified by taking the median or mean fluorescence intensity
(MFI or mFl) of a population. While similar in many respects, an analytical flow cytometer differs
from fluorescence-assisted cell sorter (FACS) with respect to the fate of the analyzed cells. When
cells are processed with a FACS, the cells are then captured in a new flask to be used for further
experiments whereas cells are transferred to a waste reservoir post analysis in an analytical flow

cytometer.
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Figure 2.3: Flow cytometry as an approach to discover Siglec ligands. a, Schematic of a analytical
flow cytometer. Cells from a suspension are focused using quickly moving sheath fluid which causes the
cells to form a single file line due to hydrodynamic focusing. Once the cells are aligned, the cells pass
through a chamber with many lasers and detectors. The amount of light scattered or emitted by
fluorescently labeled cells is then measured. b, Representative two dimensional flow plots used to isolate
specific cells from a heterogenous population. Cells can be classified as a double negative Q1 (x-,y-), single
positive Q1 (x+,y- ) or Q4 (x-,y+),or a double positive Q3 (x+,y+). Using this strategy, any of these
populations of cells can then be isolated with a gate and examined by another two parameters. This can
be repeated as necessary. ¢, Flow cytometry data can also be represented as a histogram which is used
to visualize the variation in a population of cells with respect to a single parameter. Often the histograms
from two different populations are overlaid in order to make a comparison in a given parameter between
two populations. Flow cytometry is a relatively quantitative method and is excellent at measuring if there is
a difference between two samples however it is not trivial to relate an arbitrary fluorescence intensity (AFI)
to objective output such as number of copies of proteins on a cell or number of ligands etc.
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2.2.5: Siglec-Fc protein production
Siglec-Fcs are generally produced in mammalian cells. Bacteria such as Escherichia coli

lack the biosynthetic equipment to properly glycosylate the Siglec-Fcs which often causes them
to misfold and Siglec-Fcs produced from bacteria tend to have very low yields if any soluble
protein is produced at all. However smaller fragments of Siglecs have been produced from E. coli
(PDB: 7QUS).
2.2.6: Siglec-Fc expression

We chose to use Chinese Hamster (Cricetulus griseus) Ovary (CHO) cells, as they are
known to produce large quantities of recombinant protein and have previously been engineered
to have the Flp-In System allowing them to be easily stably transfected®'*. A stable transfection
is different from a transient transfection as when cells are stably transfected, the recombinant
DNA becomes part of the cells chromosomal DNA and, therefore, all the daughter cells will also
have the recombinant gene; whereas, in a transient transfection, the recombinant DNA gets
diluted with each generation however the cells do not need to be engineered with a system such
as the Flp-In system?'®. Flp-In cells have been engineered to have a Flp-In recombinase site in
one of their chromosomes. However, when the Flp-In recombinase sites are introduced, it is
added to a random location in the genome but once successfully introduced into the chromosome,
all the progeny of that cell will have the recombinase site in the same location. The addition of
recombinant DNA to a cell using the Flp-In system requires a helper plasmid, containing the DNA
recombinase, in addition to a plasmid containing the recombinant DNA. To stably transfect Flp-In
CHO cells, lipofectamine is used as a transfection reagent to shuttle the plasmid containing the
Siglec-Fc DNA (pCDNAD5) and the helper plasmid (pOG44) into the cells (Figure 2.4a)*'®. Once
inside the cell, the Flp recombinase is translated from pOG44 then acts on the Flp sites in
pCDNA5 and the chromosome of the CHO cell and the desired recombinant DNA as well as a

hygromycin resistance gene are added to the chromosome (Figure 2.4b). The cells are then
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cultured in the presence of hygromycin B which selects for cells that successfully underwent
transfection (Figure 2.4c).
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Figure 2.4: Transfection of Flp-In CHO cells to stably express Siglec-Fcs. a, After the Siglec-Fc gene
is cloned into pPCDNA5, pCDNAS5 and pOG44 are co-transfected into CHO Flp-In cells using lipofectamine.
b, pOG44 contains the gene for the Flp recombinase which gets transcribed and translated to produce the
Flp recombinase which catalyses the addition of the gene of interest and a hygromycin resistance gene
into the chromosome of the CHO Flp-In cell resulting in a stable transfection. ¢, The cells then undergo
selection as cells that have successfully undergone recombination with pPCDNAS5 will survive in the presence

of hygromycin B.

2.2.7: Siglec-Fc purification
Once the Siglec-Fc DNA has been successfully added to the CHO cells, the cells will start

producing Siglec-Fcs. The Siglec-Fcs will be released to the media as the Siglec-Fcs still contain
the signal peptide at the start of the Siglec which directs the Siglec-Fc to the cell surface. However,
as the transmembrane domain is lacking from the Siglec, it is not anchored to the vesicle

membrane and when the vesicle from the Golgi apparatus fuses with the cellular membrane the
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Siglec-Fc is freed from the cell?'’. The Siglec-Fc can then easily be separated from the cells by
removing the media from the cells. After the cultured media is isolated from the cells, the Siglec-
Fcs can be purified by a series of affinity chromatography techniques®'®. Siglec-Fcs are not very
stable in solution for long periods of time (days-weeks), so to improve the shelf-life of the Siglec-
Fcs, they are lyophilized which allows them to be stored under ambient conditions and are stable

for longer (years) periods of time (Figure 2.5).
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Figure 2.5: Workflow for the expression and purification of Siglec-Fcs from stably transfect CHO
Flp-In cells. Siglec-Fc expressing CHO cells are incubated in growth media at 32 °C for ten days post
confluence. The media is then isolated from the cells and purification begins using a Ni2+ affinity column.
Following this, the Siglec-Fc is further purified using a Strep Tactin column. The pure Siglec-Fc is then
dialyzed against phosphate buffer saline (PBS), concentrated, and lyophilized for storage.

2.2.8: Approaches for modulating cellular glycans
One of the strengths of a cell-based glycan array is that the glycans are presented in a

very biologically relevant way which, makes this method a great approach to describe Siglec
ligands. However, due to the heterogeneity of the glycocalyx, it can be very difficult to identify
which glyco-epitopes the Siglec is engaging with. To better understand which glycans are the
ligands for a Siglec, the glycans of the cell can be modified through many different means. In this

section, common approaches for modulating cell glycans will be discussed.
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2.2.8.1: Enzymatic digest of cellular glycans
A common approach for modulating Siglec ligands on cells is to treat the cells with a glycan

modifying enzyme such as a neuraminidase (also known as a sialidase)*”'%-?%, Neuraminidases/
sialidases are glycosidases which cleave the linkage between the sialic acid and the underlying
galactose or GalNAc and used by many different organisms but are perhaps most famously used
by viruses such as Influenza®?'. There are many different neuraminidases which have different
specificities with respect to the type of sialoside they cleave. For instance, neuraminidase A
(NeuA) from Arthrobacter ureafaciens cleaves all sialic acid linkages whereas neuraminidase S
(NeuS) from Streptococcus pneumoniae only cleaves a(2—3) linked sialosides®”. Using these
enzymes in parallel can have synergistic effects when describing Siglec ligands. First, Siglec
ligands must be present on the cells of interest under baseline conditions (Figure 2.6a). The cells
can then be treated with NeuA, and if there is a decrease in Siglec-Fc binding, it is evidence that
Siglec-Fc binding is sialic acid dependent (Figure 2.6b). Following this, cells can then be treated
with NeuS, and if there is a decrease in Siglec-Fc binding, it suggest that a(2—3) linked sialosides
contribute to Siglec binding and if binding is not decrease (Figure 2.6¢), it is indirect evidence
that a(2—6) or a(2—8) sialosides are ligands for the Siglec. Neuraminidases are just one
example of glycan modifying enzymes which can be used to describe Siglec ligands on cells in

this way. Other enzymes such as mucinases can also be used in a similar manner??°.
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Figure 2.6: Systemic profiling of cells treated with glycan modifying enzymes to more specifically
describe Siglec ligands. a, b, ¢, Staining of cells in a cell-based glycan array with soluble Siglec-Fc without
enzymatic treatment and treatment with neuraminidase A and neuraminidase S respectfully.

2.2.8.2: Introduction of exogenous glycan modifying enzymes
There are many different strategies for introducing an exogenous gene into a cell. For

instance, the Flp-In system is a simple and facile approach to add a gene of interest into the
chromosome of a cell. However, this approach requires the cells to be previously engineered to
have the Flp-In recombinase site, which can be a cumbersome process limiting the cell types that
can be engineered with the Flp-In system. Lentiviral transduction overcomes this problem by
using a non-replicating virus to stably transfect any given cell. Lentiviral transduction begins by
triple transfecting human embryonic kidney 293T (HEK293T) cells with three different plasmids
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(RP172-transfer plasmid, gene of interest, zeocin resistance, fluorescent protein (mAmetrine) to
con; RP18-packaging vector; RP19-envelope vector-Figure 2.7a). Following the transfection, the
HEK293T cells produce and release non-replicating virus into the media. The media is then
collected, and the virus is isolated by a series of centrifugations. Once the virus is isolated, it is
then added to the cell line of interest. Cells which successfully underwent viral transduction will
be resistant to zeocin and will express the fluorescent protein mAmetrine. Cells that survive zeocin
selection are then checked for mAmetrine signal as well as for the protein of interest (Figure
2.7b). Once it is confirmed that the gene of interest was successfully introduced to the cell line of
interest, the cells are ready for further experiments. Using this strategy, various glycan modifying
enzymes can be exogenously introduced to a cell of interest and its effect on Siglec binding can
be probed.
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Figure 2.7: Expression of an exogenous gene using lentiviral transduction. a, Formation of lentivirus
used for transduction. Three plasmids are transfected into HEK293T cells: 1, RP172 which is the vector for
the gene of interest as well as mAmetrine- a marker for successful viral infection; RP19 which encodes the
vesicular stomatitis virus G glycoprotein (VSVG) envelope protein; 3, RP19 which encodes for the other
proteins that are needed to form a virion. These plasmids are transfected into HEK293T cells which produce
viral particles that are then isolated and will be used to transduce the gene of interest into a cell line of
interest. b, viral transduction schematic where viruses produced by HEK293T cells are used to introduce
an exogenous gene to a cell line of interest.
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2.2.8.3: Knock-out of glyco-genes
While introducing a new gene into a cell line to observe the effect on Siglec-Fc binding is

a very fruitful approach to describe Siglec ligands, the opposite strategy of removing a gene to
see the effect on Siglec-Fc binding can be just as informative. Typically, a gene is knocked-out
using CRISPR/Cas9 system where a trans-activating RNA or trRNA and a CRISPR RNA or
crRNA are complexed with the Cas9 enzyme (Figure 2.8). The trRNA improves the endonuclease
activity of the Cas9 complex and the crRNA directs the complex to a specific location in the
genome??, The complex is transfected into the cell line of interest. The efficiency of gene editing
through CRISPR is largely dependent on a cell’s transfection efficiency (e.g. if the cell does not
take up the CRISPR complex it will not undergo gene editing). To improve efficiency, the trRNA
is modified with a fluorescent reporter, which enables cells that successfully underwent
transfection to be selected for by fluorescence assisted cell sorting (FACS). After the cells have
been sorted, they can then be screened for the absence of the gene of interest by traditional flow
cytometry. Clones that display the phenotype of interest are then validated genotypically by

sequencing the relevant portion of the genome.
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Figure 2.8: Depiction of gene knock-out by CRISPR/Cas?9.
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In this chapter, the versatility of the newly developed Siglec-Fc will be demonstrated by
applying in a cell-based glycan array, ELISA, and bead assay. The emphasis will be studying
Siglec ligands using the Siglec-Fcs in a cell-based assay on genetically/chemically modified cell
lines and primary human cells. Improvements with respect to Siglec-Fc sensitivity and expression
yields through the knock-out of CMAS will also be demonstrated.

2.3: Results

2.3.1: Cell-based glycan array
As Siglec-ligand interactions are relatively weak (Ks=102° M) Siglec-Fcs are often

complexed with a secondary to leverage avidity and increase sensitivity. The Siglec-Fc developed

by Rodrigues et al.*’

can be complexed with either Strep-Tactin or an anti-human IgG antibody
(Figure 2.9a, b). Strep-Tactin can offer some advantages because it can avoid interactions with
Fcy receptors expressed on cells and will not cross-react with IgG coating human primary cells

and tissues.

2.3.1.1: Comparison of Strep-Tactin and anti-hlgG as a secondary
A cell-based glycan array was used to demonstrate that this novel Siglec-Fc-construct is

compatible with both anti-higG and Strep-Tactin as a secondary. hSiglec-1 was precomplexed
with fluorescently labeled Strep-Tactin, robust binding of the complex was observed to wildtype
(WT) U937 cells (a monocytic human immortalized cell line) compared to just Strep Tactin alone
or the corresponding hSiglec-1 arginine mutant (Figure 2.9c). Likewise, when Siglec-7-Fc was
precomplexed with a polyclonal anti-hlgG, significant binding of the complex was observed to
wildtype U937 compared to anti-higG alone or the corresponding arginine mutant of Siglec-7
(Figure 2.9d). These results demonstrate that this new version of the Siglec-Fc can be complexed
with either Strep-Tactin or anti-higG to reliably describe Siglec ligands in a cell-based glycan

array.
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Figure 2.9: Siglec-Fcs can be complexed with either Strep-Tactin or an anti-hlgG antibody. a, b,
complex of Siglec-Fc with Strep Tactin or an anti-hlgG antibody respectively. ¢, Staining of human hSiglec-
1-Fc complexed with Strep Tactin to wildtype U937 cells. d, Staining of Siglec-7-Fc complexed with Strep
-Tactin to wildtype U937 cells. Data is represented as the mean of four technical replicates and error bars
represent one standard deviation from the mean. A one-way ANOVA test was used for statistical analysis.
Not Significant (NS), P > 0.05; ****P < 0.0001.

2.3.1.2: Enzymatic treatment of cell glycans
Another approach for studying Siglec ligands using a cell-based glycan array is to treat

the cells with a glycan modifying enzymes such as a sialidase (Section 2.2.8.1). NeuA cleaves
sialosides regardless of the underlying regiospecificity (Figure 2.10a). Treatment of cells with
neuraminidases is commonly used to demonstrate that Siglec-Fc binding is sialic acid dependant.
Here it was used to determine if binding of our novel Siglec-Fc to cells was sialic acid dependent.
As expected, when wildtype U937 cells were treated with NeuA, a significant reduction in hCD22

binding was observed (Figure 2.10b). While hCD22-Fc biding was significantly reduced
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(approximately 10-fold) to the cells treated with NeuA, it is important to note that there was still
greater binding with the wildtype CD22-Fc compared to the arginine mutant control. This suggest
that not all CD22 ligands were removed during the treatment with NeuA and it could be important

to consider in future experiments that enzymatic treatment of cells may not be 100% effective.
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Figure 2.10: CD22-Fc staining of U937 cells treated with neuraminidase A. a, Neuraminidase A (NeuA)
is a general sialic acid hydrolase that can cleave a(2—3) and a(2—#6) linked sialic acids. b, CD22-Fc
staining of U937 cells treated with and without NeuA. For panel b, data is presented with a representative
flow cytometry histogram as well as a summary chart. Data in the summary chart is represented as the
mean of four technical replicates and error bars represent one standard deviation from the mean. A one-
way ANOVA test was used for statistical analysis. Not Significant (NS), P > 0.05; ****P < 0.0001.

2.3.1.3: Overexpression of glycan modifying enzymes
Using cells that have been engineered to overexpress glycan modifying enzymes can also

be an efficient way to learn how glycan modifications effect Siglec-ligand interactions. This
strategy was used to probe the effect of the presence of Neu5Gc in the glycocalyx of cells on the
binding of human Siglecs. U937 cells virally transduced with CMAH (Cytidine monophospho-N-
acetylneuraminic acid hydroxylase), which catalyzes the conversion of CMP-Neu5Ac to CMP-
Neu5Gc and thereby artificially introducing Neu5Gc glycans into the glycocalyx of the human
U937 cells. When binding of Siglec-Fcs to these cells was investigated, it was found that hSiglec-
1, Siglec-9, and mSiglec-15 bound stronger in the absence of CMAH overexpression whereas
CD33, Siglec-5, Siglec-8, Siglec-10, and Siglec-11 showed improved binding when CMAH was
over expressed. The binding of the remaining Siglecs, (CD22 and Siglec-7) were unaffected by

the overexpression of CMAH (Figure 2.11).
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Figure 2.11: Siglec-Fc binding to U937 cells overexpressing CMAH. Data is presented as the mean of
three technical replicates and error bars represent one standard deviation from the mean. T Represents
that anti-hlgG was used as a secondary instead of Strep-Tactin. A one-way ANOVA test was used for
statistical analysis. Not Significant (NS), P >0.05; *0.05>P 20.01; ****P <0.0001.

Another glycan modifying enzyme family that has recently been demonstrated to be very
important in Siglec-ligand binding is the carbohydrate sulfotransferase family (CHST). CHST
enzymes catalyze the addition of a sulfate group to either a galactose or GIcNAc at the sixth
position. The importance of carbohydrate sulfation on Siglec binding was largely described using
cell-based glycan arrays where cell lines were engineered to overexpress various members of
the CHST family. Using this strategy Jung et al. probed the entire human and mouse Siglec family
against a panel of cells overexpressing CHST1, 2, 4, 8, and 9°°. In this work, the authors found
that carbohydrate sulfation increased binding to CD22, CD33, Siglec-5, -7, -8, -9, -14, and 15. As
carbohydrate sulfation can enhance Siglec-ligand binding, using cells that overexpress these

enzymes can be useful when elucidating the specific glycan ligands of a Siglec. The increase in
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binding of mSiglec-15 and Siglec-9 to CHST1 and CHST2 U937 cells, respectively, compared to

wildtype U937 cells is demonstrated in Figure 2.12.
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Figure 2.12: Binding of Siglec-Fcs to CHST1 and CHST2 expressing cells. a, Binding of mSiglec-15 to
U937 CHST1 (catalyses the addition of a sulfate group to the 6th position on galactose) overexpressing
cells. b, Binding of Siglec-9-Fc to U937 CHST2 (catalyses the addition of a sulfate group to the 6th position
on GIcNAc) compared to wildtype U937 cells. R1, R2, and R3 are possible branches of the glycans. Data
is presented as the mean of three technical replicates and error bars represent one standard deviation from
the mean. A one-way ANOVA test was used for statistical analysis. Not Significant (NS), P> 0.05;
****P <0.0001.

2.3.4: Applying engineered cells to describe Siglec ligands
Describing how Siglec binding is affected by the underlying chemistry (e.g. glycosidic

linkage preference, enhancement by sulfation, etc.) of a cells’ glycans is a good first step towards
a better understanding of Siglec ligands. However, this alone is not particularly informative on
which glyco-epitope(s) are the optimal ligand(s) for a Siglec as all sialic acid linkages and sulfation
motifs can be found in most classes of glycans. To further describe which types of glycans are
ligands for Siglecs, major glycan pathway enzymes (MGAT1, complex N-glycans; COSMC,
elongated core-1 O-GalNAc O-glycans; etc.) can be knocked-out in cells. These knock-out cells
can then be profiled with Siglec-Fcs to observe the effect of the knock-out on Siglec-Fc binding.
However, in order to see the effect of the knock-out on Siglec binding to the cells, there needs to
be robust binding to the cells before the gene is knocked-out. For some Siglecs like hSiglec-1,
CD22, and Siglec-7 this is usually not an issue as these Siglecs bind to many different cell types

with great avidity. Other Siglecs such as hCD33, Siglec-5, and Siglec-9 bind weakly to most cell
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types in the absence of sulfation. In order to improve the binding of these Siglecs, the cells can
be virally transduced with a gene which improves the binding of the Siglec to the cells (such as
CHST1 for hCD33 and Siglec-5 or CHST2 for Siglec-9) before the gene of interest is knocked-

out.
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Figure 2.13: Synergistic effect of use of knocking-out glycan biosynthetic enzymes in cells which
have been virally transduced towards enhanced Siglec binding towards describing Siglec ligands.

2.3.4.1: Describing the ligands of hCD33
Identifying the ligands of CD33 is of great interest due to its role in Alzheimer’s disease

(AD). In the human population there is a single nucleotide polymorphism (SNP), which is found
to be homozygous in approximately 10% of the population®?. This SNP results in the portion of
the mRNA which codes for the V-set of CD33 to be spliced out of the transcript during mRNA
maturation, leading to a protein product which lacks the V-set domain (Figure 2.14)%%.
Interestingly, individuals who are homozygous for this SNP have a decreased susceptibility to AD
however it is unclear why this is the case®”. In this context, full length CD33 is referred to as

CD33M (for major) and the truncated protein is referred to as CD33m (for minor).

CD33M CD33m

85 84

Figure 2.14: Isoforms of CD33. CD33M or the major isoform the protein product of the more common
variant of CD33. CD33m is the minor isoform.
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CD33 is expressed by microglia, the resident macrophages of the brain®°. It has been
proposed that this SNP reduces AD susceptibility through a gain-of-function mechanism, as
microglia that express CD33m show decreased plaque burden compared to CD33 knock-out
microglia®**. The inability of CD33m to interact with its ligands may also contribute to AD
pathology, motivating a better understanding of the ligands of CD33. However, to evaluate the
role of CD33 ligands in AD, the ligand(s) of CD33 need to be described and this has been the
focus of many studies®” 7 8 226 To elucidate the ligands of CD33, a combination of cells
overexpressing CHST1, and various glycosyltransferase knock-outs were used. Siglec-8 was
used in parallel with CD33 as CD33 and Siglec-8 have similar sialoside ligand preferences?%.
Four different cell lines were used for this investigation. First, U937 cells expressing CHST1, the
second was the same cells with MGAT1 knocked-out so that no complex or hybrid N-glycans can
be produced by the cells'. The third cell line had COSMC knocked-out on top of MGAT1 and
expressing CHST1. This prevents the extension of O-GalNAc O-glycans*®. The fourth cell line
had POMGNT1 knocked-out in addition to MGAT1 and COSMC preventing elongation of O-
mannose O-glycans (Figure 2.15a)*. When the binding of the CD33-Fc was measured against
these cell lines, it was found that binding decreased with each successive knock-out, yet binding
was not reduced to the same level of the arginine mutant on the triple knock-out, suggesting that
there are still CD33 ligands present. Siglec-8 showed a similar pattern as CD33, however binding
increased to the double knockout compared to the wildtype CHST1 expressing cells. As there
was still significant binding to the cells with MGAT1, COSMC, and POMGNT1 knocked-out, we
posited that CD33/Siglec-8 may be binding to another type of sialic acid-containing glycan such

as glycolipids, O-Fucose, or glyco-RNA.
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Figure 2.15: Binding of CD33 and Siglec-8 Fc to U937 cells overexpressing CHST1 with various
critical glycosylation enzymes knocked-out. a, depiction of the biosynthetic consequence of knocking-
out MGAT1, COSMC, and POMGNT1. b, Binding of CD33 and Siglec-8-Fc to glyco-knock-out U937 cells.
Data is presented as the mean of four technical replicates and error bars represent one standard deviation
from the mean. A one-way ANOVA test was used for statistical analysis. ** 0.01>P =0.001;
***0.001 >P =0.0001; ****P < 0.0001.

2.3.5 Probing Siglec ligands on primary cells
Cell lines are an excellent starting point to study Siglec ligands. As cell lines are

immortalized, they can be easily grown in large numbers and serve as an ideal platform to
optimize tools to describe Siglec ligands such as the Siglec-Fc chimeras. However, it is important
to recognize that cell lines are not a replacement for genuine biological samples and ultimately,
the goal is to describe Siglec ligands in a genuine biological context such as on primary human
cells and tissues. In this section, the Siglec-Fc probes which were validated and optimized above
were used to probe Siglec ligands on primary human cells.

2.3.5.1 Strep-Tactin is a superior secondary when profiling Siglec ligands on primary cells
After working mainly with immortalized cell lines, we were eager to apply what we learned

about Siglecs to genuine human cells. As human cells and tissues are coated with I1gG isotype

antibodies, anti-hlgG secondary can cause a dramatic increase in background signal or glycan

66



independent Siglec binding (Figure 2.16). This makes Strep-Tactin a better choice of secondary

when probing Siglec ligands on primary human cells.
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Figure 2.16: Binding of Siglec-7 precomplexed with Strep-Tactin and anti-hilgG to primary human
peripheral blood mononuclear cells. Data is represented as the mean of four technical replicates and
error bars represent one standard deviation from the mean. A one-way ANOVA test was used for statistical
analysis. Not Significant (NS), P > 0.05; ****P < 0.0001.

2.3.5.2 Siglec expression on primary cells
Accordingly, we started by measuring Siglec expression on primary human cells. To this

end, immune cells were isolated from the spleens of ten donors (5 males, 5 females) and probed
for both Siglec ligands and Siglec expression. From these donors, six types of immune cells were
isolated by traditional flow cytometry: neutrophils, B cells, CD4* and CD8" T cells, monocytes,

and mature natural killer cells (Figure 2.17, Figure A2.1-Figure A2.6).
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Figure 2.17: Gating Strategy to isolate primary immune cells from human spleens. Using
multidimensional flow cytometry neutrophils (CD15*, CD16%), B cells (CD19%), CD4* and CD8* T cells,
monocytes (CD14") and mature natural killer (NK) cells (CD56%, CD16*) were isolated.

Starting with Siglec expression, it was found that Siglec-1, Siglec-6, Siglec-8, Siglec-11,
and Siglec-15 were not expressed on any of the immune cells tested however, not all immune
cell types were examined. CD22 was found to be unique to B cells and expressed relatively

6. 111,125, 227 CD33 was expressed by neutrophils and monocytes with monocytes

strongly
expressing CD33 20-fold higher than neutrophils. Siglec-5 was found to be expressed by
neutrophils, B cells, and monocytes with similar levels of expression between neutrophils and
monocytes, which was approximately 20-fold higher than B cells. Siglec-7 and Siglec-9 had a
similar expression profile being expressed by neutrophils, mature NK cells, and monocytes with
Siglec-7 levels being the at similar levels on monocytes and mature NK cells and about 20-fold

lower on neutrophils. Siglec-10 was expressed by B cells and monocytes but was expressed 10-

fold more by monocytes.
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Figure 2.18: Expression of Siglecs by human splenocytes. Results are represented as the mean anti-
Siglec antibody binding from ten biological replicates.

2.3.5.3 Siglec ligand expression on primary cells
To tie together the glycan binding preferences to Siglec ligands on cells with the Siglec

expression, we probed human splenocytes from the same ten donors with Siglec-Fcs by flow
cytometry. Typically, Siglec-Fc binding to cells requires pre-complexation with anti-hlgG but using
anti-hlgG with primary cells leads to high background signal as demonstrated above (Figure 2.16,
Figure A2.7-Figure A2.12). To overcome this limitation, the Siglec-Fcs were pre-complexed with
Strep-Tactin instead of anti-hiIgG*’. hSiglec-1, CD22, and Siglec-7 ligands were found
ubiquitously across all the immune cell types tested. The binding of the CD22-Fc to B cells was
the strongest of all the Siglec-Fcs tested, followed by Siglec-1-Fc to monocytes. The Siglec-7-Fc
bound mature NK cells relatively strongly. The remaining Siglec-Fcs bound relatively weakly
compared to hSiglec-1, hCD22 and Siglec-7. Ligands of CD33 were found on neutrophils, mature
NK cells, CD8" T cells and monocytes with similarly intense binding to neutrophils and monocytes
and weaker binding to mature NK cells and CD8" T cells. Siglec-5 ligands were found on
neutrophils, and monocytes with the strongest binding to neutrophils. Interestingly Siglec-5-Fc
bound neutrophils independent of its canonical arginine (Arg119). Siglec-6, Siglec-8, Siglec-9,
Siglec-10, mSiglec-15 were all found to bind monocytes albeit rather weakly; however, Siglec-10

could also bind neutrophils. Siglec-11 ligands were not found on any of the cell types tested.
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Figure 2.19: Siglec-Fc binding to human splenocytes. Results are represented as the mean Siglec-Fc-
Strep-Tactin complex binding of each Siglec to ten biological replicates.

2.3.6: Other Siglec-Fc-based approaches
While Siglec-Fc chimeras are very useful for describing Siglec ligands in cell-based glycan

arrays, our group’s version of the Siglec-Fc chimera is a versatile tool that can be applied in many
different approaches. Previously, Siglec-Fcs have been used in many other experimental
approaches. In this section, it is demonstrated that our version of the Siglec-Fc can also be used
in approaches beyond the cell-based glycan array.

2.3.6.1: Siglec-Fc ELISA
Siglec-Fcs have been used in ELISAs since the early 2000’s and are still used to describe

Siglec ligands presently (2024) 128 141.142.143.228 The glegance of this approach is that it is relatively
simple perform and no specialized equipment is needed. Traditionally, an anti-higG conjugated
to an enzyme such as horseradish peroxidase (HRP) is used as a secondary’'; however, we
wanted to confirm that our new Siglec-Fc chimera also worked in an ELISA and to determine that
the Strep-Tag Il could be leveraged to form a complex with Strep-Tactin-HRP. To address this,
the glycans (in this case synthetic glycolipids, referred to as neoglycolipids (Figure 2.20a, b) are
non-specifically adsorbed to the surface of a microplate and the Siglec-Fc is precomplexed to
Strep-Tactin-HRP. The Siglec-Fc-Strep-Tactin-HRP complex is added to the well of the
microplate containing the glycolipid (Figure 2.20c). Unbound Siglec-Fc is washed away and the
binding of the Siglec-Fc to the glycan is measured by adding an HRP substrate (3,3',5,5'-

tetramethylbenzidine), which becomes coloured when oxidised by HRP. The reaction is quenched
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by adding an acidic solution. Using this approach, binding between hSiglec-1'®® and hCD33'®"
and their respective high affinity ligands was measured (Figure 2.20d). High affinity ligands were
used as they are easy to synthesize compared to genuine glycoproteins and glycolipids and their
hydrophobic tail facilitate absorption to the surface of the microplate. While these results
themselves are not particularly novel, they demonstrate that our new Siglec-Fc construct works
in an ELISA and having a handle on this assay was important in the following chapters.
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Figure 2.20: Siglec-Fc enzyme-linked immunosorbent assay used to probe Siglec ligands. a, b,
chemical structures of high affinity Siglec-1 and hCD33 ligands appended to polyethylene glycol (PEG)as
distearoyl phosphatidylethanolamine respectfully. ¢, Depiction of ELISA where neoglycolipids are adsorbed
to a well of a microplate followed by the addition of the Siglec-Fc-Strep-Tactin-Horseradish peroxidase
(HRP). Unbound complex is then washed away and Siglec binding is quantified upon the addition of TMB
producing a blue coloured compound. The reaction is then quenched with an acidic solution causing the
substrate to turn yellow. The absorbance is then measured at 450 nm. d, ELISA results of hSiglec-1-Fc and
hCD33 binding to their respective ligands in an ELISA. A two tailed Student’s t-test was used for statistical
analysis. ***0.001 > P 20.0001.
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2.3.6.2: Siglec-Fc bead assay
While cell-based glycan arrays are excellent at addressing if Siglec ligands are present on a

specific cell type, cell-based glycan arrays do not provide detailed information on the specific
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glycan recognized by a Siglec. However, the Siglec-Fc platform can still be used to answer this
question when applied in a different, more targeted, experimental approach. Previous
investigations have developed assays where polyacrylamide glycan probes are complexed to
microbeads. Following the complexation of the beads with the ligand polymers, a Siglec-Fc-
complexed with fluorescently labelled antibody is added to the beads and the strength of the
interaction is quantified by flow cytometry'?. Taking inspiration from this approach, we leverage
the Strep-Tag Il and streptavidin coated microbeads to form Siglec-decorated microbeads. As for
the ligands, instead of using polyacrylamide glycan probes we used glycan bearing liposomes.
The Siglec-Fc-bead assay is an ideal approach for addressing if a certain glycan is a ligand for a
Siglec. For example, in a bead assay, a specific ligand of interest is chemically appended to a
lipid, allowing it to be formulated into a fluorescently labeled liposome (Figure 2.21a, b). The
Siglec-Fc is then precomplexed with streptavidin coated beads (approximately 1 uM in diameter)
and the Siglec-coated beads are then incubated with the ligand bearing liposomes and binding is
quantified by flow cytometry. This approach was validated using a previously designed Siglec-1
ligand'®, an FDA approved liposome formulation®?°, and hSiglec-1-Fc coated microbeads (Figure

2.21c).
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Figure 2.21: Siglec-Fc bead assay used to measure the binding between Siglecs and liposome
bearing Siglec ligands. a, Structure of Siglec-1 high affinity ligand appended to PEG4s5-DSPE. b, Depiction
of liposomes and Siglec-Fc bead assay. ¢, Binding of liposomes formulated 2 mol% high affinity Siglec-1
ligand to beads coated with wildtype hSiglec-1. Data is represented as the mean of four technical replicates
and error bars represent one standard deviation from the mean. A two tailed Student’s t-test was used for
statistical analysis. **** = P < 0.0001.

2.3.6.3: Siglec-Fc mass-spectrometry-based assay
Another application of the Siglec-Fc chimera is for it to be used in mass-spectrometry

based approaches. Unlike the other approaches, binding between a Siglec-Fc and glycans in
these types of assays does not require a reporter or to be precomplex with a secondary. These
types of assays are excellent for measuring the affinity of a Siglec for its ligand whereas the other
approaches described above (cell-based glycan array, bead assay, ELISA) measure avidity. In
theory, this approach is quite simple as the relative amounts of free protein, free ligand, and
protein ligand complex can be measured and used to calculate the dissociation constant (Ky). For
this to work practically, a uniform protein spectrum is required. To achieve this, the Siglec-Fc is
produced in Lec1 CHO cells so that all the N-glycans on the Siglec-Fc are high mannose N-
glycans. The Siglec-Fc is then purified as described above. Once purified, the Siglec-Fc is treated
with tobacco etch virus (TEV) protease to liberate the Siglec domains from the Fc generating a

monomeric soluble Siglec fragment. The Siglec fragments are then treated with EndoH to remove
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the high mannose N-glycans (Figure 2.22a)*". In 2023, this strategy has been improved with the
development of concentration-independent (COIN) native mass spectrometry developed by Bui

D. et al. in 2023*° where the Siglec-Fc can be used instead of the Siglec fragment.

a
TEV
* .?Ev
'*;:.-”E:"
b we
(L dd
e QF | e

[PIL]
95 K& PL

e -

Intensity (Rel.)

oo 9% TV .
lL/\ L[/u;x[ .l./l

2600 2800 3000 3200 3400 3600 3800 4000
miz >
Figure 2.22: Depiction of mass-spectrometry based assay for measuring the dissociation constant
(Kd) between a Siglec and a ligand. a, Depiction of the preparation of the monomeric Siglec from the
Siglec-Fc. b, Representative mass spectra of Siglec fragment and Siglec-fragment-oligosaccharide
complex.

After the Siglec fragment is prepared, it is then mixed with increasing concentrations of a
potential ligand and the amount of protein-ligand complex is determined (Figure 2.22b) and the
Ka is derived from this information. This strategy was used in many studies to determine the affinity

of Siglecs towards various oligosaccharides (Table 2.1).
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Table 2.1: Dissociation constants derived between Siglec and glycans using Siglec fragment
approach.*Original study, fwork is under review, OS, oligosaccharide.

Study Siglec Glycan Kda (mM)
a(2—6) Siayllactose 1.0+£0.2
hSiglec-1 a(2—3) Siayllactose 0.5+0.1
a(2—6) SiayllacNAc 1.6+0.3
a(2—3) SiayllacNAc 0.6+0.1
a(2—6) Siayllactose 0.075 + 0.004
hCD22 a(2—3) Siayllactose Not detected
ZRSS(;L%GS E. etal a(2—6) SiayllacNAc 0.060 + 0.005
a(2—3) SiayllacNAc Not detected
a(2—6) Siayllactose 26+0.8
hCD33 a(2—3) Siayllactose 20+0.3
a(2—6) SiayllacNAc 27+04
a(2—3) SiayllacNAc 2.7+0.1
a(2—3) SiayllacNAc >20
a(2—3) Siayl 6-O-Sulfo- 2.5+0.08
Jung J., et al. 20217 hCD33 Gal lacNAc
a(2—3) Siayl 6-O-Sulfo- 8.5+0.5
GIcNAc lacNAc
a(2—3) Siayl 6-O-Sulfo-  0.70+ 0.1
Gal, 6-O-Sulfo-GIcNAc
lacNAc
Schmidt E.N., et al. GM1a OS 1.2+0.1
2023™ hSiglec-1 GM2 OS 0.9+ 0.1
GM3 OS 0.5+0.1
GD1a OS 1.3+0.2
Schmidt E.N., et al. hSiglec-1 GM1a OS 1.5+0.1
2024 GM1b OS 0.89 £ 0.03
mSiglec-1 GM1a OS 20+0.1
GM1b OS 1.2+ 0.06
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2.3.7: Improving the Siglec-Fc
Siglec-Fcs have been tools to study Siglec ligands for over thirty years, however, in 2020,

Rodrigues et al. increased the versatility of the Siglec-Fc with the addition of the Strep-Tag Il, TEV
sequence, and mutant Fc region®’. The development of our panel of soluble Siglecs was started
before | began my doctoral work. After performing many experiments with our Siglec-Fcs as
described above, it was found that there was opportunity to improve these constructs with respect
to the storage, expression and activity.

2.3.7.1: Improving Siglec-Fc activity through amino acid selection
To generate a Siglec-Fc, a section of the Siglec needs to be selected to be recombinantly

joined to the Fc portion of the antibody. Deciding how much of the Siglec sequence will be
included in the Siglec-Fc is very important with respect to its function and stability. Siglec-15 is
conserved between mice and humans and the Siglecs share 82% primary sequence identity yet
when they were compared head-to-head in a cell-based glycan array, the mSiglec-15-Fc
significantly out-performed its human counterpart (Figure 2.23a). This was surprising as
h/mSiglec-15 are very similar proteins and were expected to bind to cells with similar avidity.
Consulting a sequence alignment between our hSiglec-15-Fc, mSiglec-15-Fc, and a commercial
version of hSiglec-15 (from R&D Systems-Figure 2.23b), we noticed that our version of the
hSiglec-15-Fc was two amino acids shorter. Indeed, when the extra two amino acids were added,
hSiglec-15-Fc binding was rescued. This result serves as a cautionary tale for designing chimeric
proteins, and if a chimeric protein such as a Siglec-Fc is not performing as expected, it may be
due to its recombinant structure which causes the protein to misfold. Indeed, during the
purification of hSiglec-15 generation 1, precipitate was observed during the dialysis; however, this
was not observed with hSiglec-15 generation 2. This suggest that the reduced functionality of
hSiglec-15 was likely due to an unstable recombinant structure which was stabilized by the

addition of the two amino acids.
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Figure 2.23: Binding of different generations of hSiglec-15-Fc to CHST1 expressing U937 cells. a,
Binding of generation 1 and generation 2 hSiglec-15 as well as mSiglec-15-Fc to CHST1 overexpressing
cells. b, Sequence alignment of the hSiglec-15 generation 1 and generation 2 as well as mSiglec-15-Fc.
Data is represented as the mean of four technical replicates and error bars represent one standard deviation
from the mean. A one-way ANOVA test was used for statistical analysis. Not Significant (NS), P > 0.05;
****P <0.0001.

2.3.7.2: Improving Siglec-Fc expression and activity
CHO cells are famous for being able to produce large amounts of protein recombinantly

in the order of 10-1000 mg/L which was one of the reason CHO cells were chosen to produce the
Siglec-Fcs®°. However, for the majority of our Siglec-Fc chimeras, the yields are closer to 0.25-1
mg/L. Some gains in Siglec-Fc yield were realized when cells were cultured at 32 °C instead of
37 °C, which is in line with previous findings?®'. Interestingly we found that the arginine mutant
typically expresses at double the yield of the wildtype Siglec-Fc. We hypothesized that this may
be due to the ability of the wildtype Siglec-Fc to engage with sialosides on the CHO cells reducing
the yield and posited that if this were the case, Siglec-Fcs produced from CHO cells lacking sialic
acid containing glycans may improve the yield of the wildtype Siglecs. Moreover, Siglec-Fcs
produced from cells which lack sialic acid containing glycans may have improved activity due to
them being unmasked which has been proposed previously?*2.

To test this hypothesis, CMAS was knocked-out of CHO cells using CRISPR/Cas9. Clones

which had CMAS knocked-out, would not have any cell surface sialic acid and thus could be
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identify by a lack of binding by Siglec-Fcs in a cell-based glycan array. Using Siglec-1 as a screen,

three CMAS KO clones were identified (Figure 2.24).
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Figure 2.24: Validation of CMAS KO CHO Flp-In cells. CMAS KO CHO cells were checked for the
presence of cell-surface sialic acid using hSiglec-1-Fc as hSiglec-1 has robust binding to WT CHO cells
and should not bind to CMAS KO CHO cells.

>

Following the successful generation of CMAS KO CHO cells, the three clones were
transfected with Siglec-7-WT-Fc and Siglec-7-WT-Fc was isolated from these cells. It was found
that all three of the CMAS KO cell lines had increased Siglec-Fc expression compared to wildtype
CHO cells (Figure 2.25a). Moreover Siglec-Fcs produced from CMAS KO cells showed as good
or better performance when used in a cell-based glycan array against wildtype U937 cells (Figure

2.25b) or in and ELISA against ganglioside GD3 (Figure 2.25c)
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Figure 2.25: Comparing yield and function of Siglec-7-WT-Fc produced from wildtype and CMAS KO
CHO cells. a, yield of Siglec-7-WT-Fc from wildtype CHO cells and three CMAS KO CHO cell clones (A6,
B4 and C4, one preparation from each clone). b, ¢, Functional comparison of Siglec-7-WT-Fc expressed
from wildtype CHO cells and CMAS KO clones in a cell-based glycan array using WT U937 cells and in an
ELISA using ganglioside GD3 respectively. For panel a, the yield of Siglec-7-WT-Fc from WT CHO cells
were compared to the yield from three CMAS KO CHO cells. For panel b, and ¢ data is represented as the
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mean of at least three technical replicates and error bars represent one standard deviation from the mean.
A one-way ANOVA test was used for statistical analysis. Not Significant (NS), P>0.5; *0.05>P =0.01;
***0.001>P =0.0001; ****P < 0.0001.

While these initial results with Siglec-7 were encouraging, it needed to be determined if
this was a general improvement to the Siglec-Fc platform or if it was unique to Siglec-7. To answer
this question, more members of the Siglec family were produced as Fc chimeras from CMAS KO
CHO cells. It was found that Sigle-Fcs produced from CMAS KO cells were expressed on average
4-fold higher than from wildtype CHO cells, yet there was no significant increase in the yield for
the arginine mutants produced from the CMAS KO cells compared to the wildtype CHO cells
(Figure 2.26). While the yields are still an order of magnitude lower than other proteins expressed

from CHO cells, expressing Siglec-Fcs from CHO CMAS KO cells does improve the yield

significantly.
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Figure 2.26: Summary of Siglec-Fc yields from wildtype and all C4 CMAS KO CHO cells. Siglec-Fcs
used in the comparison for the wildtype Siglec-Fc were Siglec-5 WT, Siglec-9 WT, Siglec-7 WT, and Siglec-
7 WT (initial test) from wildtype CHO cells and hCD33 WT, Siglec-5 WT, Siglec-8 WT, and Siglec-7-WT
(initial test) from CMAS KO CHO cells. Siglec-Fcs used in the comparison for the arginine mutant Siglec-
Fc expression comparison were Siglec-5 R119A, Siglec-7 R124A, and Siglec-9 R120A from CHO WT cells
and hCD33 R119A, Siglec-5 R119, Siglec-8 R125A, and Siglec-9 R120A for CMAS KO CHO cells.

When the activity of Siglec-Fcs from CMAS KO CHO cells was compared to Siglec-Fcs
produce from wildtype CHO cells in a cell-base glycan array, for each Siglec, there was an
improvement with Siglec-9 showing the greatest improvement in binding at nearly 100-fold
compared to the Siglec-9-Fc produced from wildtype CHO cells. CD33 and Siglec-8 also showed
improvement with -Fc binding increasing nearly 3-fold compared to the Siglec-Fc produced from

wildtype CHO cells. (Figure 2.27). Together these results demonstrate that Siglec-Fcs produced
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from CMAS KO CHO cells are produce at higher yields and have modestly but significantly

improved function which could be due to unmasking of the Siglec-Fc due to the Siglec Fc being

produced in CMAS KO cells.
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Figure 2.27: Binding of Siglec-Fc produced from wildtype and CMAS KO CHO cells to U937 cells
overexpressing CHST1/2. U937 refers to CHST1/2 expressing U937 cells. KO U937 cells refers to cell
expressing CHST1 but have CMAS KO, making the cell devoid of sialylated glycans.
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2.4: Discussion

2.4.1: Siglec-Fcs as tool to describe Siglec ligands
Siglecs are important receptors for maintaining immune homeostasis and are implicated

in many pathologies such as cancers, neurodegenerative diseases, and infections® %7 %" %7 Dye
to their relevance in many diseases, Siglecs are a promising target for immunomodulating
therapeutics. However, before Siglecs can be modulated, their ligands need to be determined. To
this, Siglec-Fc chimeras are versatile tools which can be applied in many approaches to describe
Siglec ligands (Table 2.2).

Table 2.2: Publications that have used the Macauley Lab Siglec-Fc chimeras.*Original work, fwork is
under review.

Publication Application Year
Rodrigues E., et al.**’ cell-based glycan array 2020
immunofluorescence

mass spectrometry

Jung J., etal.” cell-based glycan array 2021
mass spectrometry

Schmidt E.N., et al.”® ELISA 2023
bead assay
mass spectrometry

Bui D., et al.* mass spectrometry (COIN) 2023

Garnham R. et al.”’? cell-based glycan array 2024

Hodgson K. et al.?* immunofluorescence 2024

Schmidt E.N., et al.?? ELISA-bead assay 2024
mass spectrometry

Lima G.M., etal.t cell-based glycan array 2024

2.4.2: Siglec expression by primary splenocytes cells
With a few minor exceptions, Siglecs are generally expressed by immune cells. Using

traditional flow cytometry analysis, the Siglec expression profiles of six immune cell types were
described. The results from this investigation largely agree with the literature, however we were
unable to observe expression of some Siglecs such as Siglec-1, Siglec-6, Siglec-11, and Siglec-
15. However, this is most likely due to the types of immune cells that were examined in this study.

Macrophages are reported to express Siglec-1, Siglec-11, and Siglec-15 and dendritic cells are
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known to express Siglec-1 and Siglec-15, as both of these cell types were excluded from this
study for practical reasons (relatively low abundance in spleen, availability and robustness of
fluorophores available, availability of robust antibodies, efc.) so it is not surprising that no
expression of these Siglecs was observed®. Siglec-6 is expressed by memory B cells and mast
cells (excluded from this investigation). Memory B cells make up a small percent of the total B cell
population (less than 5%)'?; moreover, Siglec-6 is expressed at relatively low levels on memory
B cells. Without the markers to specifically identify memory B cells and the low expression of
Siglec-6, the Siglec-6" B cells likely get drowned out and thus Siglec-6 was not observed on B
cells® '?®, Using markers to identify memory B cells, Siglec-6* B cells were identified in Chapter
4. Siglec-8 is expressed by eosinophils, basophils, and mast cells, which were not investigated in
this study for the same reasons described above®. Siglec-11 is also expressed by microglia;
however, microglia are generally found in nervous tissue and would not be expected in the spleen.
Overall, these results agree with what was previously reported®.
2.4.3: Siglec ligands expressed by primary splenocytes

Using the Siglec-Fc probes, Siglec ligands were investigated on six types of immune cells
isolated from human spleens and some interesting trends emerged. Siglec-1, CD22, and Siglec-
7 ligands were found on all of the immune types tested. CD33 bound the majority of the immune
cell types (Neutrophils, Monocytes, mature NK cells, and CD8*, T cells) tested. Siglec-5 and
Siglec-10 bound weakly to B cells and monocytes and the remaining Siglecs bound minimally to
monocytes. As the general ligand preferences with respect to regiospecificity for some Siglec
family members is known, based on which Siglecs bind to which immune cell the types of
sialosides on each immune cells can be proposed. For instance, CD22 is a strict a(2 —6) binder
and its binding to all cell types is evidence of a(2 —6) linked sialosides being present on all cell

201

types~'. On the other hand, Siglec-1 is generally regarded as a a(2 —3) binder and the binding

the Siglec-1 to all cell types suggests that a(2 —3) linked sialosides is likely present on allimmune

160

cells™". Other Siglecs such as CD33, Siglec-7, Siglec-5 can recognize most or all sialic acid motifs
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making it difficult to speculate which types of sialosides/glycans may be present®. Initially, it was
surprising to observe that R119A Siglec-5-Fc bound to neutrophils. However, after consulting the
literature, it was found that Siglec-5 was previously reported to bind Heat Shock Protein-70
(HSP70) independent of its conserved arginine residue (Arg119), however as a cytoplasmic

234

protein, it is not obvious why this would be the case~. Currently it is unclear if Siglec-5 is binding

HSP70 on neutrophils, however this could be the subject of future investigations.
2.4.4: Relationship between cis and trans Siglec ligands

It is also worth noting that more often than not, cells which express a Siglec tend to also
express the ligands for the same Siglec. For instance, B cells express CD22, Siglec-5, and Siglec-
10 and ligands of all these Siglecs were found on B cells. The presence of both the Siglec and
Siglec ligands on the same cells suggest that the Siglec is likely masked, and this has been
demonstrated with CD22 on B cells'®* 2%, With this in mind, the expression of a Siglec can be
plotted vs the abundance of Siglec ligands to predict which Siglecs are most available to engage
in trans binding (Figure 2.28). Using this analysis, CD22, Siglec-5, and Siglec-7 are likely masked
on B cells, neutrophils, and mature NK cells, respectively, From the other perspective, Siglec-9 is
expressed by neutrophils, mature NK cells and monocytes, but weak to no binding of the Siglec-
9-Fc was observed on these cells. This suggest that Siglec-9 may be more available to bind in
trans. The relationship between cis and frans binding may be incredibly important for
understanding Siglec biology and their roles in various pathophysiologies. For instance, Siglec-9
is known to antagonize Fcy receptor-based cellular activation'? and if it is readily available to
bind in trans, it would be an excellent target for pathogens and cancers to target towards pacifying
neutrophils, NK cells and monocytes. Indeed, Siglec-9 has been proposed as a target for cancer
cells to pass immune checkpoints?*® 2*’. However, it should be recognized that this investigation
probed Siglec expression and Siglec ligand expression on healthy cells. How the balance
between cis and trans ligands changes in different disease states could be very interesting.
Indeed, it has been proposed that cancerous cells increase the amount of Siglec ligands on their
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surface to protect themselves from dangerous immune cells®®. Could a similar glycan remodeling
be applicable in other disease conditions such as bacterial/viral infections or neurodegenerative
diseases? If so what are the biological consequence(s) of this glycan remodeling? These
questions could be the subject of future investigations now that a baseline has been described

with respect to Siglec and Siglec-ligand expression.
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Figure 2.28: Masking potential of Siglecs on primary human immune cells. a, depiction of the balance
between cis and trans Siglec-ligand binding. b, Masking potential of Siglec expressed immune cells under
healthy physiological conditions.

2.4.5: Siglec-Fcs combine with engineered cell lines for describing Siglec-ligands
Cell-based glycan arrays are an excellent approach for identifying which cell types bear

Siglec ligands. However, cell-based glycan arrays are less useful when trying to identify which
specific glyco-epitope(s) are the ligands for a specific Siglec. To better describe Siglec ligands
using cell-based glycan arrays, cell lines can be engineered to express glycan modifying enzymes
such as enzymes from the CHST family or CMAH. Alternatively, key biosynthetic enzymes such
as MGAT1, COMSC, etc. can be knocked-out to narrow down the class of glycan a Siglec prefers,
Moreover, a combination of overexpressing glycan modifying enzymes while simultaneously

knocking-out glycan modifying enzymes can have synergistic effects for identifying Siglec ligands.
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In the case of CD33, which has a rather weak affinity for non-sulfated glycans, CHST1 was
overexpressed to increase the sensitivity of the CD33-Fc. Following this, MGAT1, COSMC, and
POMGNT1 were systematically knocked-out on top of each other. CD33 showed an increase in
binding to cells when MGAT1 was knocked-out. This may be due to their being an excess of other
glycans such as O-glycans in the absence of N-glycans. Many of the glycan-elongating
biosynthetic equipment is shared between different types of glycans. Accordingly in the absence
of N-glycans, more O-glycans could be extended or be sialylated to produce CD33 ligands.
Alternatively, the difference was only 1.7-fold which could be accounted for by clonal variation
which arose during the knocking-out of MGAT1. However, more MGAT1" clones would be
needed to rule this out. CD33 showed a significant decrease in binding when both MGAT1 and
COSMC were knocked-out suggesting that O-GalNAc glycans are the major ligands for CD33
which is in line with previous observations?3®. However, CD33 binding to the double knock-out
was still present. It was posited that O-mannose O-glycans were responsible for the remaining
binding to the double knock-out cells. To address this, POMGNT1 was knocked-out on top of
MGAT1 and COSMC. Binding was reduced compared to the double knock-out yet there was still
significant CD33 binding to the cells compared to the arginine mutant. Taken together, these
results suggest that CD33 ligands are primarily a(2—3) linked 6-O-Sulfo-Gal O-GalNAc
sialosides; however, as the triple knock-out was not able to completely abolish binding, it suggests
that other types of glycans, such as O-fucose O-glycans, GPIl-anchors, gangliosides or glyco-
RNAZ°, could be potential ligands for CD33. Enzymes such as RNAses?*° and phospholipases®*
could be used to treat these triple knock-out cells to resolve if glyco-RNA or GPI-anchors are
facilitating CD33 binding. Moreover, treatment of the triple knock-out cells with GENZ could help
resolve if CD33 is binding gangliosides®'. Further resolving which types of glycans can facilitate
binding to CD33 could be an excellent extension of this work. A better understanding of CD33

ligands will serve to further describe the roles of CD33 in AD.
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2.4.6: Improvements to the Siglec-Fc chimeras
Siglec-Fc chimeras were first used in the early 1990’s. Since then, there have been a few

iterations that each served to improve the construct. In 2012, Gieseke et al. biotinylated a soluble
Siglec monomer so that it could be complexed with streptavidin enabling the formation of a
tetrameric probe. However, the chemoenzymatic-addition of biotin requires additional steps and
reagents to increasing the effort in the process. Moreover, chemical modifications are not always
100 percent effective, and the degree of modification could very between preparations. Ideally, if
biotin or a biotin mimic could be encoded genetically these obstacles could be overcome. In 2018,
Gonzalez-Gil et al. fused the extracellular domains of a Siglec with cartilageoligomeric matrix
proteins forming a pentameric probe. The advantage of this probe was that it did not require a
secondary to increases the mutlivalancy as the COMP domains spontenously form pentamers'.
However the lack of biological/biochemical handels (e.g. IgG doamin or Strep-Tag) limits the
apporaches the construct can be used in and perhaps this is one of the reasons that nether probe
has gained popularity in the scientific community. Regardless, both of these excellent probes
removed the IgG-Fc portion of the Siglec-Fc to minimize non-sialoside specific interactions while
maintianing multivalency.

Building on all these works, Rodrigues et al. designed and produce a new version of the
Siglec-Fc which combines the best of each of these constructs. The mutations in the Fc portion
of the Siglec-Fc decrease the interactions between the Siglec-Fc and Fcy receptors, improving
their utility for probing Siglec-ligands on primary cells and tissues while still enabling anti-higG to
be used as a secondary. The Siglec-Fc was further improved by applying the work of Schmidt
and Skerra?' as a Strep-Tag Il was added to the Siglec-Fc construct, enabling the Siglec-Fcs to
be purified under more gentle conditions compared to protein A or G columns, and served as a
genetically encoded handle which can be grasped with Strep-Tactin. Lastly, the addition of the

TEV sequence allows for the Siglec-Fc to be easily modifed to a monomeric Siglec fragment for
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studying monomeric interactions. All of these changes to the intial Siglec-Fc construct improve its
fucntionalty and its versatlilty.

Further improvements were made with respect to expression, storage and activity.
Producing Siglec-Fcs from CHO CMAS KO cells not only improved the yeild by 4-fold on average
but also improved the activity of the Siglec-Fcs by 2-3-fold. Morever, storing freeze dried Siglec-
Fcs extended the shelf-life from weeks to months or even potentially years under relatively benign
storage conditions. The improved yeild of the Siglec-Fcs produced from CMAS KO cells may be
due to the lack of sialosides on the CHO cells. This would prevent the Siglec-Fcs from binding to
the surface CHO cells, releasing the Siglec-Fcs to the media allowing them to be easily isolated.
This hypothesis is supported by the fact that the arginine mutant version of the Siglec-Fcs almost
always expresses 2-4-fold higher than the wildtype Siglec-Fc in wildtype CHO cells and that there
was not a significant difference in the yields between the arginie mutants expressed by CHO WT
and CMAS KO cells.

The improvement in Siglec-Fc binding may be due to the lack of cis binding between the
Siglec-Fcs. Siglecs themselves are glycoproteins, and some Siglecs have as many as six

224

glycosylation sites on the first three extracellular domains alone“*. Moreover, the Fc region can

also be glycosylated®*'

. When the Siglec-Fcs are forced into close proximity by the secondary
(either Strep-Tactin or and anti-higG) the Siglecs may engage in cis binding preventing binding in
trans (Figure 2.29a). Alternatively or additionaly, the formation of complexes may serve as
multivalent sialoside bearing complexes which could also compete with the ligands of interest

such as the sialoside on a cell in a cell-based glycan array. Both of these factors could explain

why Siglec-Fc binding is improved when Siglec-Fcs are produced from CMAS KO CHO cells.
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a cis binding b trans binding

Figure 2.29: Masking of Siglec-Fcs by Siglec-Fcs.

2.5: Conclusion
Siglecs play important roles in many pathophysiological conditions. Understanding how

these immunomodulatory receptors are exploited by pathogens and how they can be modulated
therapeutically, begins with understanding Siglec ligands. Siglec-Fc chimeras are versatile tools
which can be used in a variety of approaches to describe Siglec ligands. This chapter
demonstrates the utility of these constructs and highlights works that have applied Siglec-Fcs to
describe Siglec ligands. Moreover, improvements were made with respect to expression/yield and
activity. Siglec-Fcs have, are and will continue to be one of the most versatile and sensitive tools

to describe Siglec ligands.

2.6: Methods
Human Samples. All experiments involving human blood samples and placental sample

collection were approved by the human research ethics board (HREB) biomedical panel at the
University of Alberta.

Cell Culture and Growth Medium. CHO Flp-In cells (ATTC) were cultured in DMEM/F12 Media
(Gibco) supplemented with 5% (V/V) fetal bovine serum (Gibco), penicillin (100 U/mL) and
streptomycin (100 ug/mL). U937 cells were cultured in RPMI 10% (V/V) fetal bovine serum,
penicillin (100 U/mL) and streptomycin (100 pg/mL). Cells were grown at 37 °C and 5% CO: in
tissue culture flasks (VWR).

Cloning of Siglec Constructs. The genes for Siglec-1-11 and 15 were synthesized by GeneArt
(Thermo Fisher) and designed with a 5° Nhel and 3’ Agel site immediately before the start codon

and stop codon respectively. When appropriate, silent mutations were introduced to remove
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internal Nhel and Agel cut sites. Each gene was cut out from the initial vector via a double
restriction enzyme digest with Nhel and Agel (Thermo Fisher). Digestion was confirmed by
running a 1 % agarose gel after which the digested gene was excised from the gel and a gel
purification was performed using a GeneJET Gel Extraction Kit (Thermo Fisher) to isolate the
double digested gene. The digested gene was ligated into Nhel and Agel digested pCDNA5
vector and then transformed into chemically competent Escherichia coli DH5a. Colonies were
then picked and transferred to liquid culture (lysogeny broth plus 50 ug/mL ampicillin) and left to
grow overnight in a shaking incubator at 37 °C. The plasmid was then isolated from the bacterial
culture using GeneJET Plasmid Miniprep Kit (Thermo Fisher) and the successful incorporation of
the Siglec gene into pCDNA5 was validated by restriction enzyme digestion and Sanger
sequencing.

Site Directed Mutagenesis. Mutations were introduced into each Siglec via gene overlap
extension PCR mutagenesis (primers were ordered through IDT). Mutagenesis primers can be
found in Supplementary Tables 2 and 3 for the critical arginine mutants of the entire Siglec family
and the additional Siglec-6 mutants respectively.

Stable Transfection. CHO Flp-In cells were initially cultured as described above. The
transfection began by seeding 400,000 cells in a 6-well cell culture dish. The next day, 0.2 ug of
the desired Siglec DNA in pCDNA, 2 ug of pOG44 plasmid and 7 pg of Lipofectamine Plus reagent
(Thermo Fisher) were added to 250 pL of Opti-MEM (Gibco) and the mixture was incubated at
room temperature for 15 min. Next, 8 pyL of Lipofectamine LTX reagent (Thermo Fisher) was
added to the mixture; and the mixture was left at room temperature for 30 min. During the
incubation, the seeded cells were gently washed with Opti-MEM. The transfection mixture was
then added to the seeded cells and the cells were left in the growing conditions described above
overnight. The next day the media was aspirated from the well and replaced with CHO growth
media (described above). The cells were then selected over two weeks by gradually increasing
the amount of Hygromycin B from 0.5 mg/mL to 1 mg/mL, replacing the media every other day.
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Liposome Production. Stock lipids (DSPC, Cholesterol, PEG4s—DSPE) solution were prepared
by solvating the lipids in chloroform. An appropriated volume of each lipid solution was transferred
to a glass test tube to reach the desired mol% of the component. The chloroform was then
removed under N2 gas to yield a lipid thin film. Once dry, 100 uL of DMSO was added to the lipid
containing test tube and then the functional lipids (ganglioside, AF647—PEG4s—DSPE, Siglec
ligand—PEG4s—DSPE, pHrodo—PEG4s—DSPE, NGL) was added from their respect DMSO stock
solution. The lipid mixture was then stored at -80 °C until completely frozen at which point excess
DMSO was removed via lyophilization. Dry lipids were then stored at -80 °C until they were
extruded. Lipid suppliers can be found in Supplementary Table 4.

Liposome Extrusion. Dry lipids were then hydrated in 1 mL of PBS. The lipids were then
sonicated in a bath sonicator in a cycle of 1 min on, 5 min off for a total of 5 cycles. Liposomes
were then extruded using an Avanti mini extruder first using an 800 nm filter and then a 100 nm
filter yielding liposomes that were 130135 nm (Supplementary Table 5) measured using a Malvern
Panalytical Zetasizer Nano S. Liposomes were stored at 4 °C.

Cell-based Glycan Array. 200,000 cells/well were plated into a 96-well U-bottom microplate and
centrifuged at 300 x g for 5 min. The cells were then resuspended in 30 pL of 100 nM (ahlgG) or
250 nM (Strep-Tactin) Siglec-Fc-Secondary complex and incubated on ice for 30 min. Unbound
Siglec-Fc complex was then removed via centrifuged at 300 x g for 5 min followed an addition
wash with FACS solution. The cells were resuspended in FACS buffer solution and were then
ready for analysis by flow cytometry.

Flow cytometry. Flow cytometry measurements were collected on a 5-laser Fortessa X-20 (BD
Bioscience). All the resulting data was analyzed using FlowJo (10.5.3) software (BD Biosciences).

1.3 were used in this

Siglec-Fc Production. Siglec-Fc constructs designed by Rodrigues et a
work. Siglec-Fc constructs were expressed using wildtype CHO cells in cell culture media as
described above with 1 % HEPES. Cells incubated as described above for one week post

confluency. The supernatant was the harvested and stored at 4 °C.
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Siglec-Fc Purification. The purification was heavily inspired by Rodrigues et al.®” The
purification of the Siglec-Fcs from supernatant began with Ni** affinity chromatography using an
AKTA FPLC equipped with a HisTrap Excel column (GE). The column was equilibrated with
fifteen column volumes (CVs) of equilibrium buffer (500 mM NaCl, 20 mM NaPOsH., pH 7.4). The
Siglec-Fc containing supernatant was then loaded in its entirety onto the column. The column was
then washed with fifteen CVs of wash buffer (500 mM NaCl, 30 mM imidazole, 20 mM NaPO4Hz,
pH 7.4). The Siglec-Fc was then eluted in twenty in 1 mL fractions with twenty CVs of elution
buffer (500 mM NaCl, 500 mM imidazole, 20 mM NaPOsH., pH 7.4). Fractions containing Siglec-
Fc were compiled and then prepared for the next stage of purification by diluting the fractions 1:4
with buffer W (100 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, pH 8.0). A Strep-Tactin column (IBA
life sciences) was washed with fifteen CVs of buffer W. The Siglec-Fc-buffer W solution was then
loaded in its entirety onto the column. The bound Siglec-Fc was then washed with fifteen CVs of
buffer W. Siglec-Fc was eluted from the column with fifteen column volumes of buffer E (100 mM
Tris-HCI, 150 mM NaCl, 1 mM EDTA, 10 mM d-Desthiobiotin, pH 8.0). Fractions containing
Siglec-Fc were pooled and dialyzed against PBS to remove any d-Desthiobiotin After dialysis,
Siglec-Fcs were concentrated using an ultra-centrifugal device (30 kDa MWCO) and aliquoted
into 5 ug aliquots and frozen. The Siglec-Fcs were then lyophilized overnight, and the lyophilized
Siglec-Fcs were stored at -20 °C.

Improving Siglec-Fc storage. Many who work with Siglec-Fcs acknowledge that Siglec-Fcs are
not very stable in solution and tend to lose activity with time (in as little as a week) even when
stored at 4 °C. To overcome this, Siglec-Fcs are typically aliquoted and stored at -80 °C. While
this is an effective solution, it can be an expensive way to store the Siglec-Fcs. Moreover, if Siglec-
Fcs are stored at -80 °C, when the Siglec-Fcs are shipped they need to be on dry ice to prevent
the Siglec-Fcs from thawing in transit. This makes sharing these constructs impractical, difficult,

and expensive. As an alternative, we aliquot and lyophilize the Siglec-Fcs. Once freeze dried, the
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Siglec-Fcs can be stored at more mild conditions such as -20 °C and can even be shipped at
room temperature while retaining their activity when hydrated.

Siglec preparation for direct binding assay. Monomeric Siglec fragment was prepared as
described previously ¥ 7% 12 put in short, Siglec-Fc were produced as described above from CHO
Lec1 cells and purified as described above. The purified was then treated with a 10-fold molar
excess of TEV protease overnight at room temperature. TEV and the Fc portion were then
removed using a HisTrap Excel column where the monomeric Siglec fragment was in the flow
through. The Siglec fragment was then treated with EndoH at 37 °C overnight. The EndoH was
then removed the same way as TEV using a HisTrap Excel column. The Siglec fragment was
dialyzed against 200 mM NHsOAc. Following the buffer exchange the Siglec fragment was then
concentrated by ultra-centrifugal device until the concentration was 1 mg/ml and stored at 4 °C.
Direct ESI-MS Binding Assay (Performed by the Klassen Group). The affinities of
oligosaccharides oligosaccharides (L) for Siglec fragments were measured by the direct ESI-MS
assay.' A reference protein (Prr) was added to the ESI solutions in order to correct mass spectra
for any nonspecific binding that occurred during the ESI process.? The dissociation constant (Kq)
was calculated from the total abundance (Ab) ratio (R) of the ligand bound (PL) to free Siglec-1
fragment (P) ions (equation 4) measured by ESI-MS for solutions of known initial concentration
of Siglec-1 fragment (Po) and ligand (Lo), equation 5:

_ Ab(PL) _[PL] (1.1)

~ Ab(P)  [P]

. = [P _ [Llo  [Plo (1.2)
= _ Ho
[PL] R R+1

The reported Ky values correspond to average values measured at 3.6 uM of Siglec-1 fragment
and 20, 40, 80, and 140 uM of each oligosaccharide tested. Direct ESI-MS measurements were
performed with nanoflow ESI in positive ion mode (voltage ~1 kV) on a Q-Exactive Orbitrap mass

spectrometer (Thermo Fisher Scientific). Automatic gain control (AGC) target, the maximum inject
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time, capillary temperature and S-lens RF level were set to 1 x 10%, 100 ms, 150 °C and 100 °C,
respectively. The resolution was 17500 at m/z 200. Data acquisition and processing were carried
out using Xcalibur (Thermo Fisher, version 4.1).

Unmasking/Neuraminidase treatment. Cells were harvested and resuspended in PBS (pH 7.4)
media with either Neuraminidase A or S (0.3 mg/mL). The cells were then placed in a 37 °C
shaking incubator for 1 h. The cells were then washed with complete media and then the liposome
binding assay was performed as described above.

then lyophilized overnight, and the lyophilized Siglec-Fcs were stored at -20 °C.

ELISA. Our ELISA approach was carried out similar to previous work by Rapoport?**? and

Yamakawa'®

. Ganglioside ethanol solutions (10 uM) were prepared and then transferred in 50
ML increments to a 96 well microplate. The ethanol was removed by drying the plates overnight
at room temperature. The plates were then washed with PBS, dried, and then blocked with 5 %
(m/V) BSA PBS for 1 h. The plates were then washed with PBS and then 2 ug/mL Siglec-Fc
precomplexed to Strep-Tactin (2 Siglec-Fc :1 Strep-Tactin monomer) horse radish peroxidase
was added to the microplate. The complex was incubated with the plate at room temperature for
2 h. The unbound complexes were then removed by washing in PBS and the plate was developed
with Sera care TMB solution. The amount of binding was then quantified by using the background
(microplate well with no ligand) subtracted absorbance at 450 nm using a Molecular Devices
SpectraMAX ® iD5.

Bead Assay. Pierce™ Streptavidin Magnetic Beads (Thermo Scientific) were blocked with 2 %
(m/V) BSA on ice for 1 h. Siglec-Fc in PBS was added then added to the bead solution such that
the final concentration was 25 pyg/mL. The Siglec-Fc was complexed to the beads for 1 h on ice.
Excess Siglec-Fc was removed by washing the beads with 2 % BSA solution and 50 uM liposome

or 50 pg/mL (protein concentration) EV solution was then added to beads. The beads were

incubated with the liposomes/EVs for 30 min at 37 °C. The beads were then washed with 2 %
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BSA solution and flow cytometry was used to measure the binding between the beads and the
liposomes.

Isolation of White Blood Cells from Human Spleen. Spleen tissue was cut into pieces
approximately 1 cm®and placed into a petri dish containing RPMI supplemented with FBS (10 %
V/V) and penicillin (100 U/mL) and streptomycin (100 ug/mL) that was chilled to 4 °C. White blood
cells were then separated from the rest of tissue using a Miltenyi gentleMACS Dissociator. The
tissue homogenate was then passed through a tea strainer and the filtrate was centrifuged at 400
x g for 10 min. The supernatant was removed, and the cell pellet was resuspended in 4 °C red
blood cell lysis solution (StemCell Technologies) and the cells were incubated for 10 min. The
white blood cells in the lysis solution were then passed through a 75 ym cell strainer and the
filtrate was then diluted 5-fold with supplemented RPMI and centrifuged for at 400 x g for 10 min.
The pellet was washed three more times with supplemented RPMI. Resuspend the cells in
DMSO/FBS (1:9 V/V) and freeze cells using a Mr. Frosty™ at -80 °C for two days. The cells were
then moved into liquid nitrogen and stored until needed.

Lentivirus Production. Various lentiviruses were produced as previously reported by
Bhattacherjee, A. et al.?**. Briefly, 1,000,000 HEK293T cells were plated in a 6-well dish
containing 1.5 mL of DMEM growth medium (Gibco) containing 10 % (V/V) fetal bovine serum
(FBS; Gibco), 100 U/mL penicillin (Gibco) and 100 ug/mL streptomycin (Gibco). 24 h later, a
mixture of 625 ng RP18, 625 ng RP19, 1250 ng hSiglec-6 vector, 7.5 pL TransIT®-LT1 Reagent
(Mirus Bio), and Opti-MEM media (Gibco) was added to the HEK293T cells. Cells were incubated
with this transfection mixture at 37 °C, 5 % CO, for 72 h. Following transfection, the cell
supernatant was harvested and concentrated using Lenti-X concentrator reagent (Takara Bio)
following the manufacturer instructions.

Viral Transduction. 150,000 cells were plated in a 24-well plate in 250 pL of growth media. A
range of 10X concentrated lentivirus (1, 2, 5, 10 yL) was added to the corresponding wells and
incubated for approximately 8 h at 37 °C, 5 % CO2 in a tissue culture incubator. After incubation,
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the media in each well was topped up to 750 uL. Three days post transduction, 200 uL of cells
were plated in a 96-well U-bottom plate and centrifuged at 300 x g for 5 min. The cell pellets were
resuspended in 150 pL of flow cytometry buffer (HBSS containing 1 % (V/V) FBS, 500 uM EDTA)
and the titer of each virus was determined by measuring the mAmentrine+ cells in each well by
flow cytometry. The mAmetrine+ cells, ranging from 0.5 to 5 %, were re-plated in 6-well plates.
The mAmetrine+ virally transduced cells were selected for using 300 pyg/mL zeocin until the
mAmetrine+ population was = 95%.

Data Collection Software. Flow cytometry data was collected with BD FACSDivaTM software
Version 8.0.1 and analyzed with FlowJo LLC. Version 10.5.3.. Xcalibur (Thermo Fisher Scientific,
version 4.4) was used for mass spectrometry data acquisitions. ELISA was collected using
Molecular Devices Soft Max Pro 7.0.3.

Statistical Analyses. For datasets comparing only two conditions, a Student’s f-test was used.
When datasets had three or more conditions a one-way ANOVA was used. All statistical analysis

was carried out using GraphPad Prism version 8.4.
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Chapter 3: Glycolipid bearing liposomes as tools for
Discovering Siglec Ligands
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3.2: Introduction

3.2.1: Glycolipids as Siglec ligands
Siglecs are a family of immuno-modulatory cell surface receptors that recognize sialylated

glycan ligands'®

. A'leading hypothesis for the role of Siglecs in maintaining immune homeostasis
is that binding to sialylated glycans represents a form of self-recognition that operates as an
immune checkpoint®. Sialic acid residues decorate proteins and lipids, both of which can act as
Siglec ligands®. In all cases, sialoside recognition by Siglecs is critically dependent on a
conserved canonical arginine residue in their N-terminal V-set domain that forms an ionic
interaction between the cationic guanidinium of the essential arginine in Siglecs and the anionic
carboxylate of the sialic acid®*. In addition to their physiological roles in human health, Siglecs
also play key roles in pathophysiological conditions, as they can be exploited by viruses® 4% 246,
bacteria®*’, and cancers® for immune evasion. Despite the growing understanding for the roles of
Siglecs, there remains an incomplete description of their glycan ligands.

Due to the relatively weak affinity of Siglecs for their glycan ligands, Siglecs are often
studied outside of their natural context using approaches that leverage multivalency. This is
particularly true for glycolipids as there are challenges associated with studying the binding of
Siglecs to glycolipids in a lipid bilayer?*®. Accordingly, the majority of Siglec—glycolipid interactions
have been established through plate-based approaches in which a soluble, recombinant Siglec

is used to probe glycolipids or neoglycolipids adsorbed on a hydrophobic surface'0: 242 249. 250, 251,

252.2%3 or via glycan microarrays where the oligosaccharide portion of the glycolipid is covalently-
linked to a surface'’. Using these approaches, Siglec-1, -4, -5, -7, -9, -10, and -15 have been
reported to bind the oligosaccharide portion of gangliosides?*? 4% 254 2% the major class of
sialylated glycolipids in mammals. However, only some Siglec—ganglioside interactions have
been validated in the context of a lipid bilayer, and even fewer have been studied in a biological

membrane. Beyond the challenges associated with studying the two species in a lipid bilayer,

deconvoluting Siglec—ganglioside interactions in a biological setting are further complicated by
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the cell-type specific combination of gangliosides’ and expression of multiple Siglecs on immune
cells®.

Despite the challenges associated with studying Siglec-ganglioside interactions, several
biological roles have been credited to them. For example, Siglec-1 (CD169/Sialoadhesin; Sn) on
macrophages/dendritic cells mediates the uptake of viruses and extracellular vesicles (EVs)
through binding gangliosides in their membrane® 18 245 2%. 257 " Gjglec-4 (Myelin Associated
Glycoprotein; MAG) on oligodendrocytes binds gangliosides on neurons to regulate neurite
growth?®®, Moreover, Siglec-7 on natural killer cells recognizes gangliosides on cancer cells or
EVs from cancer cells to prevent immune cell activation®®” 2, The fact that gangliosides are
abundant on all mammalian cells makes understanding Siglec—ganglioside interactions important

due to their potential of serving broader immunomodulatory roles.

3.2.2 Chemical characteristics of gangliosides

Gangliosides are amphipathic molecules with a water soluble glycan that protrudes from
the cell surface and a lipid soluble ceramide portion that anchors it into the outer leaflet of the
plasma membrane. Gangliosides are defined by a core carbohydrate backbone consisting of 3-
Galp-(1—3)-B-GalpNAc-(1—4)-B-Galp-(1—4)-B-Glcp linked to ceramide (Figure 3.1) %°. Sialic
acid can be linked to each of the monosaccharide units, except for the glucose’. Glycolipids have
a systematic nomenclature, and in the case of gangliosides, they are given a ‘G’ for belonging to
the ganglio series of glycolipids, then a Greek prefix (M-mono, D-di, T-tri, efc.) to denote the
number of sialic acid residues in the oligosaccharide, and lastly they are given an number based
on the relative order a ganglioside would run on a thin layer chromatography (TLC) plate
compared to other members of the ganglio series with smaller gangliosides (such as GM3)
traveling further up the TLC plate than larger members (GM1a). While this is practical and

historically accurate, in more simple terms, gangliosides with all four backbone monosaccharides
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are denoted with a 1, with three are denoted with a 2, with two are denoted with a 3 and with just
one of the monosaccharides it is denoted with a 4.

Ganglioside ‘GM1a’

OH oH OH oH 9

o o (0] (0]

HO oligosaccharide
OH NHAc

backbone

HO  oH o % o OHO CT)H/ - oH
HOI N o o OH/oév_\/o’\l/\/\/Hn\ A :‘L’Yr‘i
AcHN

OH OH HNM OH

HO Sphinganine phytosphingosine

o)
Figure 3.1: Chemical structure of ganglioside GM1a. The ganglioside carbohydrate motif (B-Galp-
(1—3)-B-GalpNAc-(1—4)-B-Galp-(1—4)-B-Glcp) is highlighted in red. Possible modification of the
hydrocarbon tails are highlighted in blue.

While there is diversity with respect to the oligosaccharide portion of the ganglioside, there
can also be chemical diversity with respect to the ceramide portion. Most commonly, there is an
unsaturated carbon chain. The alkene can be reduced to an alkane which is referred to as
sphinganine. Alternatively, an alcohol can be added across the alkene generating a diol
hydrocarbon chain, known as phytosphingosine. Moreover, the lengths of the hydrophobic chains
can vary with respect to length and degree of unsaturation but are often between 18 and twenty
carbons in length. As gangliosides are challenging to synthesize, gangliosides used for research
purposes are typically isolated from animal products such as porcine, bovine brain, or bovine milk.
The structure of the acyl chain varies between the different tissues and gangliosides isolated from
the brain tend to be homogenous with respect to their acyl chains whereas gangliosides isolated
from milk tend to be heterogenous with respect to their acyl chains.

3.2.3: Biosynthesis of gangliosides

The biosynthesis of gangliosides begins with the synthesis of ceramide from serine and
activated fatty acids (Figure 3.2). Ceramide can be extended with either a galactose or glucose
residue; if a galactose is added, it can be extended with an a(2—3) sialic acid residue, yielding
ganglioside GM4 or the galactose can be modified with a sulfate group yielding 3-O-sulfo-galacto-
ceramide or sulfatide. More commonly, a glucose is added which can be further elongated yielding
the rest of the ganglio-serries glycosphingolipids/gangliosides.
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Figure 3.2: Biosynthetic pathway of gangliosides.

Key enzymes in the biosynthesis of gangliosides are UDP-glucose ceramide
glucosyltransferase (UCGC) that catalyses the addition of the initial glucose residue to ceramide,
B4GalT | that elongates lacto-ceramide to GA2 which is the precursor for most of the gangliosides,
and ST3GalV that also acts on lacto-ceramide to produce GM3, another precursor for more
complex gangliosides. Gangliosides can be divided into series based on the number of sialic acid
residues added to the internal galactose. Gangliosides with no sialic acid on the internal galactose
are said to be part of the 0 series or asialo series. Gangliosides with one, two, or three sialic acids

linked to the internal galactose are referred to as the a, b, and c series, respectively. All three
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sialic acid motifs (a(2—3), a(2—6), and a(2—8)) are found in gangliosides, however a(2—6)
gangliosides are not common. Gangliosides are found ubiquitously across all cell types and
tissues but are particularly abundant in the nervous system, where approximately 75% of sialic
acid is presented from a ganglioside®?. Ganglioside composition can very between tissues; for
instance, GD1b (27%), GD1a (26%), GT1b (24%) and GM1a (17%) make up the majority of
gangliosides in the brain in a cell type dependant manner whereas in tissues such as the liver,
GM3 is the most abundant ganglioside®® 2*°. In addition to cell membranes, gangliosides can also
be found in natural nanoparticles known as extracellular vesicles (EVs) 2 257. 261. 262 Thg
importance of gangliosides in human health is demonstrated by individuals who have genetic
defects in the ganglioside biosynthetic pathways. Individuals who have defects in these genes

unfortunately have a relatively low quality of life (
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Table 3.1). Ganglioside biosynthesis is conserved between mammals, which makes

animal models excellent tools to study human ganglioside biosynthesis and the importance of

gangliosides in human health?*,

Table 3.1: Effects of defects in ganglioside biosynthesis on health.
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Biosynthetic Enzyme Biosynthetic Result Effects on Individual
- GM3 Synthase -Only 0 series gangliosides -Seizure susceptibility
deficiency -Blindness
263
(ST3Galv™) -Developmental stagnation

-Deafness

-Protective effect from
insulin resistance*

-Ineffective CD4* TCR
dependent activation

GM2 synthase deficiency; -GM3 is the only a serries
(B4GalNTI*®) ganglioside

-Spastic paraplegia
-Deafness

-Blindness

-Seizure susceptibility

Tay Sachs Disease; -GM2 cannot be broken down and
(hexosaminidase-A%*) accumulates

-Muscle weakness
-Deafness

-Blindness

-Seizure susceptibility
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3.2.4: Roles of Siglec-ganglioside interactions in disease
In addition to being crucial in healthy development, gangliosides are also relevant in many

host-pathogen interactions. For instance, envelope viruses such as HIV®* 183 18. 245 Epolg®,
SARS-CoV-22° among others take components of the host cells bilayer, including gangliosides,
when they bud off from the cell. It has been proposed that the acquisition of gangliosides in this
manner increases the virulence of viruses through exploiting Siglec-1. Bacteria, such as
Campylobacter jejuni, use ganglioside like oligosaccharides to avoid detection by the hosts
immune system?® however, in some cases the host can generate antibodies to these
oligosaccharides that cross-react with endogenous gangliosides, resulting in an autoimmune
condition known as Guillain-Barré syndrome?’. Interestingly, it has been suggested that the
development of Guillain-Barré syndrome may be due to a mutation in Siglec-10, which impairs
binding to sialosides such as gangliosides'””. Moreover, it has been proposed that cancerous
cells release ganglioside containing EVs to enhance their own survival, possibly by exploiting
Siglec-7%°"2%2_ Siglec-ganglioside interactions are clearly important in many aspects of health and
disease, yet the ability of most Siglecs to engage gangliosides has only been described to a
limited degree. A more complete description of which gangliosides are ligands for which Siglecs
will lead to a better understanding of Siglec-gangliosides in health and disease and possible novel
therapeutic strategies.
3.2.5: Murine models to study human physiology and pathophysiology

Mice are among the most commonly used organisms for studying human physiological
and pathophysiological processes?®. However, challenges arise in using mice as a model
organism when proteins involved in processes and pathways differ substantially between mice
and humans. While some differences with respect to sialoside binding have been described
between human and murine Siglecs, if ganglioside binding is conserved between humans and
murine Siglecs has not be determined. Siglecs are cell surface receptors expressed by immune

cells whose functions are regulated by their sialoglycan ligands?* 2¢%2"°_ These functions include
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190 Given

regulation of immune cell signaling, internalizing extracellular cargo, and cell adhesion
that the immunomodulatory roles of Siglecs are directly tied to their ability to bind their ligands, it
motivates a better understanding of their ligands, particularly as it relates to functional analogs
between mice and humans. Importantly, in humans there are fifteen Siglecs, while in mice there
are only nine Siglecs (Figure 3.3)°. Siglec-1, -2, -4, and -15 are well conserved between mice
and humans with respect to their expression pattern and primary sequence similarity, but the rest
are significantly divergent and classified as the CD33-related Siglecs®. Among the CD33-related
sub-family, there are orthologs, which have resulted from new genes evolving from a common
ancestral gene, and paralogs that result from a gene duplication event?”’. For example, Siglec-7
and -9 are orthologs of Siglec-E, Siglec-8 is a paralog of Siglec-F, Siglec-10 is the ortholog of
Siglec-G, and the rest are specific to their respective species?’>.

In this chapter, a liposome formulation was optimized towards Siglec-ganglioside binding.
Using this optimized liposome formulation, the human and mouse Siglec families were

interrogated against a panel of nine commercially available gangliosides and similarities between

human and murine Siglecs with respect to ganglioside binding are discussed.
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Flgure 3.3: Comparison of human and murine Siglec families. The number to the left of the arrow
denotes the sequence identity between the amino acid sequence of the V-set domain of the two Siglecs. A
solid blue arrow denotes that the Siglecs are conserved between mice and humans. A dotted blue arrow
denotes that the Siglecs are orthologs and a solid green arrow denotes that the Siglecs are paralogs.
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3.3: Results

3.3.1: Cell-based Siglec-ganglioside binding assay
One obstacle in studying Siglec-ganglioside interactions is that immune cells often

express more than one Siglec and many different gangliosides, making it challenging to
deconvolute which Siglec binds to which ganglioside. To overcome this, we developed a cell line
that only expresses one Siglec. This was achieved by stably transfecting a full length Siglec into
a cell line that naturally lacks Siglecs. CHO cells were chosen because they naturally lack Siglecs
and have previously been engineered with the Flpln system making them easy to stably

transfect?'®

. As for the ganglioside, liposomes were used to present the ganglioside from a more
biologically relevant context. Moreover, known liposome formulations can easily be adapted to
include gangliosides as well as fluorescent lipids allowing for detection via flow cytometry. This
cell-based system places both the Siglec and the ganglioside in a more biologically relevant
context compared to traditional approaches that use a Siglec-Fc and gangliosides adsorbed to a
surface such as an ELISA. In our cell-based assay, the ganglioside bearing liposomes were

added to Siglec-expressing cells and the binding of the liposomes to the cells was quantified by

flow cytometry (Figure 3.4a,b).
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Figure 3.4: Schematic of cell-based assay used to probe Siglec-ganglioside interactions. a, Workflow
of cell-based assay where fluorescently labeled ganglioside bearing liposomes are incubated with Chinese
hamster ovary (CHO) cells expressing full length Siglecs measured by flow cytometry. b, Flow cytometry
gating strategy for cell-based assay.

3.3.2 Optimization of liposome formulation for Siglec binding
Many different liposome formulations exist; however, how the liposome formulation

influences the ability of the Siglec to engage a ganglioside was unknown. To address this, we
decided to use a known liposome formulation as a starting point and further optimize the
formulation parameters: polyethylene glycol (PEG) content, ganglioside content, cholesterol
content, and bulk lipid structure for Siglec binding. We chose the FDA-approved Doxil liposomal
formulation as the starting point for optimizing our glycolipid-containing liposomes. The initial
formulation consisted of 57 mol% 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 38 mol%
cholesterol, and 5 mol% polyethylene glycol 1,2-distearoyl-sn-glycero-3-
phosphatidylethanolamine (PEG4s—DSPE MW 2000)?%°. This formulation was chosen as it has
been reliably used to target Siglecs with high affinity glycan ligands linked to PEGylated lipids'®*
213 To detect liposome binding to cells by flow cytometry in a cell assay, 0.1 mol% AF647—PEGs—

DSPE was included in the formulation. As human Siglec-1 (hSiglec-1) is an established
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ganglioside binder?*® 2™+ 275 it was used to optimize the liposomal formulation. Liposomes
displaying a previously developed high affinity Siglec-1 ligand'® linked to PEG4s—DSPE (Figure
3.5a) showed robust binding to wildtype hSiglec-1 and no binding when the canonical essential

arginine (Arg116) was mutated to alanine in the cell assay (Figure 3.5b).
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Figure 3.5: Liposomes formulated with a high affinity Siglec-1 ligand appended to PEG45-DSPE
engages wildtype hSiglec-1 expressing CHO cells. a, Chemical structure of high affinity Siglec-1-ligand
appended to PEG45-DSPE. b, representation of Doxil liposome formulation and depiction of CHO cell
overexpressing hSiglec-1 binding to Siglec-1-ligand liposomes. ¢, Binding of liposomes formulated with 2
mol% Siglec-1-ligand to CHO cells expressing wildtype and R116A hSiglec-1. Data is presented with a
representative flow cytometry histogram and was quantified as the mean + one standard deviation of the
median fluorescent intensity (MFI) from four technical replicates. For panel d, a one-way ANOVA was used
for statistical analysis. Not Significant (NS), P> 0.5; **** = P < 0.0001.

When the high affinity Siglec-1L-PEG4s-DSPE was replaced in this formulation with GM1a
(3 mol%), a known ligand for hSiglec-12¢, little to no binding of these ganglioside liposomes was
observed to wildtype hSiglec-1 CHO cells (Figure 3.6a). To test if the hydrodynamic shell created
by the PEG4s—DSPE?’ prevents binding, the amount of PEG in the liposome formulation was
systematically decreased, revealing ganglioside liposome binding (Figure 3.6b). No further
increase in ganglioside liposome binding was observed when PEG4s—DSPE content was reduced
below 0.5 mol%; however, non-specific liposome binding increased. Thus, 0.5 mol% PEGass—

DSPE was used in favour of the initial 5 mol% in liposomal formulations moving forward.
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Figure 3.6: Binding of GM1a liposomes formulated with varying amounts of PEG45-DSPE to hSiglec-
1 expressing CHO cells. a, Binding of Doxil liposomes formulated with 3 mol% GM1a to hSiglec-1
expressing CHO cells. b, Binding of GM1a liposomes to CHO expressing hSiglec-1 with varying amounts
of PEG45-DSPE. For panel b, data is presented with representative flow cytometry histograms and a
summary chart. Data was quantified as the mean + one standard deviation of the median fluorescent
intensity (MFI) from three (a) and five (b) technical replicates. A one-way ANOVA was used for statistical
analysis. NS, P > 0.05; **** = P < 0.0001.

Now that ganglioside dependant liposome binding had been observed, we wanted to know
if micellular GM1a could interfere with ganglioside liposome binding. To address this, a
competitive assay was used where free/micellular GM1a (critical micellular concentration 20
nM?"®) was added to the cell mixture alongside ganglioside liposomes bearing GM1a. A decrease
in liposome binding would be expected as micellular ganglioside concentration increased if
hSiglec-1 could bind the GM1a micelles (Figure 3.7a). No decrease in liposome binding was
observed in the presence of GM1a micelles, suggesting that hSiglec-1 does not bind micellular
GM1a (Figure 3.7b). It is noteworthy that liposome binding was not affected by the presence of
micellular gangliosides even though the concentration was over 100-fold higher (ganglioside
concentration in liposome 0.75 yM, micellular concentration 100 uM) binding demonstrating that

liposomal presentation is important for ganglioside binding by hSiglec-1.
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Figure 3.7: Binding of GM1a liposomes in the presence of micellular GM1a to hSiglec-1 expressing
CHO cells. a, schematic describing competitive assay between GM1a micelles and GM1a liposomes. b,
binding of GM1a liposomes in the presence of GM1a to hSiglec-1 expressing CHO cells. Black, naked
liposome 0 uM micellular GM1a; blue, 3% GM1a liposome, 0 uM micellular GM1a; pink, 3% GM1a
liposomes with increasing amounts of micellular GM1a. Data is presented with a representative flow
cytometry histogram and was quantified as the mean + one standard deviation of the median MFI from four
technical replicates. A one-way ANOVA was used to compare the binding between GM1a liposomes in the
presence of GM1a micelles to naked liposomes.*** = P < 0.0001.
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The next parameter to optimize was the ganglioside content of the liposomes. The relative
amount of ganglioside GM1a, GM2, GM3, and GD1a was titrated in the liposomes against
hSiglec-1 expressing CHO cell (Figure 3.8). A significant decrease in ganglioside liposome
binding to hSiglec-1 CHO cells was observed when the ganglioside content exceeded a threshold
of 1-3 mol% for GM1a, GM2, and GD1a. In contrast, GM3 showed a different trend, with a
progressive increase in ganglioside liposome binding up to 20 mol% GM3. To rule out the
possibility of different incorporation efficiencies into the liposomes for each ganglioside, we
quantified ganglioside incorporation into the liposomes using a mass spectrometry-based
approach?’® which uses deuterated standards and found similarly high rates of incorporation for
GM1 (96%2%"®), GM2 (98%), and GM3 (96%); suggesting that gangliosides are incorporated at

similar levels.

111



20% 20

— ¥
I
-
i

10%
5%
3% 1 1 $
M ]
/ \ 1%
/o Naked

Py
(o)
= R

XRXA

g
(=]
=S
P

»

| 0.01% 0_17:$
3 4%’ /" \__ Naked 1 Eas
— 0
Unstained GMi1a Unstained ! : GMm]
—l—rrnnq—v—rrn'nq—l—rm'n'q L ok I L LA Ll BRI AL TTTI T T T 1T
0 10° 104 108 10" 102 10% 10% 0 10 10* 10° 10" 102 10%® 10%

# of Cells (% Max)

20% 20 B " A—20% 204 b
N o J\_‘LQ% 1o T

2
>
w
wrnx
e
\
.
t;s
o
v
|

A\
1% 1 i% . D 0.01% 0.01 E _
/' \__Naked | Fag /' N\__ Naked of % HET

Unstained GM3 Unstained GD1a

0 10° 10* 10° 10" 102 10%® 104 0 10° 10* 10° 10" 102 10% 104
Liposome Binding g

(AF647) g

Figure 3.8: Binding of liposomes formulated with increasing ganglioside content to CHO cells
expressing hSiglec-1. Data is presented with a representative flow cytometry histogram and was
quantified as the mean * one standard deviation of the median fluorescent intensity (MFI) from at least
three technical replicates. A one-way ANOVA was used to compare if liposomes formulated with increasing
amounts of ganglioside were significantly higher than a naked liposome. Not Significant (NS); P > 0.05; * =
0.05>P =0.01; **=0.01 >P =0.001; *** =0.001 > P =0.0001; **** = P < 0.0001.

Another possible explanation for the weaker binding of GM3 liposomes, compared to other
ganglioside liposomes, is that the intrinsic affinity of hSiglec-1 for the GM3 trisaccharide is weaker
than the oligosaccharide portion of the other gangliosides. To test this, we used a mass
spectrometry-based Siglec binding assay®’ to determine the dissociation constant (Kq4) of hSiglec-
1 to the oligosaccharide moieties of GM1a, GM2, GM3, and GD1a (Table 3.2). In contrast with
the cell assay, the GM3 trisaccharide exhibited the highest affinity towards hSiglec-1, with a Ky

value of 0.5 £ 0.1 mM. Therefore, factors beyond the intrinsic affinity of hSiglec-1 to the
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oligosaccharide moiety of the ganglioside influences avidity of hSiglec-1 for glycolipids presented
in a lipid bilayer.

Table 3.2: Affinities of ganglioside oligosaccharides towards human Siglec-1.

Ganglioside Oligosaccharide Dissociation Constant (Kq)
GM1a 1.2+0.1mM
GM2 0.9+ 0.1 mM
GM3 0.5+ 0.1 mM
GD1a 1.3+0.2mM

3.3.3: Ganglioside crowding impedes Siglec-ganglioside interactions
Another interesting observation in the ganglioside titration was that binding did not follow

the expected sigmodal curve where binding approaches saturation as the concentration of the
ligand increases. Instead, a unimodal binding curve was observed with liposome binding peaking
between 1-3 mol%. We hypothesized that the unimodal density-dependent binding of hSiglec-1
to GM1, GM2, and GD1a ganglioside liposomes is related to steric crowding®®. To test this
hypothesis, we used a liquid glycan array (LiGA)', wherein the oligosaccharide moieties of
gangliosides were conjugated to a bacteriophage at different densities using a minimum of four
independently barcoded preparations of the phage at each density, enabling binding to be read
out by next generation sequencing of hSiglec-1 CHO cells incubated with LiGA (Figure 3.9). For
GM2 and GD1a, binding was maximal at a density of approximately 26 nm?%/ligand. This optimal

density was in a similar range as the optimal density of 18 nm?%/ligand on liposomes.
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Figure 3.9: Liquid Glycan Array (LIGA) profile of glycan density on phage against hSiglec-1 CHO
cells. Oligosaccharides of GM1am GM2, GM3 and GD1a were covalently linked to phages at different
ligand densities and phage binding to hSiglec-1 expressing CHO cell was quantified by DNA sequencing.

113



To test this hypothesis further, we investigated molecular crowding using liposomes
formulated with asialo GM1a (GA1). GA1 alone did not mediate binding to hSiglec-1, yet excess
GA1 (20 mol%) with GM1 (3 mol%) in the ganglioside liposome formulation impaired binding to
hSiglec-1 compared to GM1a alone (Figure 3.10). In fact, liposomes with excess GA1 showed
equivalent binding to that of high density (20 mol%) GM1a ganglioside liposomes. As excess
ganglioside densities are detrimental for hSiglec-1 binding, 3 mol% gangliosides were used in
ganglioside liposome formulations moving forward. When comparing the results from the
ganglioside titrations compared to the absolute affinities of the oligosaccharides, these results
suggest that the binding of a Siglec and a ganglioside in solution is not representative of the same

interaction in a bilayer.
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Figure 3.10: Binding of liposomes formulated with asialo-GM1 (GA1) and GM1a to CHO cells
expressing hSiglec-1. a, Symbolic nomenclature for glycan structures of GM1a and GA1. b, Binding of
GM1a liposomes formulated with and without GA1 to hSiglec-1 expressing CHO cells. Data is presented
with a representative flow cytometry histogram and was quantified as the mean + one standard deviation
of the median fluorescent intensity (MFI) from three technical replicates. A one-way ANOVA was used for
statistical analysis. Not Significant (NS); P > 0.05; **** = P < 0.0001.

As stated above, the acyl chains of gangliosides can vary between species and tissues®”,
so we assessed how the acyl chain structures affected the binding of GM1a ganglioside
liposomes to hSiglec-1 CHO cells using GM1a from four sources: bovine, ovine, porcine, and
synthetic. As expected, GM1a isolated from the different sources did have different acyl chains

(Figure 3.11a). When ganglioside liposomes bearing GM1a isolated from each of the different
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sources were tested for binding, no significant differences in binding were observed to hSiglec-1

expressing CHO cells (Figure 3.11b).
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Figure 3.11: Effect of ganglioside acyl chains on ganglioside liposome binding to CHO cell
expressing hSiglec-1. a, Mass spectra of ganglioside GM1a isolated from different sources. Results are
quantified as the mean of six technical replicates + one standard deviation. b, Binding of liposomes
formulated with GM1a isolated from different sources to CHO cells expressing hSiglec-1. Flow cytometry
data is presented with a representative flow cytometry histogram and was quantified as the mean + one
standard deviation of the median fluorescent intensity (MFI) from four technical replicates. For panel b, a
one-way ANOVA was used for statistical analysis to compare liposomes formulated with GM1a from porcine
brain (initial formulation parameter) to liposomes with GM1a from different sources. Not Significant (NS).

The last two parameters to be investigated were cholesterol content and acyl chain
structure (Figure 3.12a). When the cholesterol content was titrated from 38-8 mol% no trend
between cholesterol content and ganglioside liposome binding to hSiglec-1 CHO cells was
observed (Figure 3.12b). As cholesterol content had limited to no effect on ganglioside liposome
binding, 38 mol% was used moving forward as a cholesterol content of approximately 40 mol%
is similar to what is found in mammalian cells and important for maintaining liposome integrity?*°.

Conversely, the structure of the bulk lipid in the liposome formulation did impact ganglioside
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liposome binding to hSiglec-1 CHO cells, with 1-palmitoyl-2-stearoyl-sn-glycero-3-
phosphocholine (PSPC) showing the highest binding (Figure 3.12c and d). Accordingly, PSPC

was used as the bulk lipid for the screening of the Siglec family.
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Figure 3.12: Binding of GM1a liposomes formulated with various amounts of cholesterol and lipids
with different acyl chains to CHO cells expressing hSiglec-1. a, chemical structure of cholesterol and
phosphatidyl choline lipids. b, Binding of liposome formulated with 3 mol% GM1a and varying amounts (38-
8 mol%) of cholesterol to hSiglec-1 expressing CHO cells. ¢, Binding of 3 mol% GM1a liposomes formulated
with bulk lipids with varying acyl chain lengths to hSiglec-1 expressing CHO cells. d, Binding of 3 mol%
GM1a liposomes formulated with bulk lipids with asymmetric and unsaturated acyl chains to hSiglec-1
expressing CHO cells. Data is presented with a representative flow cytometry histogram and was quantified
as the mean * one standard deviation of the median fluorescent intensity (MFI) from four technical
replicates. A one-way ANOVA was used for statistical analysis. **** = P < 0.0001.

After completing the liposome formulation optimization, we compared the ability of our
newly optimized liposome formulation and the starting Doxil liposome formulation displaying the

high-affinity Siglec-1 ligand to bind to hSiglec-1 expressing CHO cells (Figure 3.13). Interestingly,
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liposomes bearing GM2, bound to the hSiglec-1 expressing CHO cells with almost the same
avidity as the high-affinity Siglec-1 bearing liposomes despite the affinity of Siglec-1 towards the
oligosaccharide of GM2 being nearly 1000-fold lower than the synthetic ligand; further

demonstrating that ganglioside presentation from a liposome can enhance avidity.
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Figure 3.13: Binding of liposomes formulated with gangliosides presented from an optimized
liposome formulation compared to high affinity Siglec-1-ligand presented from Doxil liposome
formulation to hSiglec-1 expressing CHO cells. Data is presented with a representative flow cytometry
histogram and was quantified as the mean + one standard deviation of the median fluorescent intensity
(MFI) from four technical replicates. **** = P < 0.0001.
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3.3.4 Human Siglec-ganglioside interactions
After completing the liposomal formulation optimizations, we were ready to move on to

interrogating the rest of the members of the human Siglec family. As synthesizing genuine
gangliosides is very challenging, we were limited to a panel of nine commercially available
gangliosides which were isolated from animal sources.

Table 3.3: Sources of gangliosides used to interrogate the human Siglec family

Ganglioside Source Supplier

GM1 Porcine Brain TRB Chemedica Inc.
GM2 Bovine, Semi-synthetic Matreya

GM3 Bovine Milk Sigma

GM4 Chicken Egg Matreya

GD1a Bovine, Natural Matreya

GD1b Bovine, Natural Matreya

GD3 Bovine Buttermilk Matreya

GT1b Bovine, Natural Matreya

GQ1b Porcine, Natural Matreya

3.3.5 Development and validation of Siglec expressing CHO cells
As stated above, CHO cells were chosen as a cell line because they lack Siglecs and are

easy to stably transfect?®’

. A novel panel of 24 CHO cells were developed where each cell line
expresses a full-length, membrane-bound wildtype human Siglec or their corresponding arginine
mutant, wherein the canonical arginine residue critical for sialic acid recognition is mutated*’
(Figure 3.14). The extracellular domains of Siglec-14 and -16 are nearly identical to Siglec-5 and
-11, respectively; therefore, Siglec-14 and -16 were not included in our panel. Siglec-15 requires
the adapter protein DAP12 for cell surface expression due to a lysine in its transmembrane

t99

segment™, but this DAP12-dependency was eliminated through a K274L mutation.

118



Unstained cells D anti-Sig-PE Stained R—A mutant D anti-Sig-PE Stained WTI

Sig-1 Sig-5 Sig-9
A R116A _“Ri19A <7 \R120A
WT AW A\ wt
i L e e et el L L B A AL B B L L B L B
0102 10°  10¢ 10° 0102 10°  10¢  10° 0102 10°  10¢ 10°
cD22 Sig-6 Sig-10
= )\ R120A R122A _RioA
IS N wT wT
NS . L LB AL L ol L L L ML IS LAl B 1 i L L B S L R LA R UL
e 0102 10°  10¢ 10° 0102 10°  10¢ 10° 0102 10°  10¢ 10
3 CD33 Sig-7 sig-11
5 _AR1oa e AN R1uA LD\ R120A
* VAN QS N wr
A I I e L I L e I R L L I I B L
0102 10°  10¢ 10 0102 10°  10¢ 10 0102 10°  10¢ 10°
Sig-4 Sig-8 Sig-15
R118A R125A R143A
A WT WT wT
o B AL IR e L I L I e Bl G o I AL B L
0102 10°  10¢ 10° 0102 10°  10¢ 10° 0102 10°  10¢ 10°

Siglec Expression (PE) >
Figure 3.14: Siglec expression validation, of CHO cell lines engineered to express each human
Siglec and each corresponding arginine mutant.

3.3.6: Interrogating human Siglecs with ganglioside liposomes
Using the optimized liposomal formulation and our newly developed panel of CHO cells,

the human Siglec family was tested against nine gangliosides in ganglioside liposomes using
untransfected (UT) CHO cells as a background. Binding of Siglec-1, -5, -6, -9, and -10 to multiple
gangliosides was observed (Figure A3.1). Many novel interactions were observed, including:
Siglec-5 with GM1 and GD1b, Siglec-6 with numerous gangliosides, Siglec-9 with GM2, and
Siglec-10 with GM1 and GD3. Binding of ganglioside liposomes to Siglec-1, -5, -9, and -10 was
abrogated when their canonical essential arginine was mutated. Unexpectedly, mutation of the
canonical essential arginine in Siglec-6 (Arg122) did not abrogate ganglioside liposome binding.
Although Siglec-6 has not been reported to bind gangliosides, Arg122 was reported as being
critical for recognition of sialylated ligands on cells®®. These findings suggest that Siglec-6 binding

to gangliosides is not dependant on the conserved arginine residue. It was surprising that initially,
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Siglec-4 and -7 showed minimal ganglioside liposome binding, given previous reports showing
that GD1a and GT1b were ligands for Siglec-4, while GQ1b and GD3 were ligands for Siglec-7"*
282 \We considered that these Siglecs may be masked by cis ligands on the CHO cells, preventing
interactions with ganglioside bearing liposomes. After treatment of CHO cells expressing human
Siglec-4 with neuraminidase S (Neu S), a neuraminidase which specifically cleaves a(2—3) linked
sialosides between the sialic acid and the galactose, binding of GD1a liposome to cells was

observed; demonstrating that cis ligands can prevent Siglec-liposome binding (Figure 3.15).
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Figure 3.15: Ganglioside liposome binding binding to CHO cells expressing Siglec-4 in the absence
of serum and after treatment with neuraminidase. 3 mol% GD1a ganglioside liposomes binding to
hSiglec-4 expressing CHO cells when measured after treatment with neuraminidase S. Data is presented
with a representative flow cytometry histogram and was quantified as the mean + one standard deviation
of the median fluorescent intensity (MFI) from three technical replicates. A one-way ANOVA was used for
statistical analysis. ****= P < 0.0001.

Therefore, several of the binding experiments were repeated after treatment with Neu A
(neuraminidase that cleaves all sialic acid linkages) and Neu S (neuraminidase that cleaves only
a(2—3) sialosides). In addition to improving ganglioside binding to Siglec-expressing cells,
unmasking conditions also modestly enhanced glycolipid liposome binding to Siglec-5 and -9

(Figure A3.2). The binding between ganglioside bearing liposomes and the human Siglec family

are summarized in Figure 3.16.
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Figure 3.16: Heatmap summarizing the binding interactions of each human Siglec. Color is
representative of the log1o(MFlares7) of each ganglioside liposome subtracted from the log1o(MFlarsa7) of the
same ganglioside against untransfected (UT) CHO cells. T Denotes binding was measured after treatment
of cells with neuraminidase.

3.3.7: Unimodal binding profiles may be a general Siglec phenomenon
As ligand content was important for ganglioside binding to hSiglec-1 expressing cells, we

also titrated the amount of GM1a and GD3 in ganglioside liposomes and tested binding against
Siglec-6 and -7, respectively (Figure 3.17). Similar to the binding of Siglec-1 to GM1a, GM2 and
GD1a, binding of ganglioside liposomes to Siglec-6 and -7 decreased above an optimal

ganglioside content.
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Figure 3.17: Ganglioside content titration to Siglec-6 and Siglec-7 expressing CHO cells. a, b, binding
of GM1a and GD3 liposomes formulated with varying ganglioside content to Siglec-6 and Siglec-7
expressing CHO cells respectively. Data is presented with a representative flow cytometry histogram and
was quantified as the mean + one standard deviation of the median fluorescent intensity (MFI) from at least
three technical replicates. A one-way ANOVA was for statistical analysis. Not Significant (NS); P > 0.05;
**** = P < 0.0001.
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3.3.8 Mouse Siglec-ganglioside interactions
After optimizing a liposome formulation for Siglec engagement and screening the entire

human Siglec family against a panel of gangliosides, we were able to move on to screening the
murine family against the same panel of gangliosides. This would allow for the comparison of the
ganglioside binding profiles between murine and human Siglecs; a key step in assessing the
appropriateness of using mouse models to study human Siglec-ganglioside physiology. To avoid
the problem of ligands being missed due to masking caused by cis ligands, we decided to use
the bead assay to measure the murine Siglec-ganglioside interactions instead of the cell assay.

3.3.8.1 Profiling mouse Siglec-ganglioside interactions within the context of a bilayer
To study the ability of mSiglecs to recognize glycolipids, we profiled the binding of Siglecs

to a panel of nine gangliosides using our previously optimized liposome formulation, which
consists of 3 mol% ganglioside, 0.5 mol% PEG4s-DSPE, 58.5 mol% PSPC, and 38 mol%
cholesterol'®. The binding between the mSiglecs and gangliosides was studied using a bead
assay wherein a Siglec-Fc bearing the Strep-tag Il was immobilized on streptavidin microbeads,
incubated with fluorescent liposomes containing gangliosides, and quantified by flow cytometry.
Using this approach, it was found that mSiglec-1, Siglec-E, Siglec-F, and mSiglec-15 all bound
multiple gangliosides, whereas no binding was observed between the other Siglecs and the
ganglioside liposomes (Figure 3.18). mSiglec-1, Siglec-E, and Siglec-F bound to nearly all
ganglioside liposomes, albeit with different preferences. Surprisingly, none of these Siglecs
engaged liposomes bearing GM1a. For mSiglec-1, GD1a bearing liposomes had the strongest
binding, whereas liposomes formulated with GT1b bound the strongest to Siglec-E, and Siglec-F
had the strongest binding to liposomes formulated with GM2. mSiglec-15 interacted preferentially
with liposomes formulated with gangliosides, which possessed an a(2—3), Sia on the terminal

Gal, such as GM4, GT1b, and GD1a while also binding GQ1b.
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Figure 3.18: Heatmap summarizing the binding interactions of each murine Siglec and ganglioside
bearing liposomes. Color is representative of the logio(mFlars47) of each ganglioside liposome subtracted
from the log1o(mFlares7) of the same ganglioside liposome against the corresponding arginine mutant.

3.3.8.2 Profiling mouse Siglec-ganglioside interactions outside the context of a bilayer
It was unexpected that no interactions between any mSiglec and GM1a was observed. As

we learned that oligosaccharide presentation is important for ganglioside recognition by a Siglec,
we posited that a different oligosaccharide presentation may be able to rescue binding between
a murine Siglec and GM1a. To this, we assessed mSiglec-ganglioside binding through a
traditional plate-based ELISA wherein the gangliosides are adsorbed to a microplate. The Siglec-
Fc was precomplexed with Strep-Tactin Horseradish peroxidase, incubated with the immobilized
gangliosides in a well, washed, and colorimetrically developed. Similar to the bead assay,
mSiglec-1, Siglec-E, Siglec-F, and mSiglec-15 bound multiple gangliosides. Nevertheless, not
every interaction from the bead assay was observed in the ELISA. For example, the mSiglec-1-
complex engaged with GM3, GD1a, GT1b, and GQ1b in the ELISA whereas mSiglec-1-beads
interacted with all gangliosides other than GM1a to some extent in the bead assay. mSiglec-15-
complex did not bind GQ1b in the ELISA, but mSiglec-15-beads did bind GQ1b in the bead assay.
Conversely, some Siglec-ganglioside interactions were observed in the ELISA that were not
observed in the bead assay. For instance, the Siglec-E-complex engaged GM1a in the ELISA but
not the bead assay. Overall, the results from the bead assay and the ELISA largely agree,

demonstrating that mSiglec-1, Siglec-E, Siglec-F, and mSiglec-15 are proficient at interacting with
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gangliosides, but there are subtle differences in the ganglioside binding profile between

approaches and not all interactions are observed when the glycolipid is presented from a lipid

bilayer.
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Figure 3.19: Mouse Siglec-ganglioside binding outside a lipid bilayer using an ELISA. Heatmap
summarizing mSiglec-Fc binding to adsorbed gangliosides. Color is representative of the mean binding of
the WT mSiglec-Fc complex to the adsorbed gangliosides liposome subtracted from the corresponding
mutant mSiglec-Fc complex binding to the same ganglioside at least four technical replicates.

3.3.8.3: Re-optimization of liposome formulation does not reveal GM1a-mSiglec-1
interaction

With the exception of Siglec-E in the ELISA, it was unexpected that no interactions
between any mSiglec and GM1a were observed. The structural similarity between the
oligosaccharide of GM1a and other gangliosides that did bind murine Siglecs motivated an
investigation into why no murine Siglec interacted with GM1a bearing liposomes. We posited that
since our previous formulation was optimized against hSiglec-1'%, it may not be optimal for
murine Siglecs. Accordingly, we titrated the cholesterol content (38, 20, and 10 mol%) and the
length of the acyl chain used for the bulk lipid in the liposome (12 carbon-DLPC, 16 carbon-DPPC,

20 carbon DAPC) in 3 mol% GM1a and GD1a liposomes against mSiglec-1 (Figure 3.20).
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Figure 3.20: Optimization of liposome cholesterol content and bulk lipid structure for screening
murine Siglec-1-ganglioside interactions. a, b, Cholesterol content titration of GM1a and GD1a
liposomes against h/mSiglec-1 respectively. ¢, d, acyl chain length titration of GM1a and GD1a liposomes
against h/mSiglec-1 respectively. Data is represented as the mean of at least three technical replicates and
error bars are representative of one standard deviation from the mean. a one-way ANOVA was used for
statistical analysis. Not Significant (NS), P > 0.05; ****P <0.0001.

While both cholesterol content and acyl chain length had modest effects on Siglec
engagement of ganglioside liposomes, no significant interaction between mSiglec-1 and GM1a
bearing liposomes was observed against any of the formulations tested. During the optimization
of the liposome formulation with the human Siglecs, ganglioside content (ligand density) was
found to strongly influence Siglec-liposome interactions. To assess if the ganglioside content was
responsible for the lack of GM1a binding to mSiglecs, we titrated the amount of three gangliosides
(GM1a, GM2, and GD1a) from 1-10 mol% against the four mSiglecs that were found to engage

with gangliosides using hSig-1 as a reference (Figure 3.21).
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Figure 3.21: Ganglioside content titration (1-10 mol%) against murine Siglecs that were found to
bind gangliosides. Data is represented as the mean of at least three technical replicates and error bars
are representative of one standard deviation from the mean. a one-way ANOVA was used to compare the
binding between the wildtype Siglec and the corresponding arginine mutant at each mol% of ganglioside.
Not Significant (NS), P>0.05; *0.05>P =0.01; ** 0.01>P =0.001; ****P < 0.0001.

In line with the initial results in the cell assay, hSiglec-1 bound GM1a, GM2, and GD1a,
with GM2 being the best ligand'?®. For the mSiglecs, GM1a did not to bind to mSiglec-1, Siglec-
E, Siglec-F, or mSiglec-15 at any mol% tested, whereas GD1a was found to be a ligand for all
the Siglecs tested. Like our initial screen of the mSiglecs, GM2 was found to be a ligand for
mSiglec-1 and Siglec-F and not for Siglec-E or mSiglec-15. However, there was a difference in
the ligand density effects between mSiglec-1 and hSiglec-1 with GM2. Interestingly, the binding
profile between Siglec-E and Siglec-F with liposomes bearing increasing amounts of GD1a
continue up to 10 mol% rather than decreasing like other Siglecs such as hSiglec-1, mSiglec-1
and Siglec-F. Overall, these results suggest that the lack of engagement of GM1a by murine
Siglecs is not due to an unoptimized liposomal formulation.

3.3.8.4: Murine Siglec-1 prefers terminally linked a(2—3) linked gangliosides
After ruling out that the liposome formulation was the reason for the lack of observed biding

between mSiglec-1 and GM1a, we consider that it may be the structure of GM1a that mSiglec-1

has difficulty engaging with. As mSiglec-1 engages liposomes bearing GD1a and GM2 but not
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GM1a and considering where the sialic acid(s) are presented from the oligosaccharide structures
of GM1a, GM2, and GD1a, we hypothesized that the sialic acid presented from the internal Gal
residue is difficult for mSiglec-1 to access. It follows that because GD1a contains Sia at both the
internal and external Gal residues, and was recognized by mSiglec-1, it suggests that recognition
of GD1a by mSiglec-1 is through the terminal Gal residue. To understand the contribution to
mSiglec-1 binding for each sialic acid residue on GD1a, we tested the ability of mSiglec-1 to bind
GM1b, a linear structural isomer of GM1a where the sialic acid is linked to the terminal Gal instead
of the internal Gal. The ability of h/mSiglec-1 to bind the oligosaccharides of GM1a and GM1b
was tested using a quantitative native mass spectrometry-based assay developed previously to
study Siglec-ligand interactions 3 7® '8 The concentration of ganglioside oligosaccharide was
then increased (100-500 yM form GM1a, 20-100 uM GM1b) and the change in the amount of
Siglec-oligosaccharide complex was determined (Figure 3.22a and b). The interaction between
hSiglec-1 and GM1b was found to be the strongest (Ky = 0.89 mM), followed by mSiglec-1 with
GM1b (Ky¢ = 1.2 mM), hSiglec-1 with GM1a (K4 = 1.5 mM), and the weakest interaction was
between mSiglec-1 and GM1a (K4 = 2.0 mM). These results suggest that both mSiglec-1 and
hSiglec-1 prefer terminal a(2—3) sialic acids, but that hSiglec-1 is better able to accommodate

the internal a(2—3) linked sialic acid in GM1a compared to mSiglec-1.
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Figure 3.22: Quantifying the interactions between m/hSiglec-1 and the oligosaccharide of GM1a and
GM1b by a native mass spectrometry binding assay. a, b, Summary of ganglioside oligosaccharides
titrations binding between m/hSiglec-1 fragment to the oligosaccharide of GM1a (100-500 yM) and GM1b
(20-100 uM)

The results from the mass spectrometry assay, above, were followed up using the ELISA
and bead assay. In the ELISA, hSiglec-1 showed the best binding to GD1a, followed by GM1b,
and then GM1a. Recognition of GD1a and GM1b by mSiglec-1 was similar, but no significant
binding to GM1a was observed (Figure 3.23a). In the bead assay, GD1a was found to be a
superior ligand compared to GM1b for both murine and human Siglec-1 and GM1a was found to
be a ligand for hSiglec-1 but not mSiglec-1 (Figure 3.23b). These results further support that
mSiglec-1 poorly recognizes GM1a, particularly in the context of a lipid bilayer due to the sialic

acid residue being linked to the internal Gal residue (Figure 3.23c).
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Figure 3.23: Comparative binding of internal and externally linked sialic acids to m/hSig-1 in the
bead assay and ELISA. a, b, hSig-1, and mSig-1 binding to GM1a, GM1b and GD1a in the ELISA and
bead assay respectively. ¢, proposed model for human mSig-1 binding of gangliosides. Data is represented
as the mean of at least three technical replicates and error bars are representative of one standard deviation
from the mean. For a and b, a one-way ANOVA was used to compare the binding of each ganglioside to
either a vehicle control (V.C.) or a naked liposome respectfully. Not Significant (NS); P > 0.05; *** = 0.001
> P 20.0001; **** =P < 0.0001.
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3.4: Discussion

3.4.1: Siglec-ganglioside interactions
Sialic acid-containing glycoproteins and glycolipids play many biological roles through

serving as ligands for sialic acid-dependent lectins, such as the Selectins and Siglecs.
Gangliosides are highly abundant on mammalian cell membranes but studying the interactions
between proteins and glycolipids in a biological membrane has many challenges. In addition to
the complex mixture of glycolipids in a cell membrane, membrane dynamics and composition can
influence the conformation of the carbohydrate headgroup of gangliosides®® 2’8 28 Here, we
reduced this complexity by using liposomes displaying glycolipids to study their ability to engage
immunomodulatory Siglecs. By developing an understanding of how the composition of the lipid
bilayer influences the ability of Siglecs to engage gangliosides, we developed an optimal liposome
formulation leading to the discovery of new Siglec—ganglioside interactions.
3.4.2: Liposome formulation effects Siglec-ganglioside binding

In the process of optimizing the liposomal formulation, a striking observation was the
unimodal nature of the binding between hSiglec-1 and ganglioside liposomes formulated with
GM1a, GM2, and GD1a, which was not observed for GM3. Previous work examining GM3 content
in liposomes and its impact on recognition by hSiglec-1 found that binding increased up to 5 mol%,
but higher ganglioside content was not reported’*. This phenomenon was not unique to hSiglec-
1, as Siglec-6, -7, and mSiglec-1 also showed similar binding patterns with GM1a, GD3, and
GD1a respectively. Interestingly, this trend was not observed with Siglec-E mSiglec-15 with
GD1a. Perhaps difference in the effect of ganglioside content on the ability of the Siglec to bind
to the ganglioside bearing liposomes sheds light on its biological role. For example, the natural
ligands for mSiglec-15 may be higher density compared to Siglec-1. However, this is purely
speculation and if ganglioside content can reach these levels in cells or EVs has not been

reported.
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With respect to the Siglecs that were less efficient at binding gangliosides above an
optimal amount, several lines of evidence in our studies, suggests that this behavior is due to
steric crowding at high ganglioside content that negatively impacts binding. Steric crowding may
arise from ganglioside—ganglioside interactions, which are dependent on the structure of the

284 as a form of phase separation®®. The divergent behavior of GM3 may be

oligosaccharide
related to observations made in molecular modeling studies, which showed that the relatively
small, linear GM3 trisaccharide is buried in the bilayer, making it difficult for hSiglec-1 to access?®.
Except for GM3 and GM4, gangliosides presented from a lipid bilayer demonstrated remarkable
avidity for Siglecs. For example, the soluble equivalent of the high affinity Siglec-1 ligand was

previously found to have an ICso value of 0.38 uM with Siglec-1"°

, which is over 1000-fold stronger
than the affinity we report (0.9 + 0.1 mM) for GM2 to Siglec-1. Yet, when presented in a liposome
at a similar ligand content, both the high affinity Siglec-1 ligand and GM2 have a similar ability to
engage hSiglec-1. This discrepancy may be related to the high affinity Siglec-1 ligand being
presented at the end of a long PEG linker, leading to entropic costs in organizing multiple copies
of the ligand for multivalent engagement of hSiglec-12’.

Our observation that ganglioside recognition on liposomes is shielded by PEG could be
analogous to the glycocalyx of cells. Indeed, there are few examples of trans interactions between
Siglecs on one cell and gangliosides on another?®®. These results point to other relevant biological
locations where gangliosides may serve as Siglec ligands, such as on EVs and viruses.
Gangliosides are found ubiquitously across all cell types and tissues and contribute to the
composition of EVs?°. hSiglec-1?*® and -7%° %2 have both been shown to engage EVs in a
manner that is predicted to be through glycolipids.

3.4.3: Siglec-ganglioside binding partners

Using the cell-based assay, many of the established human Siglec-ganglioside

interactions were reproduced, specifically with hSiglec-1, -4, -5, -7, -9, and -10%%% 4. 254 |

addition, we found novel interactions including: hSiglec-4 with GM1a, GD1b, and GD3; Siglec-5
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with GM1a; Siglec-9 recognizes GM1a; and Siglec-10 recognizes GM1a, GM2, and GD3.
However, it is important to consider how membrane dynamics influence avidity. There are
discrepancies in the literature and in this study with respect to Siglec—ganglioside interactions that
is likely due to the experimental format used. For example, Siglec-6 was found to bind many
gangliosides in the cell assay but not as many in the ELISA. Moreover, not every interaction was
observed when in both the bead assay and the ELISA with the murine Siglecs. Moreover, binding
of Siglec-6 to glycolipids had never been observed, although Siglec-6-ganglioside interactions
have only been investigated to a limited degree with the only report being the use of an ELISA to
measure the binding of Siglec-6 towards GD3%%. In summary, interpretation of these results with
respect to biological significance requires careful consideration of the experimental platform.
Comparing the results of the interrogation of the human and murine Siglec, some of the
mSiglecs bound more similarly to the analogous hSiglec than others when gangliosides are
presented from a liposome (Figure 3.24). For the conserved Siglecs, hSiglec-1 and mSiglec-1
bound all the same gangliosides with the exception of mSiglec-1 being unable to bind GM1a. The
inability of mSiglec-1 to bind GM1a was previously reported using a cell adhesion assay®*. In this
assay, which, is similar to an ELISA, gangliosides were adsorbed to a microplate and then COS
cells expressing full-length membrane bound Siglecs were added to the plate. Unbound cells
would then be washed away and the level of binding between the Siglec and the ganglioside was
quantified by the activity of lactate dehydrogenase post cell lysis which, was proportional to the
strength of the interaction between the Siglec and the ganglioside. Both m/hSiglec-1 are
generally considered to recognize a(2—3) sialic acid®; however, the ability of both m/hSiglec-1 to
bind a(2—38) linked sialosides may be unappreciated, as both m/hSiglec-1 were found to bind
a(2—8) Sia gangliosides such as GD3, GD1b, and GQ1b'?®. However, it is difficult to fully rule out
that a portion of the a(2—8) linked sialoside was hydrolyzed during the course of liposome
preparation and led to these results. Consulting crystal structures of mSiglec-1, PDB 10D7 2%

and 1QFO%", the latter of which is co-crystalized with sialyllactose (GM3 oligosaccharide), a co-
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crystal structure of m/hSig-1 with a a(2—8) linked sialoside would be very insightful with respect
to how Siglec-1 engages/accommodates the a(2—38) sialic acid. In the interrogation of the human
Siglec family study, no binding between hSiglec-15 and any of the gangliosides was observed,

yet mSiglec-15 did show ganglioside binding.
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Figure 3.24: Venn diagram comparison of murine and human Siglec ganglioside binding. Interactions
reported are a summary of interactions identified in this thesis.

This is surprising given that m/hSiglec-15 share strong sequence homology (V-set identity

94%). However, as it was found in chapter 2, our first generation hSiglec-15-Fc was unstable and
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binding was likely not observed due to inactive protein rather than differences in ligand
preferences between the two Siglecs. Moreover, Siglec-15 required a K274L mutation to be
expressed in as a membrane bound Siglec and while cell surface expression of hSiglec-15 was
achieved, it may not have been at levels sufficient to observe ganglioside liposome binding.
Alternatively, Siglec-15 may be masked on CHO cell which caused trans binding by ganglioside
liposomes to be missed. Regardless of the reason, this work could be extended by repeating the
hSiglec-15 ganglioside binding using the second generation hSiglec-15-Fc. Regardless, mSiglec-
15 appeared to have a strong preference for a terminal a(2—3) linked Neu5Ac as demonstrated
by its ability to bind GM4, GD1a and GT1b while not binding internally a(2—3) linked gangliosides
such as GM1a and GM2. This is in line with previous investigations that also observed Siglec-15
binding to a(2—3) linked sialic acids’ ®.

For the CD33-related Siglecs, while hCD33 and mCD33 share a name, the two Siglecs
are structurally and functionally different®*>. With respect to hCD33, ganglioside binding has only
been observed using approaches where the ganglioside is outside a bilayer?®?. In agreement with
this, we observed only minimal binding between mCD33 and GM3 in the ELISA but not in the
bead assay. For orthologs, Siglec-7, Siglec-9, and Siglec-E, all bound most gangliosides in this
study and in other investigations'? '4°_ Previously, Siglec-10 was found to bind many gangliosides
128. 177 whereas in this study, Siglec-G was unable to bind any gangliosides regardless of
presentation. With respect to the paralogs Siglec-F and Siglec-8, Siglec-8 has not been reported
to bind gangliosides when presented from a liposome '# but can bind gangliosides outside a
bilayer'*°. In this study, Siglec-F could bind all the gangliosides that Siglec-8 was reported to bind
to in an ELISA but could also bind GM4, GD1a, and GD1b when presented from a liposome. Both
the bead assay and the ELISA are robust assays for measuring Siglec-ganglioside interactions.
However, it is important to consider that these assays are artificial and due to the avidity leveraged
in both platforms, the observed interactions, and effects of ganglioside content on Siglec binding

need to be validated in a biological context, which could be the focus of future studies. To this,
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using cells engineered to produce specific gangliosides or exogenous loading of gangliosides to
cells may be fruitful approaches to validate Siglec-ganglioside interactions in a more biologically
relevant context.
3.4.4: Mouse models are ideal for studying human Siglec-ganglioside interactions
When comparing the ganglioside binding profiles between hSiglecs and mSiglecs it is
important to consider that all the gangliosides used in this study contained Neu5Ac as the form of
sialic acid, and not Neu5Gc. Mice produce Neu5Gc in addition to Neu5Ac as their sialic acid and
Neu5Gc-containing gangliosides could be preferentially recognized by some mSiglecs over their

199,293 While it would have been ideal to test

Neu5Ac-containing ganglioside counterparts
Neu5Gc-containing gangliosides, unfortunately these are not readily available, and their synthesis
is non-trivial. How Neu5Gc on ganglioside affects Siglec binding is an excellent future direction.
Nevertheless, the use of NeuS5Ac gangliosides enabled the direct comparison of the results from
this work to our previous study where we analyzed binding of human Siglecs to gangliosides in
similar types of assays.
3.4.5: GM1a is a poor ligand for mSiglec-1

GM1a is an important molecule in mammalian physiology and pathophysiology as it is one
of the most common gangliosides®® ?°*. In Huntington’s Disease murine models, delivering GM1a
can restore healthy motor functions®®. With GM1a involved in many physiological and
pathophysiological processes, it was surprising that none of the murine Siglecs bound GM1a in a
bilayer. Even re-optimizing the liposome formulation with respect to cholesterol content, acyl chain
length, and ganglioside content did not reveal any binding between mSiglec-1 and GM1a.
However, these optimizations are not exhaustive and perhaps in the context of a bonafide
biological membrane, mSiglec-1 may be able to interact with GM1a as binding between mSiglec-
1 and GM1a could be observed in the mass-spectrometry assay. However, the interaction
between mSiglec-1 and GM1a was the weakest interaction measured. While mSiglec-1 does

have a weaker affinity to GM1a compared to hSiglec-1, the difference is not large enough to
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explain the observed difference in the bead assay and the ELISA and is more likely due to other
factors such as the oligosaccharide presentation.

In our focused ELISA, hSiglec-1 bound GD1a with greater avidity than GM1b whereas
mSiglec-1 bound the two gangliosides equally. This may be because hSig-1 can bind to the
internal and terminal Sia residues whereas mSiglec-1 can only bind the terminal Sia residue. In
the GM1-focused bead assay, both hSiglec-1 and mSiglec-1 bound GD1a with greater avidity
than GM1b. This may be due to GM1b having a different optimal ganglioside content than GD1a,
resulting in an unfavourable oligosaccharide conformation and decreased engagement of the
Siglec. Alternatively, the branched nature of GD1a may position the terminal Sia towards the
solvent allowing for engagement by Siglec-1, whereas the linear GM1b oligosaccharide may
adopt a more buried or ‘laid down’ conformation proposed for other linear gangliosides like
GM3%°¢_ In the future, techniques such as STD-NMR or co-crystal structures can be used to
directly assess which sialic acid residues are recognized by Siglecs. Overall, it appears that
Siglec-ganglioside binding profiles are reasonably conserved between human Siglecs and their

equivalent murine Siglecs.
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3.5: Conclusion
The foundation of our understanding of the physiological and pathophysiological roles of

Siglecs are rooted in studies that discovered and described Siglec ligands. Through screening
the entire human and murine Siglec family against a panel of gangliosides presented in a lipid
bilayer within an optimized liposome revealed many previously undiscovered Siglec—glycolipid
interactions, most notably between Siglec-6 and several gangliosides. Additionally, while many
Siglecs are conserved or may serve the same function at the organism or cellular level in humans
and mice, subtle differences in structure may have profound biological effects that need to be
considered. The results from this chapter suggest that murine models are generally appropriate
to study human Siglec-ganglioside interactions at a global level but are less appropriate when

studying specific interactions such as Siglec-1 and GM1a.
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3.6: Methods
Cell culture. CHO cells were cultured as described in Chapter 2.

Stable Transfection. Full length Siglecs were transfected as described in Chapter 2.

Siglec-Fc expression and purification. Siglec-Fcs were expressed and purified as described in
Chapter 2.

Liposome Extrusion. Liposomes were produced as described in chapter 2.

Siglec preparation for direct binding assay (Performed by the Klassen Group). Siglec
fragments were produced as described in chapter 2.

Direct ESI-MS Binding Assay. Direct ESI-MS Binding Assay was performed as described in
chapter 2.

Cell Assay. 200,000 cells/well were plated into a 96-well U-bottom microplate and centrifuged at
300 x g for 5 min. The cells were then resuspended in 50 pL of 50 yM liposome/50 ug/mL (protein
concentration) of EV solution in DMEM F12 5 % FBS and incubated at 37 °C for 30 min. Excess
liposomes were then removed via centrifuged at 300 x g for 5 min followed by washing the cells
with FACS solution. The cells were then resuspended in (1:250 V/V) anti-Siglec-flow buffer (1 %
V/V FBS, 500 uyM, EDTA Hank’s Balanced Salt Solution pH 7.4), solution and left to rest on ice
for 30 min. The cells were then centrifuged again at 300 x g for 5 min and the cells were
resuspended in FACS buffer solution and were then ready for analysis by flow cytometry.
Information regarding antibody clone, catalog number supplier, label isotype and dilution can be
found in chapter 2.

Flow cytometry. Flow cytometry measurements were collected as descried in chapter 2.
Ganglioside Content Quantification (Performed by the Klassen Group). The average
ganglioside content in a given liposome sample was measured by electrospray ionization mass
spectrometry (ESI-MS) using an internal standard (1S)**®. Briefly, the liposome sample was first
disassembled in methanol solution of 0.15% formic acid and a known amount of IS added. The

solution was then analyzed by ESI-MS. The total ion abundance (Ab) ratio of the ganglioside
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(GSL) to the IS measured by ESI-MS is related to corresponding solution concentration ratio by
equation 3.1:

_Ab(GSL) _ [GSL] (3.1)
T AB(IS) T [IS]

and thus the ganglioside concentration can be obtained from linear regression. The corrected
ganglioside percentage (GSL %cor) and the ganglioside incorporation in the liposome can be
found from equation 3.2 and 3.3, respectively, where [GSL]nominal is the nominal concentration of

the ganglioside used for liposome preparation:

[GSL] (3.2)
0 -t )
GSL Yocorr [Total Lipid]
) [GSL] (3.3)
Incorporation = —————
P [GSL]nominal
The corresponding deuterium labelled gangliosides, N-w-CD3-octadecanoyl

monosialoganglioside GM2 (GM2-d3), and N-w-CD3-octadecanoyl monosialoganglioside GM3
(GM3-d3), purchased form Matreya LLC (State College, PA), were used as IS for GM2 and GM3
content quantification, respectively. All these measurements were carried out in negative ion
mode using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer coupled with the
Nanospray Flex lon Source (Thermo Fisher Scientific, Bremen, Germany). Tips pulled from a
borosilicate capillary (1.0 mm o.d., 0.78 mm i.d.) by a micropipette puller (P-1000, Sutter
Instruments, Novato, CA) were used to perform the nanoflow ESI. The sample solution was
loaded into the nanoflow ESI tip and a voltage of —0.7 kV was applied to a platinum wire inserted
into the tip and in contact with the sample solution. For the Orbitrap mass spectrometer, the key
parameters were: capillary temperature 160 °C, maximum inject time 100 ms, microscans 2, and
resolution 140,000. All other parameters were set at default values. Data acquisition and

processing were performed using Xcalibur (Thermo Fisher Scientific, version 4.4).
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Direct ESI-MS Binding Assay (Performed by the Klassen Group). The affinities of ganglioside
(GM1, GM2, GM3 and GD1a) oligosaccharides (L) for Siglec-1 fragment were measured by the
direct ESI-MS assay." A reference protein (Prr) was added to the ESI solutions in order to correct
mass spectra for any nonspecific binding that occurred during the ESI process.? The dissociation
constant (Ky) was calculated from the total abundance (Ab) ratio (R) of the ligand bound (PL) to
free Siglec-1 fragment (P) ions (equation 3.4) measured by ESI-MS for solutions of known initial

concentration of Siglec-1 fragment (Po) and ligand (Lo), equation 3.5:

_Ab(PL) _[PL] (3.4)
~Ab(P)  [P]
[PIIL] _[Ll, [Pl (3.5)

[PL] R R+1

The reported Ky values correspond to average values measured at 3.6 uM of Siglec-1 fragment
and 20, 40, 80, and 140 pM of each ganglioside oligosaccharide tested. Direct ESI-MS
measurements were performed with nanoflow ESI in positive ion mode (voltage ~1 kV) on a Q-
Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific). Automatic gain control (AGC)
target, the maximum inject time, capillary temperature and S-lens RF level were set to 1 x 10°,
100 ms, 150 °C and 100 °C, respectively. The resolution was 17500 at m/z 200. Data acquisition
and processing were carried out using Xcalibur (Thermo Fisher, version 4.1).

Modification of Phage Clones with Glycans (Performed by the Derda Group). Solution of five
SDB phage clone (10'%-10" PFU/mL in PBS) was combined in equal amounts (50 uL) to create
a multiplexed silent barcode (MSDB). Twenty-four such MSDB were created and combined
DBCO-NHS (50 mM in DMF) to afford final concentration ranging from 0.25 mM to 2 mM. The
reaction was incubated for 45 min at room temperature. The conjugates were purified by Zeba™
Spin Desalting column (7 kDa MWCO, 0.5 mL, Thermo Fisher) and pVIIl modification rate was
confirmed by MAL/DI using a previously reported protocol. Typically, 1 mM DBCO-NHS yields

25% of pVIII modification after 45 min incubation. Six MSDB was combined and solution of azido-
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glycans (10 mM stock in Nuclease Free H,O) were added to the solution to afford a 2 mM
concentration of glycan-azide and the solutions were further incubated overnight at 4 °C. The
glycan conjugation was confirmed using MALDI-TOF. The conjugates were purified by Zeba
column and supplemented with glycerol and stored as 50% glycerol stock at -20 °C. LiGA mixture
was prepared by combining these solutions.

Binding of LiGA to CHO Cells expressing Siglec-1 (Performed by the Derda Group). Confluent
CHO cells expressing Siglec-1 or UT CHO cells were detached using PBS plus 5 mM EDTA and
washed with PBS (2x5 mL). Suspension of at 2 x10° cells in HEPES-1, % BSA (20 mM HEPES,
150 mM NaCl, 2 mM CaCl,, pH 7.4, 1% BSA) in a round bottom 3 mL tube (Corning, #352054)
was combined with LiGA (10® PFU) and incubated for 1 h at 4 °C . The cells were then washed
HEPES-0.1 % BSA in (2x3 mL) and HEPES buffer (1x1 mL). The washed cell pellet was
resuspended in 30 uL nuclease free H,O. The solution was incubated at 90 °C for 15 min,
centrifuged at 21,000 x g for 10 min, and 25 uL of the supernatant was used for PCR and
sequencing.

Liposome Ligand Density Calculation. The total number of lipids in a liposome (N.) were
calculated using equation 3.6. Liposomes were assumed to be a sphere 100 nm in diameter (d).
The thickness of a DSPC bilayer (h) was assumed to be 5 nm. The area of a phosphatidyl choline

head group (b) was assumed to be 0.71 nm?.

an(@) +an[d—n] 40)

The ligand density (LD) was then calculated using equation 3.7 where x is the appropriate mol%
of ganglioside in the liposome formulation assumed that 50 % is on the outer leaflet of the bilayer,
N. was calculated using equation 3.6, Na is Avogadro’s number and d is the diameter of the

liposome.
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Unmasking Cell Assay. Cells were treated with neuraminidase as described in Chapter 2.
Bead Assay. The bead assay was performed as described in Chapter 2.

ELISA. The ELISA was performed in the same way as described in Chapter 2.
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Chapter 4: Exploring the ligands of and functions of Siglec-6
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4.2: Introduction

4.2.0: Overview of Siglec-6
Siglec-6 - also known as CD327 or OB-BP1 - is a member of the CD33-related Siglecs.

Siglec-6 was first discovered in the late 1990’s being expressed in the human placenta®’. While
Siglec expression is generally restricted to immune cells, Siglec-6 breaks away from this dogma;
in addition to being expressed on immune cells®*®®, Siglec-6 is also expressed on placental
syncytiotrophoblasts. Interestingly, Siglec-6 expression in the placenta is unique to humans®®. In
addition to being expressed by syncytiotrophoblast, Siglec-6 is also expressed by memory B

128,29 and mast cells'?® 2°®, Compared to other Siglecs, there are relatively few investigations

cells
into Siglec-6 and its ligands and, consequently, its biological roles are poorly understood. After
discovering that Siglec-6 can bind gangliosides, we aimed to leverage this discovery to probe
deeper into the biological roles of Siglec-6. Using our optimized liposome platform, we discovered
that bilayer presentation is critical for sialoside recognition by Siglec-6, which is mediated by a
solvent exposed tryptophan residue. Moreover, this tryptophan residue contributes more to the
binding of liposomes than the conserved arginine residue. Additionally, we found that Siglec-6
preferentially binds a(2 —3) and a(2 —8) linked sialosides over a(2 —6) linked sialosides.
4.2.1: Siglec-6 structure

Like all Siglecs, Siglec-6 has the typical structural components: a glycan binding or V-set
domain, two C2 domains, a transmembrane domain and a cytoplasmic tail featuring an
immunoreceptor tyrosine-based inhibitory motif (ITIM) and an ITIM-like motif. Unfortunately, there
is no crystal structure to consult when describing the structure of Siglec-6. However, recent
advances in bioinformatics have enabled the development of AlphaFold; which, is a software that
combines machine learning with published crystal structures to predict the structure of proteins®°®
301 While AlphaFold is impressive and reasonably accurate, it does have its limitations and is not
a replacement for crystal structures but can be helpful when lacking a crystal structure®*?. Using

the AlphaFold model of Siglec-6, the different structural components can be highlighted (Figure
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4.1). Using this model, the critical structural components of the Siglec can be observed. First there
is the V-set or glycan binding domain. There are several important amino acids in this domain.
These residues include Cys46 (one half of the interdomain disulfide bridge connecting the V-set
to the first C2 domain) and an ionic pair of Arg92 and Asp115, which forms a salt bridge critical
for proper protein folding. In this domain, there is also the conserved arginine residue (Arg122)
and Trp127 which is important for binding glycolipids presented from a lipid bilayer. Key residues
in the first C2 domain of Siglec-6 are Asn149, 163, and 223 all of which are predicted to be N-
glycosylation sites, as well as the other half of the cysteine bridge with the V-set domain (Cys172).
There is also an intradomain disulfide bond between Cys166 and 215. In the last C2 domain,
there is another interdomain disulfide bridge between Cys274 and 319. After a short, disordered
spacer, there is the transmembrane domain that anchors the protein into the membrane. The last
part of the Siglec is the cytoplasmic tail which is structurally disordered and contains the ITIM and

ITIM like motifs which have key tyrosine residues at the 426 and 445 positions respectfully.
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Figure 4.1: Model of Siglec-6 broken down into domains with important amino acids highlighted.
4.2.2: Siglec-6 expression
Siglec-6 can be found on memory B cells, mast cells, and syncytiotrophoblasts. Memory

B cells are a subset of B cells and a component of the adaptive immune system which serve to

help protect the organism from repeated infection from the same pathogen through the production

303

of antibodies™™". General markers used to identify B cells are CD19 and CD22. Memory B cells
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can be isolated from other types of B cells using the marker set CD27*lgD"CD383%. During the
initial infection or vaccination, B cells that are specific for the pathogen will be selected for in the
germinal center of a lymph node or other secondary lymphoid organs through a process known

133

as somatic hypermutation'>>. Once a B cell makes it through the selection process, it will either

become a memory B cell or an antibody-secreting plasma cell. After the infection has cleared,

memory B cells will remain in circulation in waiting for decades®®®

. When a memory B cell
encounters the pathogen it is specific for, it will begin to proliferate and differentiate into antibody
producing plasma cells, neutralizing the pathogen. Exactly when in the process Siglec-6
expression begins and why Siglec-6 only appears on memory B cells, and not naive B, cells
remains unclear, however, the restricted nature of this expression makes it an excellent target for
diseases such as acute myeloid leukemia (AML)*®°.

Siglec-6 is also expressed by mast cells, an immune cell which participates in both the
innate and adaptive immune responses and are typically found in tissues and mucosal

membranes (respiratory track, skin, gastro-intestinal tract, etc.)**

. Occupying these physiological
locations makes mast cells part of the first line of defense against many pathogens and allergens.
Mast cells are most known for their roles in inflammation and allergic reactions. When mast cells
are activated by the cross-linking of FceRI-IgE complexes due to the presence of an antigen, mast
cells release many signaling molecules (cytokines, thomboxanes, chemokines, efc.) that induce
an anaphylactic response/inflammation®”’. Mast cells are also believed to be relevant in many
autoimmune diseases/conditions, such as insulin independent diabetes mellitus, multiple
sclerosis, and rheumatoid arthritis to name a few®®. Due to their roles in many diseases and
conditions, being able to modulate mast cells is of great therapeutic interest®*®.

Lastly, Siglec-6 can also be expressed on placental syncytiotrophoblasts. These
multinucleated cells form the outer most layer of the placenta and are in direct contact with the
maternal blood. Interestingly, while other primates express Siglec-6 on their B cells, Siglec-6

expression by syncytiotrophoblasts has only been identified in human placentas®® 3'°. While the
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niche filled by Siglec-6 expressed by syncytiotrophoblasts remains unclear, it is known that Siglec-
6 expression increases in pregnancies and is affected by preeclampsia. Preeclampsia is a
complication during pregnancy that is characterize by abnormally high levels of protein in the urine
(proteinuria) and high blood pressure (hypertension)®'®. One in twenty pregnancies are affected
by preeclampsia and it is one of the leading causes of maternal/fetal deaths®'".

In this chapter, the ability of Siglec-6 to engage glycolipids independent of its conserved
arginine was investigated. This was accomplished through a combination of genetic means
(chimera constructs and mutagenesis) as well as chemical means (a panel of synthetic
glycolipids). This investigation led to the discovery of a relatively high affinity Siglec-6 ligand
which, when formulated into a liposome could engage Siglec-6 on a variety of primary human
cells. Liposomes formulated with this ligand were also used to demonstrate that Siglec-6 could
mediate the internalization of this nanoparticles. Lastly, a possible biological role for Siglec-6-

ganglioside interactions was proposed when it was found that Siglec-6 could also mediate the

internalization of extracellular vesicles.
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4.3: Results

4.3.1: Siglec-6 ligand presentation
The robust binding between CHO cells expressing Siglec-6 and ganglioside-bearing

liposomes observed in chapter 3 came as a surprise as Siglec-6 was previously reported to bind

a(2—6) linked sialosides such as the sialyl Tn antigen and none of the gangliosides used in our

study featured an a(2—6) linked sialic acid motif'®®

. Moreover, GD3 was found not to be a ligand
for Siglec-6 using an ELISA in a previous study'®® but it was found to be a ligand for Siglec-6 in
our cell-based assay. One explanation for this difference is that the oligosaccharide presentation
afforded by the liposome is important for Siglec-6 recognition of glycolipids. To assess how the
environment of the glycolipid effects the binding between Siglec-6 and glycolipids, we probed the

binding between Siglec-6 and glycolipids in a variety of different experimental approaches.

4.3.1.0: Siglec-6-ganglioside binding outside the context of a bilayer
We started by probing the ability of Siglec-6 to bind gangliosides outside a lipid bilayer

using an ELISA approach. As a control, we also evaluated the ability of hSiglec-1 and -7 to bind
gangliosides in an ELISA together with Siglec-6, as hSiglec-1 and -7 are both established
ganglioside binders and have been shown to bind gangliosides outside of a bilayer®*® %', Using
an ELISA, where gangliosides were adsorbed to a microplate and probed with our soluble dimeric
Siglec-Fc proteins precomplexed with tetrameric Strep-Tactin-Horseradish Peroxidase (HRP)*,
hSiglec-1 and -7 showed similar ganglioside binding profiles in the ELISA and the cell assay. On
the other hand, Siglec-6 did not recognize the gangliosides that it interacted with in the cell assay
(GM1a, GD1a, GD3, GT1b, and GQ1b) (Figure 4.2). Interestingly, there was a small amount of
binding of Siglec-6 to GM3 and GM4 in the ELISA and, notably, the same binding profile was
observed between WT Siglec-6 and R122A Siglec-6. The inability of Siglec-6 to recognize
gangliosides when presented outside the confines of a bilayer supports that bilayer presentation

of Siglec-6 ligands is important for recognition.
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Figure 4.2: Assessing the ability of Siglec-6 to bind gangliosides outside of a bilayer. a, Schematic
of the enzyme-linked immunosorbent assay (ELISA) used to investigate Siglec—ganglioside interactions
outside the context of a lipid bilayer. b, ¢, and d, ELISA results of hSiglec-1, -6, and -7 binding to nine
gangliosides respectively. All results are represented as the mean + one standard deviation of at least four
technical replicates. The dotted line represents two standard deviations above the blank well. A one-way
ANOVA was used for statistical analysis. Not Significant (NS), P > 0.05; *0.05>P =0.01; **0.01 > P 20.001;
***0.001>P =0.0001; ****P <0.0001

4.3.1.1: Siglec-6-Fc does not bind in cell-based glycan array
Siglec-6 binding to glycolipids was dependent on how its ligands were presented, as it did

not robustly bind to gangliosides in the ELISA but did when displayed from a lipid bilayer in the
cell assay. In Chapter 2, a cell-based glycan array was used to probe Siglec ligands on primary
cells and no Siglec-6 ligands were found on any of the immune cell types that were screened (B
cells, NK cells, CD4" and CD8" T cells, monocytes, and mature neutrophils). As Siglec ligands
are often found on cells that express that Siglec (e.g. CD22 ligands are found on B cells), we
hypothesized that cell lines derived from biologically relevant cells may carry Siglec-6 ligands.
Accordingly, we screened BeWo and Daudi cell lines against the Siglec-6-Fc in a cell-based
glycan array. These cell lines were chosen because Siglec-6 is expressed by syncytiotrophoblast
and memory B cells and BeWo and Daudi cells are trophoblast and B cell derived cell lines,
respectively. As well, BeWo cells were previously reported to have Siglec-6 ligands®®®. However,

in our hands, Siglec-6 did not bind either cell line. It is unclear if this is because these cells do not
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express the right types of glycans or if glycolipids are too buried in the glycocalyx to be recognized

by soluble Siglec-6-Fc.
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Figure 4.3: Siglec-6-Fc binding to cell lines in a cell-based glycan array. The cell lines tested were
BeWo cells (a trophoblast cell line and Daudi cell (a B cell line). Data is represented as the mean + one
standard deviation of four technical replicates. A one-way ANOVA was used for statistical analysis. Not
Significant (NS), P > 0.05.
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4.3.1.2: Bilayer presentation rescues Siglec-6 ganglioside binding
To further investigate how ganglioside presentation influences Siglec binding, we used

two other liposome-based assays. The first we refer to as the Liposome Over Lectin Assay
(LOLA), wherein a Siglec-Fc is adsorbed to a microplate, followed by probing with the same
fluorescently labeled ganglioside liposomes used in the cell assay (Figure 4.4a). Using hSiglec-
1 and GM1a bearing liposomes, the optimal amount of Siglec adsorbed in the well was determined
to be 1 ug per well (Figure 4.4b). The results of the cell-based assay were repeated with respect
hSiglec-1 binding to ganglioside bearing liposomes and, as expected, hSiglec-1 bound GM1a
bearing liposomes in an Arg116 dependant manner (Figure 4.4c) and bound GM1a, GM2, and

GM3 bearing liposomes with the same relative avidity (GM2>GM1a>GM3) as the cell-based

assay (Figure 4.4d).
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Figure 4.4: Development of Liposome Over Lectin Assay (LOLA). a, Depiction of the LOLA where the
Siglec-Fc is adsorbed non-specifically to a microplate and ganglioside bearing liposomes are added to the
wells and binding is determined via fluorescence intensity by a spectrophotometer. b, Binding of GM1a
liposomes to hSiglec-1 adsorbed in different amounts to the microplate wells. ¢, Binding of naked liposomes
and liposomes formulated with 3 mol% GM1a to WT and Arg116A hSiglec-1. d, Binding of GM1a, GM2,
and GM3 bearing liposomes to hSiglec-1 WT in the LOLA. All results are represented as the mean + one
standard deviation of at least four technical replicates. A one-way ANOVA was used for statistical analysis.
Not Significant (NS), P > 0.05; *0.05>P =20.01; ****P < 0.0001.

With this assay developed, it could be used to evaluate if Siglec-6 could bind gangliosides
when presented from a bilayer in a different experimental approach. Again, hSiglec-1 and Siglec-

7 were used in parallel with Siglec-6. All three Siglecs showed similar binding in the LOLA
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compared to the cell assay (Figure 4.5a-d). Once again, binding was not abrogated in R122A
Siglec-6. These results were complemented using the bead assay wherein the Siglec-Fc was
immobilized on streptavidin microbeads and probed for binding to ganglioside bearing liposomes
by flow cytometry. Similar binding profiles were observed with the LOLA and cell assay (Figure
4.5e-h). These additional approaches provide further support that Siglec-6 uniquely requires

presentation of gangliosides from a lipid bilayer for optimal engagement.
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Figure 4.5: Investigating the ability of Siglec-6 to bind gangliosides in other liposome based assays.
a, Depiction of LOLA. b, ¢ and d, Results of the LOLA against a select number of ganglioside liposomes
against hSiglec-1, Siglec-6, and Siglec-7 respectively. e, Depiction of the bead assay. f, g, and h, Results
of the bead assay against a select number of ganglioside liposomes against hSiglec-1, Siglec-6, and Siglec-
7 respectively. The dotted line on LOLA, and bead assay results represents two standard deviations above
naked liposome for the LOLA and bead assay. All results are represented as the mean + one standard
deviation of at least four technical replicates. A one-way ANOVA was used for statistical analysis. Not
Significant (NS), P >0.05; *0.05>P =0.01; ** 0.01 >P 20.001; ***0.001 > P =0.0001; ****P < 0.0001.

152



4.3.2: Probing Siglec-6 with synthetic glycolipids
A glycolipid can be broken down into three components, the oligosaccharide, the linker,

and the acyl chains (Figure 4.6); all of which impact oligosaccharide presentation. To probe the
specificity of Siglec-6 with respect to the glycan beyond which glycolipids are commercially
available, we prepared a panel of synthetic glycolipids or neoglycolipids (nGLs) and systematically
varied the oligosaccharide, headgroup/linker, and acyl chains and assessed the effect of each

component on Siglec-6 binding.
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Figure 4.6: Schematic of a glycolipid broken down into three components. A glycolipid can be broken
down into three components: the oligosaccharide, the linker, and the acyl/alkyl chains of the lipid.

4.3.2.1: Siglec-6 binding is dependent on oligosaccharide presentation
Starting with the glycan moiety, nGLs 3 and 4 were prepared, which feature the

oligosaccharide moiety of GM1a and GM3, respectively, linked to 1,3-di-O-hexadecyl glycerol via
an amide linker (Figure 4.7a). Neoglycolipid liposomes formulated with 3 mol% 3 bound minimally
to Siglec-6 CHO cells, whereas liposomes containing 3 mol% 4 showed a five-fold increase in

binding compared to native GM3 ganglioside liposomes (Figure 4.7b).
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Figure 4.7: Binding of neoglycolipids present from an amide dialkyl-glycerol scaffold. a, Structures
of nGLs 3 and 4 presenting the oligosaccharide of GM1a and GM3, respectively, through an amide-linkage
to a 1,3-di-O-hexadecyl glycerol scaffold. b Binding of liposomes formulated with 3 mol% 3 and 4 to WT
Siglec-6 CHO cells in the cell assay. Liposome binding was quantified as the binding of the liposome
bearing the glycolipid over the binding of a naked liposome. Data is represented as the mean * one standard
deviation of at least four technical replicates. A one-way ANOVA was used for statistical analysis.
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As the oligosaccharide of GM3 (a-Neup5Ac-(2—3)-B-lactose) was preferred in this
artificial presentation, the chemical diversity of our nGL panel was increased by linking the GM3
oligosaccharide to three different lipid groups by coupling the B-azidoethyl glycoside of a-
Neup5Ac-(2—3)-B-lactose to three different lipids through a triazole linkage to form nGLs 5, 6,
and 7 (Figure 4.8a). Liposomes formulated with 3 mol% 5 displayed relatively high binding to
Siglec-6, whereas 6 and 7 showed lower binding (Figure 4.8b).
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Figure 4.8: Binding of neoglycolipids presenting the GM3 oligosaccharide from triazole linked lipid
scaffolds. a, Structures of nGLs 5, 6, and 7 presenting the oligosaccharide of GM3 triazole-linked to 1,3-
di-O-hexadecyl glycerol, phosphatidyl sphingomyelin, and distearoylphosphatidylcholine scaffold,
respectively. b, Binding of liposomes formulated with nGLs 5, 6, and 7 to WT Siglec-6 CHO cells in the cell
assay relative to naked liposomes. Data is representative of the mean + one standard deviation of four
technical replicates. A one-way ANOVA was used for statistical analysis. Not Significant (NS), P >0.05;
****P <0.0001.

Using the triazole-linked di-O-hexadecyl glycerol nGL scaffold, we further explored the
glycan specificity of Siglec-6 with respect to regiospecificity by synthesizing three nGLs with
triazole-linked a(2—6)-sialyl-lactose (8), a(2—3)-sialyl-LacNAc (9), and a(2—6)-sialyl-LacNAc
(10) (Figure 4.9a). Compared to liposomes with 3 mol% 5, both WT and R122A Siglec-6 bound
minimally to the conjugates containing an a(2—6)-linked sialoside (Figure 4.9b). Binding was

also modestly lower when the lactose moiety of 5 was replaced with LacNAc (9).
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Figure 4.9: Binding of neoglycolipids featuring a triazole linked di-O-hexadecyl glycerol. a,
Structures of nGLs 8, 9, and 10 presenting an a(2 — 3) or a(2 — 6)-linked sialoside on an underlying lactose
or LacNAc core, triazole-linked to 1,3-di-O-hexadecyl glycerol scaffold. b, Binding of liposomes formulated
with 5 and 8-10 to WT and R122A Siglec-6 CHO cells in the cell assay relative to liposomes formulated
with 3 mol% nGL 5. Data is representative of the mean + one standard deviation of four technical replicates.
A one-way ANOVA was used for statistical analysis. ***0.001 > P =0.0001; ****P < 0.0001.

4.3.2.2: Optimizing neoglycolipid liposomes
As nGL 5 was to be used for targeting Siglec-6 in subsequent experiments, the content of

5 in liposomes was titrated and the optimal amount of nGL 5 was determined in three different
binding experiments. The first was using Siglec-6 expressing CHO cells, the second was using
Siglec-6-Fc complexed beads, and the last was using Raiji cells (an immortalized cell line derived
from human B cells) virally transduced with Siglec-6 (Figure 4.10a-c). In all cases, binding of
liposomes formulated with nGL 5 plateaued at 5 mol% and accordingly, 5 mol% 5 was used in
liposomes moving forward. However, as nGL 5 content exceeded 5 mol%, Siglec-6-independent
binding could be observed in the Raji cells, suggesting that at higher ligand content, the liposomes
can engage other Siglecs/lectins expressed by the Raiji cells, demonstrating that nGL-5 is not

specific for Siglec-6.
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Figure 4.10: Optimizing the mol% of 5 in neoglycolipid bearing liposomes for engaging Siglec-6. a,
b, ¢, Binding of liposomes formulated with increasing amounts of neoglycolipid 5 against CHO cells
expressing WT Siglec-6, Siglec-6-Fc- complexed beads and Raiji cells virally transduce with Siglec-6
respectively. Data is quantified as the mean + one standard deviation of the median fluorescent intensity
(MFI) from four technical replicates. A one-way ANOVA was used for statistical analysis. Not Significant
(NS), P>0.05; ** 0.01>P =0.001; ***0.001 > P =0.0001; ****P <0.0001

To further our understanding of how 5 neoglycolipid liposomes engage Siglec-6, we
performed a competition assay between GM1a bearing liposomes and liposomes bearing nGL 5.

The binding of GM1a ganglioside liposomes decreased as the concentration of 5 mol% 5
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neoglycolipid liposomes increased, suggesting that the two ligands compete for the same binding

site (Figure 4.11a and b).
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Figure 4.11: Binding competition between GM1a bearing liposomes and liposomes bearing
neoglycolipid 5 against WT Siglec-6 in the bead assay. Binding of 1 mol% GM1a liposomes to WT
Siglec-6 in the presence of an increasing concentration of 5 mol% neoglycolipid 5 bearing liposomes. Data
is presented with a representative flow cytometry histogram and was quantified as the mean + one standard
deviation of the median fluorescent intensity (MFI) from four three technical replicates. A one-way ANOVA
was used for statistical analysis. ** = 0.01 > P = 0.001; ****P < 0.0001.
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The strong ability of 5 to engage Siglec-6 was unexpected. Moreover, the improved
binding of Siglec-6 to liposomes bearing neoglycolipid 5 compared to natural GM3 was also
surprising as both ligands have the same oligosaccharide. After observing such stark differences
in binding between the two glycolipids, which share an oligosaccharide, we posited that this
difference was due to liposomal presentation. To address this, we used the ELISA to measure
the binding between GM3 and neoglycolipid 5 to Siglec-6. Indeed, the improved binding to nGL 5
over GM3 was unique to a liposomal display, as 5 and GM3 showed only a 1.5-fold difference in

binding to Siglec-6 by ELISA compared to the 34-fold difference in the cell assay (Figure 4.12).
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Figure 4.12: Comparison of the binding of Siglec-6 to GM3 and nGL 5 outside of a lipid bilayer. Data
is represented as the mean + one standard deviation of five technical replicants of the background corrected
Ausonm. The background was measured using an ethanol vehicle control. A two tailed Student’s t-test was
used for statistical analysis. **** = P < 0.0001.

Siglec-6 binding to glycolipids was further complicated as Siglec-6 could bind glycolipids
independent of its canonical essential arginine residue. We considered that if the Arg122 was
expendable, then perhaps Siglec-6 could bind asialo glycolipids. This was addressed by
formulating glycolipid liposomes with a variety of asialo glycolipids and it was found that none of
the asialo glycolipids were able to mediate binding to Siglec-6 expressing CHO cells (Figure
4.13a, b). Taken together, the results from this section suggest that Siglec-6 binds a(2—3) liked
sialylated glycolipids when presented from a lipid bilayer independent of its canonical arginine

residue.
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Figure 4.13: Binding of Siglec-6 to liposomes bearing asialo-glycolipids. a, Chemical structures of
nGLs 11 and 12. b, Binding of liposomes bearing glycolipids 5, GA1, 11, and 12 to untransfected and CHO
cells expressing WT Siglec-6. Data is presented with a representative flow cytometry histogram and was
quantified as the mean * one standard deviation of the median fluorescent intensity (MFI) from four
technical replicates. A one-way ANOVA was used for statistical analysis. Not Significant (NS), P >0.05;
****P <0.0001
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4.3.3: Identifying which domain(s) of Siglec-6 are important for glycolipid
recognition

4.3.3.1: Identifying which domain(s) of Siglec-6 are important for glycolipid recognition
To narrow down which domain(s) of Siglec-6 were important for glycolipid recognition, we

created a series of chimeric Siglecs that consisted of different combinations of the extracellular
domains of Siglec-6 and Siglec-8. Siglec-8 was chosen because it has 46% sequence identity
with Siglec-6 but does not bind glycolipid liposomes. Surprisingly, none of the three individual
Siglec-6 domains supported binding to liposomes formulated with nGL 5 in the cell assay;
however, when the first two domains of Siglec-6 were used, binding of 5 neoglycolipid liposomes
was greater than that of untransfected cells (Figure 4.14a and b). A similar binding pattern was
observed between the Siglec-6/8 chimeras and GD1a bearing liposomes suggesting that

liposomes formulated with nGL 5 and genuine gangliosides bind to Siglec-6 in the same manner.
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Figure 4.14: Expression and glycolipid binding to Siglec-6/8 full length chimeras in the cell assay.
a, Expression of Siglec-6/8 chimeras compared to wildtype untransfected CHO cells (UT-grey), WT Siglec-
6 (blue), and WT Siglec-8 (orange). b, Binding of liposome formulated with neoglycolipid 5 to CHO cells
expressing each Siglec-6/8 chimera. Data is represented as the mean * one standard deviation of the
median fluorescent intensity (MFI) from four technical replicates. A one-way ANOVA was used for statistical
analysis. Not Significant (NS), P> 0.05; *0.05>P =0.01; ****P <0.0001

Reduced binding of the chimeric construct consisting of the first two domains of Siglec-6,
relative to WT Siglec-6, was likely due to a 76% reduction in expression of this construct. Indeed,
when expressed as a soluble Fc conjugate and used in the LOLA, this construct displayed
comparable levels of binding to WT Siglec-6 (Figure 4.15). These results suggest that both the

V-set and the first C2 domain are needed for binding.
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Figure 4.15: Binding of Siglec-6/8 chimeras to liposomes bearing neoglycolipid 5 in the LOLA. Data
is represented as the mean * one standard deviation of the median fluorescent intensity (MFI) from five
technical replicates. A two tailed Student’s t-test was used for statistical analysis.

4.3.3.2: Mutagenesis analysis of Siglec-6
The experiments with the Siglec-6/8 chimeras suggested that the interface between the

V-set domain and the first C2 domain were important for glycolipid binding. Due to the results
from the chimeric Siglec-6/8 constructs, this region was targeted for mutagenesis to determine
which residues were important for glycolipid recognition. When performing mutagenesis studies,
it is important to consider how the mutation could impact the structure of the protein. If a mutation
disrupts the binding between a Siglec and a glycolipid, this could be for two reasons. First, the
residue directly interacts with the ligand, which is likely the case when the canonical arginine
residue is mutated in Siglecs such as Siglec-1, -2 etc. Second, the residue may be important for
the structure of the Siglec. The effect of a mutation on protein folding can be approximated by
comparing the expression of the mutant protein to that of the wildtype protein; if the expression is
much lower than the wildtype, that residue is likely important for the proteins structure. With this
in mind, mutagenesis studies were performed on Siglec-6 using the cell assay and liposomes
bearing nGL 5. As a control, binding of neoglycolipid liposomes to wildtype Siglec-6 was
measured in parallel with each mutant and cells were gated on the same level of Siglec-6
expression to ensure that differences in binding were not due to differences in Siglec-6
expression.

In the AlphaFold model of Siglec-6, two cysteine residues, Cys46 and Cys172, form an
interdomain disulfide bridge, which creates the interdomain interface (Figure 4.1). Despite even
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higher levels of expression compared to WT Siglec-6, the C46A and C172A mutants of Siglec-6
did not recognize 5 nGLLs. The guanidinium functional group within an arginine residue

commonly supports sialic acid binding, even for lectins outside of the Siglec family®'?

. Accordingly,
seven additional arginine residues in the V-set domain and at the interface of the V-set/C2 domain
were mutated. Several mutants (R109A and R114A) displayed a modest reduction in binding to
5 neoglycolipid liposomes. A more pronounced reduction in binding was observed for the R92A
mutant, however it was expressed at near background levels. Contributions from amino acids
surrounding Arg92 were also investigated and F93A, L95A, and G175M mutants showed
significantly decreased binding to 5 neoglycolipid liposomes. Notably, Gly175 is present within a
loop in the underlying C2 domain that is predicted to protrude into the interdomain cleft. These
mutants further support the interface between the V-set and the first C2-domain being important
for glycolipid recognition.

4.3.3.3: Bilayer binding residues in Siglec-6
After thorough mutagenesis analysis of Siglec-6, no single mutation was able to abolish 5

nGL liposome recognition to background levels without disrupting Siglec-6 expression. However,
one observation made during these studies was that cells expressing Siglec-6 routinely displayed
significant binding to naked liposomes, which is an observation that has not been seen for other
Siglecs. As liposome binding persisted despite these mutations, we consulted a sequence
alignment of the Siglecs to see if there was anything unique about Siglec-6. Interestingly, there is
a tryptophan residue (Trp127), which is expected to be solvent exposed in a loop in the V-set

domain of Siglec-6 (Figure 4.16a and b).

163



a (\6 (\b b

N <

&) &L B

A A R
Sig-1 DSGSYNFRFEISEVNRWSDV-—-—-—— KGTLVT 134
CD22 DSGQLGLRMESKT-EKWME-——-—-——— RIHLN 135
CD33 DNGSYFFRMERGS-TKYSYK-—-—-— SPQLSVH 137
Sig-4 LGGKYYFRGDLGGYNQYTFSE-—————————— S 133
Sig-5 DTGSYFFRVERGRDVKYSYQ—————— ONKLNLE 138
Sig-6 DNAAYFFRLKSKW-MKYGYT-—-----— SSKLSVR 140
Sig-7 DAGRYFFRMEKGN-TKWNYK------ YDQLSVN 142

Sig-8 DKGSYFFRLERGS-MKWSYKSQLNYKTKQLSVFE 149

Sig-9 DAGRYFFRMEKGS-TKWNYK-———-— HHRLSVN 138
Sig-10 DESQOYFFRVERGSYVRYNFM—————— NDGFFLK 138
Sig-11 DEAWYFFRVERGSRVRHSFL-—---— SNAFFLK 161 \‘
Sig-15 DDRRYFCRVEFAGDVHDRYES—---- RHGVRLH 163

Figure 4.16: Amino acid sequence alignment of residues surrounding the critical arginine residue
in the human Siglec family. a, sequence alignment of the human Siglecs surround the conserved arginine
residue essential for binding sialosides. b, AlphaFold model of the V-set domain of Siglec-6 with solvent
exposed tryptophan and canonical arginine residue highlighted.

Because tryptophan residues are known to facilitate lipid binding®'®, we hypothesized that
this tryptophan residue may insert itself into the liposome and facilitate binding. Accordingly, an
alanine was substituted for Trp127 in Siglec-6. This mutation had no effect on Siglec-6

expression, suggesting that this residue is not structurally important (Figure 4.17a).
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Figure 4.17: Binding of liposomes formulated with nGL 5 to W127A Siglec-6 in the cell assay. a,
expression of W127A Siglec-6 compared to wildtype Siglec-6 by CHO cells. b, binding of naked liposomes
and 5 mol% 5 nGL bearing liposomes to W127A Siglec-6. Siglec expression and liposome binding was
quantified as the mean + one standard deviation of the median fluorescent intensity (MFI) from four
technical replicates. A one-way ANOVA was used for statistical analysis. Not Significant (NS), P > 0.05; **
=0.01>P =0.001; ***P <0.0001.
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No binding of 5 nGL bearing liposomes was observed to the tryptophan mutant compared
to untransfected cells (Figure 4.17b). Moreover, there was a significant reduction in binding
between naked liposomes and the W127A mutant compared to WT Siglec-6(Figure 4.17c). The

binding between all mutants and Siglec-6 are summarized in Figure 4.18.
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Figure 4.18: Summary of liposome binding to mutants of Siglec-6. Mutated residues are highlighted
and shown as ‘sticks’. Binding is reported as relative to wildtype Siglec-6, blue, 1.00-0.75; purple, 0.75-
0.25; red 0.25-0, NA, no Siglec-6 expression detected.
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4.3.4: Targeting physiological Siglec-6* cells and tissues ex vivo
The strong binding of 5 neoglycolipid liposomes to Siglec-6 prompted an investigation into

their use for targeting Siglec-6 on physiologically relevant cells. Siglec-6 has an unusual
expression pattern and is found on mast cells, memory B-cells, placental syncytiotrophoblasts,

and has no mouse ortholog'®

. As primary cells lack a genetic control for Siglec-6 and we found
that there can be Siglec-6 independent binding to certain cells, a tool to measure if liposome
binding was specific to Siglec-6 was needed. One strategy to prevent binding between a Siglec
and a ligand is to use a blocking antibody. In this approach, the cells are first treated with an
antibody for the Siglec. After the Siglec is treated with the antibody, the liposome is added. If the
Siglec is blocked by the antibody, a decrease in liposome binding is expected. Indeed, pre-

treatment of Siglec-6 expressing CHO cells with an anti-Siglec-6 antibody could be used to block

5 neoglycolipid liposome binding (Figure 4.19).
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Figure 4.19: Blocking of neoglycolipid bearing liposome binding to Siglec-6 expressing CHO cells
using anti-Siglec-6 antibody. CHO cells expressing Siglec-6 were pre-incubated with anti-Siglec-6
antibody prior to incubation with liposomes bearing neoglycolipid 5. Data is presented with a representative
flow cytometry histogram and was quantified as the mean * one standard deviation of the median
fluorescent intensity (MFI) from four technical replicates. A one-way ANOVA was used to compare 5
liposome binding before and after treatment with the anti-Siglec-6 antibody to Siglec-6 expressing CHO
cells. **** = P < 0.0001.

4.3.4.0: Targeting Siglec-6 on memory B cells
After confirming that the Siglec-6 antibody could block liposome binding, we began

assessing the ability of 5 nGL bearing liposomes to engage Siglec-6 in physiologically relevant

contexts. First, we tested the binding of liposomes formulated with 5 mol% 5 against memory B
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cells from peripheral human blood. Memory B cells were defined as CD19%, CD22*, CD27", IgDr,
and CD38". We used naive B cells (CD19*, CD22*, CD27, IgD") as a negative control as Siglec-

6 expression is higher on memory B cells compared to naive B cells (Figure 4.20).
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Figure 4.20: Gating scheme for defining Memory B-cells (CD19*, CD22*, CD27*, IgD-, CD38") and
naive B-cells (CD19*, CD22*, CD27-, IgD*) from human blood.

B cells were isolated from whole blood from four healthy donors. We observed significant
binding of the liposomes formulated with nGL 5 to memory B cells compared to the naive B cells
(Figure 4.21a). The binding of the neoglycolipid liposome to memory B cells was reduced to the
same level as naive B cells when cells were pretreated with the anti-Siglec-6 antibody (Figure
4.21b). These results suggest that liposomes formulated with nGL 5 can target genuine memory

B cells through Siglec-6.
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Figure 4.21: Neoglycolipid liposome binding to human naive and memory B cells. a, b, B cells were
isolated from the blood of healthy donors with and without and with pre-treatment of Siglec-6 blocking
antibody, respectively. Each datum is representative of a biological replicate. Not Significant (NS), P > 0.05;
**0.01>P=0.001.

167



4.3.4.1: Targeting Siglec-6 on mast cells
After the success of targeting memory B cells with nGL 5 bearing liposomes, we

investigated if Siglec-6 on mast cells could also be targeted with these liposomes. Mast cells were
defined as FceR1" and c-KIT/CD117*. Mast cells were successfully identified via flow cytometry
from human spleen samples and showed robust Siglec-6 expression (Figure 4.22a, b), however
mast cells were in very low abundance (approximately 0.01% of total white blood cells) and it was

felt that it was impractical to continue working with genuine human mast cells isolated from

spleens.
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Figure 4.22: Expression of Siglec-6 by primary mast cells isolated from human spleens. a, Mast cells
from six different healthy donors (represented by capital letters) identified as FceR1* and c-KIT/CD117".
Percentages of mast cells in total white blood cells is in upper left corner of each plot. b, Representative
flow cytometry of Siglec-6 expression on LAD2 cells and primary mast cells stained with anti-Siglec-6-
AF488.

As an alternative, LAD2 (immortalized human mast-cell derived) cells were used. LAD2
were an appropriate cell model to use as they are a mast cell line*" and express Siglec-6 at
comparable levels to genuine human mast cells. Just like with memory B cells, we found that 5
neoglycolipid liposomes bound robustly to LAD2 cells and that this binding was reduce to levels
equivalent to naked liposomes when the LAD2 cells were pre-incubated with a Siglec-6 antibody

(Figure 4.23).
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Figure 4.23: Binding of liposomes bearing neoglycolipid 5 to LAD2 cells. LAD2 cells were pre-
incubated with anti-Siglec-6 antibody prior to incubation with liposomes bearing neoglycolipid 5. Data is
presented with a representative flow cytometry histogram and was quantified as the mean + one standard
deviation of the median fluorescent intensity (MFI) from three technical replicates. A one-way ANOVA was
used for statistical analysis. Not Significant (NS), P > 0.05; **** = P < 0.0001.

4.3.4.2: Targeting Siglec-6 on placental syncytiotrophoblast
Lastly, we also investigated whether 5 neoglycolipid liposomes could engage Siglec-6

expressed on syncytiotrophoblasts. Working with live human placental explant tissue cultures,
syncytiotrophoblasts could be identified by the distinct pattern of phalloidin staining, we showed
that 5 neoglycolipid liposomes are strongly associated with the syncytiotrophoblasts compared to
liposomes without the nGL (Figure 4.24a). In four independent biological replicates, 5
neoglycolipid liposomes showed significantly more puncta on these cells, suggesting that
neoglycolipid liposomes bind to Siglec-6 on the syncytiotrophoblasts in a glycolipid dependant
manner (Figure 4.24b). Consistent with this, 5 neoglycolipid liposomes showed a strong
colocalization with Siglec-6 compared to naked liposomes (Figure 4.24c). Moreover, pre-
treatment with an anti-Siglec-6 antibody blocked these interactions (Figure 4.24d). These results
demonstrate that Siglec-6 can be targeted on primary human cells and tissues using synthetic

epitopes.
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Figure 4.24: Binding of liposome formulated 5 mol% 5 to human syncytiotrophoblasts. a,
representative confocal microscopy images of human placental explants stained with anti-Siglec-6 and
liposomes formulated with 5 mol% 5. b, ¢, Quantification of the total number of naked liposomes and 5
neoglycolipid liposomes binding to human placental explants per um?® and the number of 5 neoglycolipid
liposomes colocalized with Siglec-6 per um? respectively. d, Binding of liposomes bearing neoglycolipid 5
to human syncytiotrophoblasts after treatment with an anti-Siglec-antibody. Each datum represents a
biological replicate. A two-tailed Student’s t-test was used for statistical analysis. *0.05> P =0.01

4.3.5: Siglec-6 internalizes neoglycolipid liposomes
As Siglecs are generally endocytic receptors'®', we investigated if Siglec-6 can internalize

cargo such as liposomes. Using Daudi cells, a human B-cell line, transduced to over express
Siglec-6, we assessed internalization of 5 neoglycolipid liposomes using two different
approaches. The first was using liposomes formulated with a pHrodo-labeled lipid. pHrodo is a
derivative of rhodamine which features a push-pull electron system which is when an electron
donating group is connected to an electron withdrawing group through a conjugated/aromatic
(Figure 4.25a)*'°. Under acidic conditions, the push-pull system is disrupted due to protonation
of the election rich nitrogen resulting in increased red fluoresces (Aex 560 NM, Aem 587 nm-Figure
4.25b). During endocytosis, the endosome acidifies placing the particle in an acidic environment
(pH 4.5-6.5)%'°. Therefore, a pH sensitive fluorescent reported such as pHrodo can be used to

report on cellular internalization (Figure 4.25¢)'?’.
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Figure 4.25: pHrodo is a pH sensitive fluorescent indicator that can be used to measure liposome
internalization. a, chemical structure of pHrodo and depiction of the push-pull electron system. R
represents a common location where chemical handles such as amines, NHS esters, etc. are covalently
linked. b, Protonation of the election rich nitrogen under acidic conditions causing an increase in
fluorescence (Aex 560 Nm, Aem 587 nm). ¢, Depiction of liposome binding and internalization where pHrodo
becomes increasingly fluorescent due to the drop in pH from the buffer to the endosome.

Time-dependent increase in pHrodo signal for 5 neoglycolipid liposomes was observed
independent of Arg122 and only at 37 °C, which is indicative of cellular internalization (Figure
4.26a). Imaging flow cytometry more directly revealed that Siglec-6 Daudi cells internalize 5
neoglycolipid liposomes at 37 °C, but not 4 °C, further supporting that Daudi cells internalize

liposomes in a Siglec-6 dependant manner (Figure 4.26b).

171



] Sig-6 WT Sig-6 R122A | —

100 — 5
| 80 i *k
x 37 °C, 60 min 37 °C, 60 min 37°C.60min § 7] 5
: g 4
= E %60_ o ?
~ 37 °C, 30 min 37 °C, 30 min 37°C.30min ® T | o R
0 £ < o
= o L 40
3l /| £ %7
Y 37 °C. 15 min 37 °C. 15 min 37°C.15min T 1
(o] > 20 —
1+ 1T
Ice, 60 min Ice, 60 min Ice, 60 min 0
0 10° 10* 105 O 10° 104 10° O 10° 104 10° 15 30 60
Liposome Internalization Time (min)
—_—
(pHrodo)
b Siglec-6 Liposome Merge
B
: S :
1 c —
5 § 30
O - 7 wok
o © S 20— .
o = 1
NS
3 g 10 e
B § AL
[] o) c 0
o © = mol% 5 0 5 0 5
€ z
o 9
= 5 4°C  37°C
7} Siglec-6 WT*
Cell Line

Figure 4.26: Internalization of neoglycolipid liposomes by Siglec-6 expressing Daudi cells. a,
Fluorescence of pHrodo labeled liposomes bearing neoglycolipid 5 incubated with Daudi cells virally
transduced with empty vector and WT Siglec-6 over 60 min at 4 °C and 37 °C. b, Imaging flow cytometry
fluorescence of Daudi cells transduced with Siglec-6 (purple) incubated with AF647-labeled liposomes
(green) for 60 min at 4 °C or 37 °C. anti-Siglec-6-AF488 antibody staining shows the cell surface expression
of Siglec-6. Scale bars represent 7 um. For panels a and b, data was quantified as the mean + one standard
deviation of the median fluorescent intensity (MFI) from four technical replicates and as the mean + one
standard deviation of the percent internalization respectively. A one-way ANOVA was used for statistical
analysis. Not Significant (NS), P> 0.05; *0.05>P =0.01; ** 0.01 > P 20.001; ****P <0.0001.
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4.3.6: Siglec-6 binding to extracellular vesicles
The observation of Siglec-6 binding gangliosides suggested that Siglec-6-ganglioside

interactions may be biologically significant. Gangliosides are commonly found in the outer leaflet
of plasma membranes of cells; however, we were unable to detect Siglec-6-glycan interactions in
the cell-based assay so probing gangliosides on the surfaces of cells (Figure 4.3). We considered
other locations where gangliosides reside. Extracellular vesicles (EVs) are cell membrane-derived
nanoparticles ranging from 50 nm to 200 nm in diameter®? 3. When EVs are released from the
cell, they are comprised of components of the membrane of that cell, including gangliosides.
Indeed, several Siglecs have been shown to interact with ligands on EVs?®® 262, With this in mind,
we investigated if Siglec-6 could bind EVs.

4.3.6.0: Siglec-6 binds extracellular vesicles
Human blood was used as a source of EVs and EVs were isolated from human blood

through a series of centrifugal separations (Figure 4.27).Once the EVs were isolated, they were
fluorescently labeled using NHS chemistry and characterized by transmission electron
microscopy (Figure 4.28a). Fluorescently labeled EVs showed robust binding to Siglec-6 CHO

cells in the cell assay (Figure 4.28b, c).

(I (IIImp
centrifugation centrifugation centrifugation
(1,700 xg) (10,000 xg) (100,000 xg)
e —_— -_—>
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cells debris ¢/ Evs g/

Figure 4.27: Workflow for isolating extracellular vesicles from human blood.

However, there are many receptors and lectins on CHO cells and many glycans and
proteins on EVs. To determine if Siglec-6 mediated the binding of EVs to CHO cells the Siglec-6
blocking antibody was used. Indeed, EV binding to Siglec-6 expressing CHO cells was reduced
upon pre-treatment with the anti-Siglec-6 antibody; suggesting that EV binding to CHO cells is at

least in part due to Siglec-6.
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Figure 4.28: Characterization of extracellular vesicles isolated from human blood. a, Reversative
transmission electron microscopy image of EVs isolated from peripheral human blood. b, Binding of EVs
from three different donors labeled with AF647 to CHO cells expressing WT Siglec-6. Data is presented as
flow cytometry histograms. ¢, Binding of EVs to CHO cell expressing WT Siglec-6 pretreated with the anti-
Siglec-6 antibody. Data was quantified as the mean + one standard deviation of the median fluorescent
intensity (MFI) from three technical replicates. A one-way ANOVA was used for statistical analysis. Not
Significant (NS), P > 0.05; ****P <0.0001.

4.3.6.1: Siglec-6 binds extracellular independent of canonical arginine residue

After establishing that Siglec-6 can bind to EVs, comparisons between the binding of
ganglioside liposomes and EVs were carried out. Just like with glycolipid-bearing liposomes,
Siglec-6 engage EVs independent of Arg122, while the disulfide bridge between the V-set domain
and the first C2 domain was important for EV binding as demonstrated by the reduction in EV

binding in both the C46A and C172A Siglec-6 mutants (Figure 4.29).
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Figure 4.29: Binding of EVs to wildtype and mutant Siglec-6 expressing CHO cells. a, Expression of
Siglec-6 mutants by CHO cells. b, Binding of EVs isolated from human blood to CHO cells expressing
Siglec-6 mutants. For panel b, Data is presented with a representative flow cytometry histogram and was
quantified as the mean * one standard deviation of the median fluorescent intensity (MFI) from three
technical replicates. A one-way ANOVA was used to compare 5 liposome binding before and after treatment
with the anti-Siglec-6 antibody to Siglec-6 expressing CHO cells. Not Significant (NS), P>0.05; **
0.01>P=0.001; ***0.001 > P =0.0001.
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To further the understanding of how Siglec-6 binds EVs, we measured the binding of EVs
in the presence of increasing amounts of 5% 5 neoglycolipid liposomes. This was done to assess
if the EVs and liposomes compete for the same binding site on Siglec-6. EV binding decreased
as liposome concentration increased, suggesting that the neoglycolipid liposomes and EVs
compete for the same binding pocket (Figure 4.30). These results suggest that 5 and ligands on

EVs compete for the same, or overlapping, binding site on Siglec-6.
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Figure 4.30: Binding competition between EVs and liposomes bearing neoglycolipid 5 against WT
Siglec-6 in the bead assay. Binding of EVs to WT Siglec-6 in the presence of an increasing amount of
liposomes bearing 5 mol% neoglycolipid 5. Data was quantified as the mean * one standard deviation of
the median fluorescent intensity (MFI) from four technical replicates. A one-way ANOVA was used for
statistical analysis *0.05>P 20.01; ****P < 0.0001.

4.3.6.2: Siglec-6 binds extracellular through a(2—3) gangliosides
After investigating how Siglec-6 engages EVs from the perspective of Siglec-6, we

investigated how the properties of the EV effect the ability to engage Siglec-6. First, EVs were
treated with a broadly acting neuraminidase A (Neu A) or an a(2—3)-specific neuraminidase S
(Neu S) to determine if Siglec-6 binds a(2—3) linked sialosides as it did in the neoglycolipid
profiling (Figure 4.31). Indeed, significantly decreased EV binding was observed after treatment
with either neuraminidase. These results suggest that EV binding is sialic acid dependent and

that a(2—3)-linked sialosides on EVs mediate binding to Siglec-6.
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Figure 4.31: Binding of EVs treated with neuraminidase A and S to Siglec-6 in the bead assay. EVs
were treated with neuraminidase S (a(2 —3) specific), neuraminidase A (cleaves all sialic acid linkages),
or BSA prior to incubation with Streptavidin microbeads containing immobilized WT Siglec-6-Fc. Data is
presented with a representative flow cytometry histogram and was quantified as the mean + one standard
deviation of the median fluorescent intensity (MFI) from three technical replicates. A one-way ANOVA was
for statistical analysis. ****P < 0.0001.

To examine whether gangliosides in EVs mediate binding to Siglec-6, we prepared EVs
from WT and B1-4GaINT1” N2a cells. If B71-4gaint1 is knocked-out, then gangliosides more
complex than GM3, such as GM1a and GD1a that are ligands for Siglec-6, cannot be synthesized
(Figure 4.32a). If these more complex gangliosides contribute to the binding of EVs, it would be
expected to observe less binding to EVs from the knock-out cells compared to EVs isolated from
the wildtype cells. A significant reduction in binding of B1-4GalNT1"-derived EVs compared to
WT EVs was observed (Figure 4.32b), suggesting that complex glycolipids in EVs support

binding to Siglec-6.
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Figure 4.32: Binding of EVs isolated from wildtype and B1-4GaIlNT1~"~ N2a cells to WT Siglec-6 in the
bead assay. a, Abbreviated ganglioside biosynthetic pathway highlighting the role of f1-4GalNT1 in the
biosynthesis of complex gangliosides. b, Binding of EVs isolated from WT and B1-4GalNT1~~ N2a cells in
the bead assay. Data was quantified as the mean + one standard deviation of the median fluorescent
intensity (MFI) from four technical replicates. A one-way ANOVA was for statistical analysis. ****P < 0.0001.
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Lastly, we were examined whether Siglec-6 dependent binding to EVs was possible under
more physiologically relevant conditions. To address this, binding of EVs isolated from two
different donors to LAD2 cells was measured in the presence and absence of the Siglec-6 ligand
blocking antibody. A modest, but significant, reduction in EV binding with EVs from two different
donors was observed to LAD2 cells blocked with an anti-Siglec-6 antibody (Figure 4.33). These

results demonstrate that physiologically relevant expression levels of Siglec-6 support EV binding.
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Figure 4.33: Binding of EVs to LAD2 cell pretreated with Siglec-6 blocking antibody. LAD2 cells were
pre-incubated with anti-Siglec-6 antibody prior to incubation with EVs followed by analysis by flow
cytometry. Data is presented with a representative flow cytometry histogram and was quantified as the
mean * one standard deviation of the median fluorescent intensity (MFI) from three technical replicates. A
two tailed Student’s t-test was used for statistical analysis. ** 0.01 > P 20.001; ***0.001 > P =0.0001.

4.3.5.3: Siglec-6 internalizes Extracellular Vesicles
As we previously demonstrated that Siglec-6 could facilitate the uptake of neoglycolipid

liposomes, we posited that Siglec-6 may also be able to internalize EVs. Using pHrodo label EVs,
the ability of Daudi cells expressing Siglec-6 to internalize EVs was assessed. It was found that
pHrodo signal increased in a time and temperature dependant manner by flow cytometry (Figure
4.34a). Similar to liposome internalization, EV internalization was not dependant on Arg122 but
was dependent of Siglec-6. Moreover, imaging flow cytometry also showed Siglec-6 dependant
uptake of EVs (Figure 4.34b and c). Therefore, Siglec-6 engages EVs and mediates their

internalization.
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Figure 4.34: Internalization of EVs by Daudi cells virally transduce with Siglec-6. a, Daudi cell stably
transduced with Siglec-6 or empty lentiviral vector were incubated with pHrodo labelled EVs for different
amounts of time and analyzed by flow cytometry. Data was quantified as the mean + one standard deviation
of the media fluorescent intensity (MFI) from three technical replicates. b, Representative imaging flow
cytometry images of empty vector and WT Siglec-6 virally transduced Daudi cells incubated with AF488
labeled EVs at 4 or 37 °C with the EV fluorescence overlaid over the brightfield image. Scale bars represent
7 um. j Quantification of internalization of EVs at 4 or 37 °C by Daudi cells transduced with WT Siglec-6 and
an empty vector. Data is represented by the mean +one standard deviation of at least three technical
replicants. A one-way ANOVA was used for statistical analysis. Not Significant (NS), P > 0.05.
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4.4: Discussion
Relatively little is known about Siglec-6 with respect to its ligands and its biological

functions when compared to other Siglecs such as CD22, CD33, and Siglec-7. A large step
towards describing the ligands of Siglec-6 was taken in the previous chapter when it was revealed
that Siglec-6 bound gangliosides when presented from an optimized liposome formulation. While
the ability of Siglec-6 to bind gangliosides was unexpected, it was even more surprising that
Siglec-6 bound these gangliosides independent of its conserved arginine residue Arg122. This
was exciting and warranted an investigation into how Siglec-6 recognized its ganglioside ligands.
4.4.0: Bilayer presentation is important for glycolipid recognition by Siglec-6

Binding of Siglec-6 towards gangliosides has not been studied in depth, however one
study measured the binding of Siglec-6 towards GD3 using an ELISA but found that Siglec-6 did
not bind GD3?%. As GD3 was found to be a ligand for Siglec-6 in the cell assay, we posited that
this contradiction may be due to the experimental approach. Accordingly, we interrogated Siglec-
6 against our panel of gangliosides in an ELISA and found that Siglec-6 did not bind to many of
the gangliosides that it did in the cell assay (GM1a, GD1a, GD3, etc.) but could bind to others that
Siglec-6 did not bind in the cell assay (GM3 and GM4). Interestingly, hSiglec-1 and -7 also showed
improved binding to gangliosides with smaller oligosaccharides (GM3 and GM4) in the ELISA
compared to the cell assay. This is in line with a modeling study that proposed that GM3 adopts
a more buried or laid down conformation in a bilayer which may make the oligosaccharide less
assessable to the Siglec®®. However, when the binding is measure outside a bilayer, the
oligosaccharide is accessible to the Siglec resulting in binding being observed.

The lack of binding of Siglec-6-Fc to primary immune cells in Chapter 2 may support that
glycolipid presentation/accessibility is important for binding gangliosides. Moreover, no binding
between the Siglec-6-Fc and any of the cell lines tested was observed. Indeed, very few examples
of a Siglec binding to a ganglioside in frans. Perhaps this is due to the glycocalyx of the cell

shielding the gangliosides from the Siglec-6-Fc, similar to how increasing PEG.s-DSPE content
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disrupted binding between hSiglec-1 and GM1a in the cell assay in Chapter 3. Based on these
results, we hypothesize that bilayer presentation/accessibility is important for glycolipid
recognition by Siglec-6 and in line with this, Siglec-6-ganglioside binding was observed in other
approaches such as the bead assay and the LOLA where the gangliosides were presented from
a bilayer, supporting this hypothesis.
4.4.1: Siglec-6 recognizes a(2—3) linked glycolipids

Intrigued by how the presentation of the glycolipid affected the ability of Siglec-6 to bind
gangliosides we sought to explore this further using a panel of neoglycolipids. It was found that
the chemical structure of the neoglycolipid dramatically effected the ability of Siglec-6 to recognize
a glycolipid when presented from a bilayer. The best ligand found was the oligosaccharide of GM3
linked through a triazole to a di-O-hexadecyl glycerol (compound 5). Interestingly, the improved
binding of 5 compared to GM3 was unique to bilayer presentation as 5 show comparable binding
to GM3 in an ELISA but was 34-fold higher in the cell-based assay. Using this di-O-hexadecyl
glycerol scaffold, it was also found that Siglec-6 does not engage with a(2—6) linked sialosides
which is in contrast with previous reports which found that the siayl Tn antigen (a-Neup5Ac-
(2—6)-a-GalpNAc-Ser/Thr) is a ligand for Siglec-6. However, a(2—6) siayl lactose and a(2—6)
siayl LacNAc was used rather than the siayl Tn antigen, so it is possible that Siglec-6 does not
recognize a(2—6) linked sialic acid from these scaffolds. While 5 was a relatively potent Siglec-6
ligand, it also had off target effects as observed in the experiments with Raji cells. This ligand
could be improved in the future by chemically modifying it to be more selective for Siglec-6.
4.4.2: Trp127 is critical for Siglec-6 binding to glycolipid bearing liposomes

Another unique trait of Siglec-6 was that binding of ganglioside bearing liposomes was not
dependant on the conserved arginine residue Arg122, albeit some binding was lost with this
mutant compared to wildtype Siglec-6 (approximately 30%). To gain a better understanding of

how Siglec-6 binds its ligands independent of this arginine residue, a series of chimeras and
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mutants were made to determine which residues are important for ganglioside recognition by
Siglec-6. The Siglec-6/8 chimeras revealed that both the V-set and the first C2-set domain were
critical for glycolipid recognition. Accordingly, the interface between these domains was targeted
for mutagenesis studies. First, both cysteine residues required to form the interdomain disulfide
bridge (Cys46-Cys172) were mutated. Unsurprisingly both cysteine mutants show no liposome
binding compared untransfected cells. After determining that this interdomain area is structurally
important for Siglec-6-liposome binding, we probed residues in this area to determine if they
impacted Siglec-6 binding to glycolipid liposomes. We found that when residues in a loop in the
first C2-set domain (residues 173-175) were mutated, significant reductions in binding were
observed. Moreover, when residues buried in the V-set domain were mutated (Leu93, Phe91)
reductions in binding were also observed. While mutagenesis of these residues effected glycolipid
liposome binding, it also effected Siglec-6 expression, suggesting that these mutations change
the structure of Siglec-6 such that it is less able to bind its ligands rather than directly interacting
with the ligand.

Following the determination of the interface between the V-set and first C2-set domain as
being critical for Siglec-6 binding to glycolipids, all arginine residues in this area of the Siglec were
mutated but none of these mutants lost binding to the same level as other Siglec arginine mutants;
although, Arg112-114 showed modestly diminished binding (67% of wildtype). However, as these
residues project into the solvent, it is unlikely that these residues directly interact with the
sialoside; perhaps the form ionic interactions with the phosphate head groups in the liposomes.
The one exception was Arg92; however, when it was mutated to an alanine little to no Siglec-6
was observed on the surface of the cells. Some expression was achieved with the conserved
R92K mutant however no binding to neoglycolipid liposomes was observed. After consulting the
AlphaFold models, it was found that this arginine residue is likely involved in a salt bridge with
Asp115 and indeed, when Asp115 was mutated to and alanine or an asparagine, no cell surface
Siglec-6 expression was observed further supporting that this salt bridge is important for Siglec-
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6 folding. After finding that no arginine residue supported binding on its own, we considered that
an arginine residue was not facilitating the binding to the liposomes.

After consulting a sequence alignment of the Siglecs, it was found that there was a solvent
exposed tryptophan in a loop near the conserved arginine residue. Solvent exposed tryptophan
residues are not common as they are very hydrophobic, however they are known to insert into
bilayers and contribute to binding interactions®'®. As a tryptophan in this position was unique to
Siglec-6 and Siglec-6 tended to bind liposomes lacking a ligand more than any other Siglec, we
posited that lipid binding through this tryptophan was important for liposome binding. Indeed,
when the tryptophan was mutated to an alanine, binding was reduced to levels consistent with
untransfected CHO cells. Moreover, naked liposomes bound to W127A CHO cells to the same
degree as untransfected CHO cells. These results suggest that liposome binding by Siglec-6 is
driven by Trp127 and why Siglec-6 binding to glycolipids is weaker outside the context of a bilayer.
Lastly, when a lysine (Lys129) proximal to the conserved arginine residue was mutated to an
alanine, binding was diminished to similar levels as when the conserved arginine residue was
mutated. Moreover, when the double mutant (R122A, K129A) version of Siglec-6 was tested,
binding was reduced even further; however, it was still not reduced to the same level as naked
liposomes. There is one other lysine residue in this area (Lys124) that may also contribute to
ganglioside recognition, which deserves further investigation.

With all this data in mind, a proposed model of Siglec-6 binding to glycolipids when
presented from a bilayer is described in Figure 4.35. The first step is for Siglec-6 to bind to the
bilayer through the Trp127 and arginine 112, 113, and 114. Following this engagement of the
bilayer, the conserved arginine residue forms a salt bridge with the carboxylate of the sialoside.
However, in the absence of the conserved arginine residue, Lys129, and potentially Lys124, may
potentially compensate for this missing residue and facilitate interactions with sialic acid-

containing glycolipids.
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Figure 4.35: Model of Siglec-6 Binding glycolipids presented from a bilayer.

4.4.3: Targeting Siglec-6 under physiological conditions
Using our optimized liposome formulation and neoglycolipid 5, memory B cells, mast cells,

and placental syncytiotrophoblast were all targeted in a Siglec-6 dependant manner. The ability
of these liposomes to target Siglec-6 under physiological conditions opens up a novel therapeutic
avenue to treat many diseases such as acute myeloid leukemia, allergies, and preeclampsia.
Liposomes bearing neoglycolipid 5 could be formulated to encapsulate therapeutics such as anti-
cancer drugs (AML), allergy medication (mast cells) or anti-pyroptotic drugs such as monomethyl
fumarate to treat preeclampsia. However, before the therapeutic potential of this liposomes can
be realized, neoglycolipid 5 needs to be chemically derivatized to make binding specific to Siglec-

6 to reduce off target effects.
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4.4.4: Biological roles of Siglec-6
These studies demonstrate that Siglec-6 is proficient at binding and internalizing EVs

independent of its canonical essential arginine. We identified the interface between the V-set
domain and the first C2 domain as being critical for glycolipid recognition of EVs and that EVs are
internalized in a Siglec-6 dependant manner. While more work is needed to probe the biological
roles of Siglec-6 on memory B cells and mast cells, the ability of Siglec-6 to recognize EVs is
particularly interesting in the context of syncytiotrophoblasts of the placenta, which are bathed in

maternal blood containing an abundance of maternal EVs®'

. Fetal-maternal immunological
tolerance relies on communication between the fetus and mother®?°, which Siglec-6 has the
potential to participate in through recognition of maternal EVs. Similarly, the ability of Siglec-6 to

be engaged by ligands on EVs may have important implications for helping to maintain

immunological tolerance.

4.5: Conclusion
Using our optimized liposome formulation, it was found that recognition of ganglioside by

Siglec-6 is driven by interactions between Trp127 and the liposomal bilayer rather than its
conserved arginine residue. Probing the ability of Siglec-6 to recognize a panel of synthetic nGLs
yielded neoglycolipid GM3-DAG, which has greater avidity for Siglec-6 compared to natural
gangliosides, enabling targeting of liposomes to Siglec-6-expressing cells and tissues, which
opens future drug delivery applications. Siglec-6 was also found to engage and internalizes EVs,
demonstrating its utility as a versatile immunomodulatory receptor with the potential of

participating in immunological tolerance at numerous cellular locations.
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4.5: Methods
Cell Assay. The cell assay was performed as described in chapter 3.

Human Samples. All experiments involving human blood samples and placental sample
collection were approved by the human research ethics board (HREB) biomedical panel at the
University of Alberta.

ELISA. The ELISA was performed as descried in chapter 2.

Liposome Over Lectin Assay (LOLA). Siglec-Fc in PBS was adsorbed to a 96-well flat-bottom
fluorescent microplate by adding 1 pug/well and incubating the plated at 4 °C overnight. The plate
was then washed with PBS followed by blocking with 5 % (m/V) BSA in PBS for 1 h at room
temperature. The plate was again washed with PBS and 100 uM liposome in PBS was added to
each well. The plate was then incubated at 37 °C for 30 min followed by washing with PBS. PBS
was then added to the plate and the fluorescence intensity (Aex 640 Nm, Aery 680 Nm) of each well
was measured using a Molecular Devices SpectraMAX ® iD5.

Generation of Siglec-6/8 Chimeric Constructs. The genes for the constructs containing each
domain of Siglec-6 to the two others from Siglec-8 were synthesized by GeneArt and designed
with a 5’ Nhel and 3’ Agel site immediately before the start codon and stop codon respectively.
When appropriate, silent mutations were introduced to remove internal Nhel and Agel cut sites.
The additional two constructs containing the two domains of Siglec-6 next to each other were
generated by gene overlap extension mutagenesis using the primers in Supplementary Table 7
and using the constructs above as a template.

Isolation of White Blood Cells from Human Spleen. White blood cells were isolated as
described in chapter 2.

Liposome Uptake Assay in the Placenta Explants (Performed by the Riddell & Mahal Groups).
Was performed as described previously by Shaha et al.*?’. 6.5-7.5 weeks gestation placentas
were obtained from elective pregnancy terminations after informed patient consent in accordance

with methods approved by the University of Alberta Human Ethics Research Board. Whole
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placenta was rinsed in cold PBS and the placenta was cut into uniform 2 mm?® pieces and
incubated overnight at 37 °C in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with
10 % (V/V) fetal calf serum. Following overnight incubation, placental explants were serum-
starved in serum-free IMDM with 0.5 % (m/V) bovine serum albumin and 25 mM HEPES buffering
agent for 1 h then incubated in 50 uM liposome media solution (5 % 5, 0 % liposome control) for
2 h and washed with cold PBS before fixation in 4 % paraformaldehyde (PFA). For Siglec-6
blocking assays, following overnight incubation, placental explants were first blocked with human
IgG (1:50 dilution; Thermo Fisher) for 30 min at 37 °C, and then, explants were incubated either
with Siglec-6 antibody (1:50 dilution) or serum-free media for another 30 min at 37 °C. Following
blocking, placental explants were incubated with 50 mM 5 liposomes with or without the addition
of Siglec-6 antibody (1:100 dilution) for 2 h and washed with cold PBS before overnight fixation
in 2 % PFA.

Lentivirus Production. Viral production was performed as described in chapter 2.

Viral Transduction. Viral transduction was performed as described in chapter 2.

Imaging Flow Cytometry and Quantification (Perfromed by Kelli A. McCord, Macauley Group).
Approximately 2x10° Daudi cells/well were plated into a 96-well U-bottom microplate and
centrifuged at 300 x g for 5 min. The cell pellets were placed on ice, and 50 yL of 100 uM of
liposome or 1:20 uL of EVs in RPMI growth medium (Gibco) containing 10 % (V/V) fetal bovine
serum (FBS; Gibco), 100 U/mL penicillin (Gibco), and 100 ug/mL streptomycin (Gibco) was added
to their corresponding wells. Plates were incubated for 1 h at either 4 °C or 37 °C. After incubation,
plates were centrifuged at 300 x g, 5 min, 4 °C then incubated with fluorescently conjugated anti-
Siglec-6 antibody (Alexa Fluor 488; 1:250 dilution; R&D Systems) for 25 min at 4 °C. The plates
were centrifuged once more at 300 x g, 4 °C, 5 min and the resulting cell pellet was resuspended
in 40 pL of flow buffer (1 % FBS, 500 yM EDTA Hank’s Balanced Salt Solution pH 7.4). 5000

events were collected for each sample using the ImageStream®X Mk |l Flow cytometer (excitation
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lasers 488 nm and 642 nm, 60X magnification). Data analysis was performed using IDEAS
software, version 6.2.

Placenta Explant Inmunofluorescence Imaging (Performed by the Riddell Group). Following
fixation, tissue was washed and blocked with 5 % normal donkey serum and 0.3 % Triton x100 in
PBS and incubated with fluorescently conjugated Siglec-6 antibody (Alexa Fluor 594; 1:200
dilution; R&D Systems) overnight at 4 °C. Samples were then washed and incubated with donkey
anti-mouse-AF594 (Alexa Fluor® 594; 5 ug/mL; Invitrogen) and fluorescently conjugated
phalloidin (iFluor™ 405; 1:400; AAT Bioquest) for 2 h at room temperature and protected from
light. Following incubation, explants were washed with 1X PBS-Tween-20 and PBS and mounted
on slides with imaging spacers. 1 ym z-stack slices were taken with a Zeiss LSM700 confocal
microscope with a Zeiss Plan Apochromat 63x lens (NA 1.4). Quantification of images was done
using Volocity Acquisition Software (Quorum Technologies). For co-localization assays, puncta
were defined as objects > 0.1 ym and < 1.5 um. Total number of puncta per um?® and number of
puncta colocalized with Siglec-6 per pm® were normalized to liposomal control. For blocking
assays, puncta were defined as objects > 0.1 um and < 1.0 ym. One sample t and Wilcoxon test
was run to test the significance of change of normalized total number of puncta per um® in the
blocking condition compared to non-blocking control. Microscopy Images were processed with
ImageJ

Human Extracellular vesicle (EV) Isolation and Labeling (Performed by the Mahal Group).
Human peripheral blood, taken under an approved institutional ethics protocol, was centrifuged
at 1,700 x g for 5 min at 4 °C. The upper phase (plasma) was collected and centrifuged at 10,000
x g for 30 min at 4 °C. Following 0.22 mm filtration (Millipore), the supernatant was diluted 10
times using PBS and ultra-centrifuged at 110,000 x g for 2 h at 4 °C using Type 70 Ti rotor
(Beckman Coulter). The pellet containing the EVs were resuspended in PBS, aliquoted, and
stored in -80 °C until further use. For EV fluorescent labeling, EVs were incubated with 1.6 %

(VIV) of NHS-Alexa (Alexa Fluor™ 647 or 488 NHS Ester (Succinimidyl Ester); 10 mg/mL in
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DMSO stock, Thermo Fisher) or pHrodo (pHrodo™ Red, (Succinimidyl Ester); 10 mg/mL in
DMSO stock; Thermo Fisher) overnight at 4 °C or 1 h at room temperature, respectively. Excess
dye was removed by spin-filtration, using Ultra-0.5 Centrifugal Filter Units (Millipore). EVs were
recovered in PBS, aliquoted, and stored in -80 °C.For EV de-sialylation, 10 pg of EVs were
incubated with 5 yL of neuraminidase A or S for 1 h at 37 °C in PBS.

Culturing of LAD2 Cells (Performed by the Kulka Group). The LAD2 cell line (a gift from Arnold
Kirshenbaum) was cultured in StemPro-34 SFM media (Life Technologies) supplemented with 2
mM L-glutamine, 100 U/ml penicillin, 50 mg/ml streptomycin, and 100 ng/ml recombinant human
SCF (PeproTech, Rocky Hill, NJ). Cells were maintained at 1x10 5 cells/ml at 37°C and 5% CO-
and periodically tested for expression of c-KIT and FceRI by flow cytometry.

Generation of N2a B1-4GalNT1" Cells (Performed by the Hubbard Group). The N2a B4GaINT1
”cell line was generated using CRISPR/Cas9. Briefly, guide RNAs were designed to target
the B1-4galnt1 gene and mixed with equimolar quantities of Cas9 to construct ribonucleoprotein
complexes which were then transfected into N2a cells using Lipofectamine CRISPRMAX (Thermo
Fisher, USA) according to manufacturer’s instructions. After 24 h of incubation, cells were sorted
for the presence of the ATTO 550 fluorescent marker on the tracrRNA, using FACS Aria™ Il cell
sorter (BD Biosciences, USA), at the Faculty of Medicine and Dentistry Flow Cytometry Facility,
University of Alberta, Canada. To generate clonal cell lines, positive cells were sorted one cell per
well into a 96-well plate and further expanded. Confirmation of gene knock-out was obtained by
immunoblotting and PCR.

Culturing Neuro2a mouse neuroblastoma cells (N2a) and N2a B1-4GaINT1” cells
(Performed by the Sipione Group). Cells were cultured in DMEM (Cytvia Life Sciences): Opti-
MEM I (1:1) supplemented with 10% heat inactivated fetal bovine serum, 2 mM L-glutamine and
0.11 g/L sodium pyruvate and maintained in a 5% CO;atmosphere at 37 °C.

EV Isolation from N2a Cell Lines (Performed by the Sipione Group). N2a and N2a (1-4galnt1

" cells were incubated in DMEM supplemented with 2 mM L-glutamine and 0.11 g/L sodium

188



pyruvate in the absence of serum for 48 h to prevent uptake of gangliosides from the fetal bovine
serum. After 48 h, cells were labelled with the lipophilic dye DiD, as previously described®?.
Briefly, 5 uL of DiD (Thermo Fisher) was added to each mL of cell suspension containing 1x10°
cells in DMEM and incubated for 20 min at 37°C, followed by centrifugation at 400 x g for 5 min
at room temperature. The stained cell pellet was further subjected to three rounds of centrifugation
in medium containing serum to remove unbound dye. One 500 cm? dish per cell type was seeded
with 14x10° cells each in phenol red-free DMEM:Opti-MEM | (1:1) supplemented with 1X N-2
supplement, 2 mM L-glutamine and 0.11 g/L sodium pyruvate filtered through a 0.1 pm
polyethersulfone filter for 24 h.

Cell debris and apoptotic bodies were removed from the conditioned medium by centrifugation at
2,000 x g for 10 min at 4 °C in an Eppendorf® Centrifuge 5810 R, using an A-4-62 swinging
bucket rotor. The EVs remaining in the cleared conditioned medium were isolated by sequential
ultrafiltration and size-exclusion chromatography. Briefly, Amicon® Ultra-15 Centrifugal Filters
(100,000 MWCO) were used to concentrate the cleared conditioned medium. To minimize EV
loss, the filter membranes were first blocked by centrifugation with 5% Tween-80°% in DPBS at
2,600 x g for 10 min at 4 °C, followed by three centrifugations in DPBS for 5 min each. Once
blocked, the membrane was kept in DPBS until use to prevent drying. The supernatant containing
EVs was concentrated by centrifugation at 2,600 x g at 4 °C until the concentrate volume reached
500 pL.

The concentrate was applied to a gEVoriginal Gen 2 Size Exclusion Column and fractions were
collected using the Automatic Fraction Collector V1 (iZon Science®). The buffer volume was set
to 2.9 mL and thirteen 0.5 mL fractions were eluted with DPBS. The presence of EVs in the
fractions was determined by measuring DiD fluorescence (Aex/Aem = 644/674 nm) in each fraction
using a SpectraMax® i3x multi-mode microplate reader (Molecular Devices, USA). The fractions

enriched with EVs (fractions 1-4) were pooled and concentrated using Amicon® Ultra-4mL Filters
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(10,000 MWCO) that were blocked with Tween-80 as described above. Purified and concentrated
EVs were then stored at -70°C until use.

Transmission Electron Microscopy (Performed by the Mahal Group). EVs suspended in PBS
or Millipore water, respectively, was placed onto a 300 mesh formvar/copper coated grid (Ted
Pella) and left for 3 min for liposomes and 5 min for EVs. Then, the excess liquid was removed,
and a 10 pl drop of 4% uranyl acetate solution was placed onto the grid and left for 5 min and 1
min for liposomes and EVs, respectively. The excess liquid was removed, and the grids were left
to dry completely. The grids were analyzed bya Morgagni 268 transmission electron
microscope at 80 kV with a Gatan Orius CCD camera.

Chemical Synthesis

General. All reagents were purchased from commercial sources and were used without further
purification. THF used in reactions was purified by successive passage through columns of
alumina and copper under nitrogen. All reactions were monitored by TLC on silica gel 60-F254
(0.25 mm). Visualization of the reaction components was achieved using UV fluorescence (254
nm) and/or by charring with acidified p-anisaldehyde solution in ethanol. Organic solvents were
evaporated under reduced pressure below 40 °C, and the products were purified by flash column
chromatography on silica gel (230-400 mesh), reverse-phase flash column chromatography
(C18) or size exclusion column chromatography (Sephadex-LH-20). HPLC grade CH3;OH was
used in the reactions as well as all column purifications. '"H NMR spectra were recorded at 700
MHz, 600 MHz or 500 MHz, and chemical shifts were referenced to either TMS (0.0, CDCIs) or
CDs0D (3.30, CD30D) or HOD (4.78, D20). 'H data were reported as though they were first order.
3C NMR spectra was recorded at 125 MHz and *C chemical shifts were referenced to external
acetone (31.07, D20). Electrospray mass spectra (HRMS-ESI) were recorded on samples

suspended in mixtures of THF with CH3;OH and added NacCl.

190



Chapter 5: Conclusion and Future Directions
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From fish to flowers, fungi to flamingos, in all shapes, forms, sizes, and colours, life is truly
amazing. One of the many aspects that makes biology so interesting is that all of the diversity
appreciated at the macroscopic level is built from the same molecular building blocks. Some
building blocks and their respective polymers like amino acids (proteins) and nucleotides (nucleic
acids), are relatively well understood at the molecular level due to their linear nature and their
predictable template driven synthesis. On the other hand, monosaccharides (glycans) are
comparatively not as well understood as their biosynthesis in not template driven and are branch

polymers. Thanks to advancements in the chemical tools such as the development and

324,325 136, 137

advancement of the Siglec-Fc*" '8, lectin microarrays , glycan microarrays , cell-based
glycan arrays® ™ 8 the glycan/lectin language is starting to be decoded and more defined
biological roles for glycans are emerging. This is particularly true with respect to the Siglec family
of immunomodulatory lectins. In this thesis, two major tools (Siglec-Fc and glycolipid bearing
liposomes) with applications in several assays were developed to help discover and dissect Siglec
ligands towards a better understanding of the pathological and pathophysiological roles of Siglecs

and glycans (Table 5.1).

Table 5.1: Publications that have used the Macauley Lab Siglec-Fc chimera and or optimized
ganglioside liposome.*Original work, Twork is under review.

Publication Tool Year
Rodrigues E. et al.*%" Siglec-Fc* 2020
Jung J. etal.”™ Siglec-Fc 2021
Galleguillos D. et al.3? Ganglioside Liposome 2022
Han L. et al.?"® Ganglioside Liposome 2022
Schmidt E. et al.*1%® Siglec-Fc 2023
Ganglioside Liposome*
Bui D.T. et al.®® Siglec-Fc 2023
Schmidt E.N. et al.?# Siglec-Fc 2024
Ganglioside Liposome
Garnham R. et al.’? Siglec-Fc 2024
Hodgson K. et al.?*3 Siglec-Fc 2024
Lima G.M. et al.t Siglec-Fc 2024
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In Chapter 2, the Siglec-Fc chimera scaffold which was first developed in the 1990’s was
improved with respect to versatility, sensitivity, and stability. All of these modifications increase
the Siglec-Fc’s utility for describing Siglec ligands. The versatility of this advanced version of the
Siglec-Fc was demonstrated by its use in various biochemical approaches including cell-based
glycan arrays, bead assays, ELISAs, and mass spectrometry-based assays. Using the Siglec-Fc
construct in a cell-based glycan array Siglec ligands on primary human immune cells were probed
in parallel with Siglec expression. In this screen, it was found that Siglec-1, CD22, and Siglec-7
ligands were found on all immune cell types tested, CD33 ligands were observed on a subset of
immune cells and lastly, the ligands of some Siglecs such as Siglec-6, Siglec-11, and Siglec-15
where not found on any of the cells tested. While not always true, it can be generally stated that
Siglec ligands can be found on a cell that expresses that Siglec. This implies that many Siglecs
are masked at least to some degree under physiological conditions. This could be for many
reasons but two will be discussed. One function of Siglec-masking by cis ligands could be to
directly modulate Siglecs with respect to cis and trans signalling pathways'*® 32, Another possible
reason for this basal masking of Siglecs is to prevent Siglecs from binding in trans unless forced
into an immunological synapse as a mechanism to make Siglecs more difficult to exploit by
pathogens. An exception to this was Siglec-9, which was found to be expressed by neutrophils,
mature NK cells, and monocytes, yet Siglec-9-Fc only bound weakly to monocytes, suggesting
that Siglec-9 is more available to bind in trans on neutrophils and mature NK cells. While the
results of probing Siglec ligands on primary cells are interesting, a future direction could be to
perform the same analysis under different pathophysiological conditions (tumor
microenvironment, viral/bacterial infection etc.) to see how Siglec expression and Siglec ligand
expression changes in response to immunological stress.

Additionally, a cell-based glycan array was used to investigate which types of glycans are
the ligands for CD33. Using engineered cells, it was found that the major ligands for CD33 are a-
Neup5Ac-(2—3)-(6-O-Sulfo)-Galp-O-GalpNAc O-glycans. However, while the majority of binding
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could be attributed to these O-glycans, CD33-Fc binding was still detectable in the absence of
complex N-glycans, O-GalNAc glycans and complete O-mannose O-glycans, suggesting that
CD33 ligands are found on another class of glycan in addition to O-glycans. Other possible
classes of glycans which could be CD33 ligands are gangliosides, GPIl-anchors, O-fucose O-
glycans, and glyco-RNA. It is noteworthy that results in Chapter 3 did not provide any evidence
that CD33 can bind any gangliosides. The caveat to this is that ligand presentation can strongly
affect the ability for a Siglec to engage a ligand. Indeed, the glyco-motif a-Neup5Ac-(2—3)-Galp-
O-GalpNAc is not unique to O-glycans and can be found in gangliosides such as GM1b, GD1a,
and GT1b and GPI anchors. However, CD33 binding to glycolipids presented from a bilayer has
yet to be demonstrated. While it is may be biosynthetically possible, sulfated glycolipids have not
been well described and the ability for these glycans to be sulfated will be critical for recognition
by CD33. Future investigations could probe the possibility of GPl-anchors, O-fucose O-glycans
and glyco-RNA to be CD33 ligands using engineered cells treated with various glycan modifying
enzymes. Lastly, it was also found that Siglec-Fcs produced from CHO cells with CMAS knocked-
out had better sensitivity and were produced at higher yields compared to cells produced from
their wildtype counter parts. While the exact reasons as to why this is the case remains unclear,
producing Siglec-Fcs from CMAS KO CHO cells and applying them in the assays developed in
this chapter will enable Siglec ligands to be better described in the future.

In Chapter 3, a liposome formulation was optimized for engagement of Siglecs through
glycolipids. The formulation was optimized with respect to PEG, ganglioside, and cholesterol
content, as well as bulk lipid structure. One interesting finding from these optimizations was that
high PEG (greater than 2 mol%) content in liposomes impeded Siglec-ganglioside interactions.
Another interesting phenomenon that was observed during the optimization of the liposome
formulation was that Siglec-ganglioside binding peaked at an optimal ganglioside density. While
this decrease in binding was observed at relatively high ganglioside density, if this finding has any
genuine biological implications or is just an artifact of the liposome platform has yet to be explored.
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This could be relevant in the budding of enveloped viruses or release of EVs. It is possible that
viruses which bud from cells with the optimal ganglioside content would be better at exploiting
Siglecs and therefore increase their virulence. Moreover, EVs released with just the right amount
of ganglioside may target Siglecs much more effectively. However, this is merely speculation.
While exploring this hypothesis will be difficult, an excellent starting point would be to isolate
viruses (or pseudoviruses) and EVs produced from different cells and quantify the ganglioside
content within each particle. The binding of these particles to Siglecs could then be quantified
using the approaches developed in Chapter 2 and 3, and the relationship between ganglioside
content of these particles and Siglec binding could then be described. This could be the subject
of future studies.

While there were many interesting observations made during the optimization of the
liposome formulation, applying the formulation to more broadly describe Siglec-ganglioside
interactions also yielded many novel findings. Using the optimized formulation, the entire human
and mouse Siglec family were interrogated against a panel of nine gangliosides. Many novel
interactions were observed, but of most interest was Siglec-6 with many gangliosides. What was
most interesting about Siglec-6 binding to glycolipids was that it was able to bind gangliosides
independent of its canonical arginine residue. This exciting finding was followed up in Chapter 4.
It was also found that despite being a ligand for many of the human Siglecs, GM1a was not found
to be a ligand for any of the murine Siglecs. A series of subsequent experiments which applied
the approaches developed in Chapter 2, revealed that this was likely due to the sialic acid being
presented from the internal galactose rather than the terminal galactose. This observation has
implications in using murine models to explore human biology and could be particularly relevant
when studying modes of viral infection as many viruses use gangliosides such as GM1a to exploit
Siglecs. This preference for GM1a over GM1b by murine Siglecs may suggest that GM1a is more
prevalent in humans than mice, however this has not been well described but an investigation

into the differential distribution of gangliosides between mice and humans could be the focus of
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future investigations. Other than the specific interaction between GM1a and murine Siglecs,
Siglec-ganglioside interactions seem to be largely conserved between mice and humans,
suggesting that they are an appropriate model to learn more about the biological roles of Siglec-
ganglioside interactions in humans.

In Chapter 4, how Siglec-6 binds to glycolipids independent of its canonical arginine
residue was investigated using a panel of neoglycolipids. Using these neoglycolipids, it was found
that Siglec-6 preferentially binds a(2—3) linked sialosides over a(2—6) linked sialosides and that
binding is significantly improved when the glycolipid is presented from a bilayer. Mutagenesis
analysis of Siglec-6 revealed that glycolipid binding is driven by a solvent exposed tryptophan
residue and when this residue is mutated binding is lost. One of the neoglycolipids developed in
this chapter bound to Siglec-6 with great avidity when presented from an optimized liposome.
Using liposomes formulated with this neoglycolipid, Siglec-6 was targeted to primary human
tissues which express Siglec-6, demonstrating that liposomes bearing this ligand could be used
to direct liposomes to Siglec-6 expressing tissues. This has implications in treating many
diseases/conditions in which Siglec-6 is relevant. For instance, anti-cancer drugs could be
encapsulated and directed using neoglycolipid bearing liposomes to cancerous cells such as in
the case of AML. However, before this formulation can be used for drug delivery, neoglycolipid 5
needs to be chemically modified to be specific for Siglec-6 to avoid off target effects. Modifying
sialic acid with hydrophobic groups which exploit hydrophobic pockets in the Siglec binding site
has proven fruitful in the past to develop higher affinity and selective Siglec ligands. Neoglycolipid
5 serves as a great starting point to develop a high affinity and selective Siglec-6 ligand using the
assays developed in chapter 2. In this chapter, it was also found using a combination of
chemoenzymatic and genetic approaches that Siglec-6 binds and internalizes EVs in an a(2—3)
linked sialic acid dependant manner and that EV binding to Siglec-6 is at least impart mediated
by gangliosides. The ability of Siglec-6 to bind an internalize EVs is very interesting as compared

to most other Siglecs, Siglec-6 seems to have a very restricted ligand binding preference. Using
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glycolipid liposomes and EVs to further explore the immunological niche of Siglec-6 would be a
great subject for a future investigation. A biological role for Siglec-6 could be to facilitate the
transfer of maternal EVs across the placenta to the fetus. However, this is just a hypothesis and
needs to be investigated. Unfortunately, Siglec-6 is not found in mice and there is also no ortholog
or paralog making murine models a less than ideal choice to evaluate this hypothesis®’2.
Additionally, there are structural differences between mouse and human placentas further making
murine models impractical to address this hypothesis®?’. Siglec-6 transgenic guinea pigs may be
the most appropriate model to further probe Siglec-6-ganglioside interactions at the fetal maternal
interface?®.

In the literature, there are very few studies which have demonstrated the ability for Siglecs
to bind gangliosides in genuine cell membranes; however, a couple instances of Siglec-
ganglioside binding in this context have been reported. These include MAG (Siglec-4) which
inhibits nerve regeneration through engaging with gangliosides, and Siglec-7 binding to GD3 in

immune-synapses®®® 32°

. In line with the sparce examples of Siglecs binding gangliosides in cell
membranes, no binding to any primary cells or cell lines was observed with Siglec-6-Fc (a
ganglioside binder) in a cell-based glycan array. Another finding in this thesis was that high PEG
content in liposomes impede ganglioside binding. Perhaps the PEG and the glycocalyx act in a
similar capacity and shield the ganglioside from the Siglec, which could be a reason why
gangliosides in cell membranes are not often found to be Siglec ligands (Figure 5.1a). With this
in mind, gangliosides may serve as Siglec ligands in other biological contexts such as EVs.
Indeed, many Siglecs (e.g. Siglec-12¢, Siglec-6'%, Siglec-7?°" %", and Siglec-9%*) are known to
bind EVs and all of these Siglecs are known to bind gangliosides. Perhaps it is in this context
where Siglec-ganglioside interactions are most biologically relevant (Figure 5.1b). However, if

this is the case and what biological purpose this serves still needs to be described which could

be the focus of future investigations.
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Figure 5.1: Siglec-ganglioside interactions are likely most relevant in Siglec extracellular vesicle
interactions.

To best learn about the biological roles of Siglecs, their ligands need to be described and
tools that make the systematic dissection of Siglec ligands are needed. In this thesis, two tools
(Siglec-Fc and glycolipid bearing liposome) for describing Siglec ligands were refined and applied
to study Siglec ligands leading to many novel discoveries. The most exciting discovery was that
Siglec-6 can engage glycolipids independent of its conserved arginine residue when the glycolipid
is presented from a lipid bilayer. Under physiological conditions, Siglec-6-ganglioside interactions
may be important for the endocytosis of EVs by Siglec-6 expressing cells. This thesis highlights
how the physiology of Siglecs can be discovered by first describing their ligands. In the future
these optimized tools can be used to form a more complete description of Siglec ligands and lead

to the development of therapeutics that operate around the Siglec-sialic acid axis (Figure 5.2).
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Figure 5.2: Summary of thesis. The development of approaches to study Siglec ligands lead to novel
ligand discoveries and then these ligands were used to probe Siglec function.
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Appendices

Appendix A2:

Table A2. 1: Markers used to define of immune cells from human spleen samples.
Antibody Supplier  Cat. No. Label Clone Isotype Dilution (V/V)
anti-CD19  Biolegend 982406 FITC HIB19 Mouse IgG1, 1/250
anti-CD3 Biolegend 317323 BV650 OKT3 Mouse 1gG2a, k  1/250
HLA-DR Biolegend 307617 APC-Cy7 L243 Mouse 1gG2a, k  1/250
anti-CD15  Biolegend 323027 BV510 W6D3 Mouse IgG1, k 1/250
anti-CD56 Biolegend 362551 BV421 5.1H11 Mouse IgG1, 1/250
anti-CD4 Biolegend 300557 BV711 RPA-T4 Mouse IgG1, k 1/250
anti-CD8 Biolegend 300913 PE-Cy7 HIT8a Mouse 1gG1, k 1/250
anti-CD14  Biolegend 301833 BV605 M5E2 Mouse IgG2a, k. 1/250
anti-CD16  Biolegend 302045 BV786 3G8 Mouse IgG1, k 1/250

PE-Texas 1/1000
PI Red NA NA
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Table A2.2: Anti-Siglec antibodies used in this study.

Antibody Supplier Cat. No. Label Clone Isotype Dilution
anti-human

CD169 Biolegend 346003 PE 7-239 Mouse IgG1, K 1/250 (VIV)
anti-human

CD22 Biolegend 302406 PE HIB22 Mouse IgG1, K 1/250 (VIV)
anti-human

CD33 Biolegend 983904 PE WM53 Mouse 1gG1, k 1/250 (VIV)
anti-MAG Santa Cruz sc-166849 PE A-11 Mouse 1gG2a, « 1/250 (VIV)
anti-human

Siglec-5 Biolegend 452003 PE 1A5 Mouse IgG1, 1/250 (VIV)
anti-Siglec-6 R&D Systems FAB2859T PE 767329 Mouse IgG2A 1/250 (VIV)
anti-human

CD328 Biolegend 339203 PE 6-434 Mouse IgG1, K 1/250 (VIV)
anti-human

Siglec-8 Biolegend 347103 PE 7C9 Mouse 1gG1, k 1/250 (VIV)
anti-human

Siglec-9 Biolegend 351503 PE K8 Mouse 1gG1, k 1/250 (VIV)
anti-human

Siglec-10 Biolegend 347603 PE 5G6 Mouse 1gG1, k 1/250 (VIV)
anti-Siglec-11  Biolegend 681702 Unlabeled 4C4 Mouse 1gG2b 1/250 (VIV)

Non-

anti-Siglec-15  commercial Unlabeled - Mouse 1gG1 1/250 (VIV)
anti-mouse

lgG1 Biolegend 406607 PE RMG1-1 Rat IgG 1/250 (VIV)
anti-mouse

lgG2b Biolegend 406707 PE RMG2b-1 Rat IgG, k 1/250 (VIV)
anti-mouse

IgG Thermofischer A-21208 AF594 Polyclonal Donkey, IgG 1/250 (VIV)
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Figure A2.1: Siglec expression by B cells (CD19") isolated from human spleen. Each datum
represents a biological replicate.
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Figure A2.2: Siglec expression by CD8* T cells (CD3*, CD4") isolated from human spleen. Each
datum represents a biological replicate.
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Figure A2.3: Siglec expression by CD8* T cells (CD3*, CD8") isolated from human spleen. Each
datum represents a biological replicate.
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Figure A2.4: Siglec expression by monocytes (CD14") isolated from human spleen. Each datum

represents a biological replicate.
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Figure A2.5: Siglec expression by neutrophils (CD15*, CD16*) isolated from human spleen. Each
datum represents a biological replicate.
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Figure A2.6: Siglec expression by mature NK cells (CD56") isolated from human spleen. Each datum
represents a biological replicate.
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Figure A2.7: Siglec-Fc binding to B cells (CD19") isolated from human spleen. Each datum
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Figure A3.3: Binding of ganglioside liposomes to the murine Siglec family in the bead assay. Data
is presented with a representative flow cytometry histogram as well as a summary chart. The data in the
summary charts is presented as the mean of the mean fluorescence intensity from three technical
replicates. A one-way ANOVA was for statical analysis. Not Significant (NS); P > 0.5; ** = 0.01 > P 20.001;
***=0.001>P 20.0001; *** =P < 0.0001.
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Figure A3.4: Binding of the murine Siglecs to gangliosides in an ELISA. The data presented as the
mean of the absorbance at 450 nm from at least four technical replicates. A one-way ANOVA was for
statical analysis. Not Significant (NS); P > 0.5; *=0.05>P =20.01; **=0.01>P 20.001; **** =P < 0.0001.
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Figure A3.5: GM1a, GM2 and GD1a ganglioside content titration against human Siglec-1 in the bead
assay. Data is presented with a representative flow cytometry histogram as well as a summary chart. The
data in the summary charts is presented as the mean of the mean fluorescence intensity from three
technical replicates. A one-way ANOVA was for statical analysis. Not Significant (NS); P > 0.5; ** = 0.01 >
P =0.001; ***=0.001 > P 20.0001; **** =P < 0.0001.
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Figure A3.6: GM1a, GM2 and GD1a ganglioside content titration against murine Siglec-1 in the bead
assay. Data is presented with a representative flow cytometry histogram as well as a summary chart. The
data in the summary charts is presented as the mean of the mean fluorescence intensity from three
technical replicates. A one-way ANOVA was for statical analysis. Not Significant (NS); P > 0.5; ** = 0.01 >
P =0.001; ***=0.001 > P 20.0001; **** =P < 0.0001.
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Figure A3.7: GM1a, GM2 and GD1a ganglioside content titration against murine Siglec-15 in the
bead assay. Data is presented with a representative flow cytometry histogram as well as a summary chart.
The data in the summary charts is presented as the mean of the mean fluorescence intensity from three
technical replicates. A one-way ANOVA was for statical analysis. Not Significant (NS); P > 0.5; ** = 0.01 >
P =0.001; ***=0.001 > P 20.0001; **** =P < 0.0001.
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Figure A3.8: GM1a, GM2 and GD1a ganglioside content titration against mSiglec-F in the bead
assay. Data is presented with a representative flow cytometry histogram as well as a summary chart. The
data in the summary charts is presented as the mean of the mean fluorescence intensity from three
technical replicates. A one-way ANOVA was for statical analysis. Not Significant (NS); P > 0.5; ** = 0.01 >
P =0.001; ***=0.001 > P 20.0001; **** =P < 0.0001.
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Figure A3.9: GM1a, GM2 and GD1a ganglioside content titration against mSiglec-F in the bead
assay. Data is presented with a representative flow cytometry histogram as well as a summary chart. The
data in the summary charts is presented as the mean of the mean fluorescence intensity from three
technical replicates. A one-way ANOVA was for statical analysis. Not Significant (NS); P > 0.5; ** = 0.01 >
P =0.001; ***=0.001 > P 20.0001; **** =P < 0.0001.
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Appendix A4:
Table A4.1: Key amino acids in Siglec-6.

Residue Importance

Met1-Alazs signal peptide

Cyss6-Cysi72 Interdomain disulfide
Cyss1-Cys1o4 Interdomain disulfide

Argez Salt bridge

Asnio3 N-linked glycosylation

Asp11s Salt bridge

Arg122 Sialoside binding

Asniag N-linked glycosylation

Asnies N-linked glycosylation

Asnzss N-linked glycosylation
Cys274-Cyss19 Interdomain disulfide

Tyraze Phosphorylation/cell signaling
Tyraas Phosphorylation/cell signaling
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Table A4.2 Siglec-6 Mutagenesis Primers

Primer Name

Sequence

Fwd Sig-6 AGCAGCGCTAGCATGCAGGGAGCCCAGGAAGCC
Rvs Sig-6 AGCAGCACCGGTTCACTTGTGTATCTTGATTTC
Fwd C46A CAGGAGGGTCTGGCCGTCCTCGTACCCTG
Rvs C46A CAGGGTACGAGGACGGCCAGACCCTCCTG
Fwd E87A CGA AGA AGT GCA GGC GGA GAC CCG GG
Rvs E87A CCC GGG TCT CCG CCT GCACTT CTT CG
Fwd E88A GAA GTG CAG GAG GCG ACC CGG GGC CG
Rvs E88A CGG CCC CGG GTC GCC TCCTGC ACT TC
Fwd R90A GGAGGAGACCGCGGGCCGATTCCA

Rvs R90A GAATCGGCCCGCGGTCTCCTCCTG

Fwd R92A CCCGGGGCGCTTTCCACCTCCTCTG

Rvs R92A CCAGAGGAGGTGGAAAGCGCCCCGGGTC
Fwd R92K GACCCGGGGCAAATTCCACCTCCTC

Rvs R92K GAGGAGGTGGAATTTGCCCCGGGTC

Fwd FO93A CCC GGG GCC GAG CCC ACCTCCTC

Rvs F93A GAG GAG GTG GGC TCG GCC CCG GG

Fwd L95A CGG GGC CGATTC CAC GCC CTC TGG GAT
Rvs L95A ATC CCA GAG GGC GTG GAA TCG GCC CCG
Fwd R100A CTCTGGGATCCCGCAAGGAAGAACTGCTC
Rvs R100A GAGCAGTTCTTCCTTGCGGGATCCCAGAG
Fwd R101A CTCTGGGATCCCAGAGCGAAGAACTGCTC
Rvs R101A GAGCAGTTCTTCGCTCTGGGATCCCAGAG
Fwd R109A CCTGAGCATCGCGGATGCCCGGAG

Rvs R109A TCCGGGCATCGCGGATGCTCAGG

Fwd R112A CAGAGATGCCGCCAGGAGGGACAATGC

Rvs R112A GCATTGTCCCTCCTGGCGGCATCTCTG

Fwd R113A CAGAGATGCCCGGGCGAGGGACAATGC

Rvs R113A GCATTGTCCCTCGCCCGGGCATCTCTG

Fwd R114A GAGATGCCCGGAGGGCGGACAATGCTG

Rvs R114A CAGCATTGTCCGCCCTCCGGGCATCTC

Fwd R147A CCCTGACCCACGCGCCCAACATCTCC

Rvs R147A GGAGATGTTGGGCGCGTGGGTCAGGG

Fwd C172A GCCCTGGGTCGCTGAGCAGGGGAC

Rvs C172A GTCCCCTGCTCAGCGACCCAGGGC

Fwd E173A CCC TGG GTC TGT GCG CAG GGG ACG

Fwd E173A CGT CCC CTG CGC ACA GAC CCA GGG

Fwd Q174A GGG TCT GTG AGG CGG GGACGC ccCC
Rvs Q174A GGG GGC GTC CCC GCC TCACAGACCC
Fwd G175M CTG TGA GCA GAT GAC GCC CCC CATCTTC
Rvs G175M GAA GAT GGG GGG CGT CAT CTGCTC ACAG
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Figure A4.1: Complex gangliosides in EVs are ligands for Siglec-6. a, Abbreviated ganglioside
biosynthesis highlighting the role of B1-4GalNT1 in ganglioside biosynthesis. b, Schematic
illustration of the Cas9 target site used to generate B1-4GaINT 17 cells. Intronic sequences are indicated
by grey lettering, while blue lettering indicates exons. ¢, Gel showing relative cellular cleavage efficiencies
of the untreated, parental cells against a population of cells FACS sorted for ATTO-550 fluorescence
following Cas9 RNP transfection as determined by T7 endonuclease | digestion (n=1 technical replicate).
d, Sanger sequencing trace of the B71-4galnt1 target site for either parental control cells (above), or the
monoclonal B1-4GALNT1" cells (below).
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Synthetic Schemes and Chemical Characterization

*Characterization and experimental procedures were described by Dr. Todd L Lowary, Dr. Maju
Joe, Fahima Mozaneh, and Dr. Gour C. Daskhan.
“0,38

058 i 3 N 9 i
8 NW %VO%W/N P.
N/\/\O \/\O/ ~o o CH CH
H 67 /\A (CH2)16CH3
0 O\H/(CHz)mCHa
1 o

AF647-PEG4s—DSPE 1 was synthesized as described by Bhattacherjee et al..'?’
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Siglec-1 ligand—PEG4s—DSPE 2:

A mixture of 9-azido sialic acid derivative 1433 (10 mg, 0.029 mmol), CTP (31 mg, 0.062 mmol), 12 mM M
MgCl2 in Tris-HCI buffer (pH 8.6, 285 mL) was treated with CMP-synthetase (25 pL) and the pH of the
solution was adjusted to ~9.0 to 9.5 by adding 75 mL of aqueous 1M NaOH and the solution was incubated
at 37 °C for 30 min. The progress of the reaction was monitored by TLC and when complete disaccharide
15332 (19.3 mg, 0.037 mmol), 0.5 M MgSOQs and of Tris-HCI buffer (pH 8.6, 560 mL, final concentration 15
mM) and a-(2 —3)-sialyltransferases (0.15 mg/mL, PmSTI) were added. The reaction mixture was further
incubated at 37 °C for 2 h. The excess enzymes were quenched by the addition of EtOH (500 pL), the
mixture was centrifuged, crude product was washed with EtOH (2 x 100 mL) and the supernatants were
collected. The EtOH in the supernatant was removed under reduced pressure and the resulting aqueous
solution was frozen at —80 °C and lyophilized to afford a white solid. The crude residue was subjected to
P2-gel filtration chromatography using H20 as eluent to afford 16 (22.8 mg, 90 %) as a white powder after
lyophilization; '"H NMR (600 MHz, D20) & (ppm) 7.41-7.37 (m, 5H), 5.09 (s, 2H), 4.72 (d, 1H, J = 8.0 Hz),

4.42 (d, 1H, J = 8.0 Hz), 4.04 (ddd, 1H, J = 21.0, 12.0, 3.0 Hz), 3.94-3.90 (m, 4H), 3.81-3.76 (m, 3H), 3.70
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(t, 1H, J = 10.0 Hz), 3.65-3.40 (m, 12H), 3.39 (dd, 1H, J = 15.0, 7.8 Hz), 2.98 (dd, 1H, J = 13.2, 9.6 Hz),
2.67 (dd, 1H, J = 12.6, 4.8 Hz), 1.99 (s, 3H, NHCOCHz), 1.70 (t, J = 12.6 Hz, 1H). HRMS (ESI) calculated

for m/z [M — H]* cald for C33H49N5020: 835.2971, found: 834.2889.

Trisaccharide 16 (10 mg, 0.011 mmol) was dissolved in a mixture of pyridine (1.8 mL), EtsN (125
ML) and H20 (125 uL) and the reaction mixture were cooled to 0 °C in an ice bath for approximately 15 min.
H2S gas was bubbled through the solution for 5 min, the reaction mixture turned an intense blue colour and
the round bottom flask was capped and stirred overnight at room temperature. After completion of the
reaction, the solvent was evaporated, the crude product was dissolved in methanol (10 mL) and the
resulting solution was centrifuged. The supernatant was collected, concentrated and the crude mixture was
purified by P2-gel filtration chromatography using H20 as eluent to afford 17 (9.1 mg, 94 %) as a white
powder after lyophilization. HRMS (ESI) calculated for m/z [M — H]* cald for CasHs1N3020: 808.2993, found:
808.3005.

Amine 17 (5.0 mg, 6.18 mmol, 1 equiv.) and NHS-activated ester 18'% (2.5 mg, 7.72 umol, 1.25
equiv.) were dissolved in anhydrous DMF (0.5 mL). N,N-Diisopropylethylamine (1.87 mL, 18.54 mmol, 3
equiv.) was added to the reaction mixture, and the solution was stirred overnight at room temperature. DMF
was removed under reduced pressure and the residue was co-evaporated with toluene (2 x 5 mL). The
crude product was dissolved in H20 (5 mL) and hydrolyzed 18 was separated from the desired product 19
through successive extraction with EtOAc (5 mL, 5-6 times). TLC confirmed removal of hydrolyzed 18. The
aqueous layers were collected and lyophilized to afford 19 (5.52 mg, 98 %) as a white powder; '"H NMR
(500 MHz, D20) & (ppm) 7.82 (t, 1H, J = 7.5 Hz), 7.76-7.72 (m, 2H), 7.68-7.66 (m, 2H), 7.42-7.40 (m, 5H),
5.10 (s, 2H), 4.49 (J = 8.0 Hz, 1H), 4.43 (d, 1H, J=8.0 Hz,), 4.08 (dd, 1H, J=10.0, 3.5 Hz,), 4.06—4.04 (m,
2H), 3.94-3.85 (m, 4H), 3.78-3.52 (m, 15H), 3.39-3.35 (m, 2H), 3.01 (dd, 1H, J = 12.5, 9.5 Hz), 2.73 (dd,
1H, J=12.5, 4.5 Hz), 2.01 (s, 3H, NHCOCHa), 1.78 (t, 1H, J = 12.5 Hz). HRMS (ESI) calculated for m/z [M

— HJ]* cald for CasHssN3022S: 1023.3154, found: 1023.3145.

Trisaccharide 19 (5.0 mg, 4.88 mmol) was dissolved in H20 (2 mL), followed by addition of Pd/C

(10 mg, 5 mol%). Hydrogen gas was bubbled through the solution and the mixture was stirred overnight
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under a hydrogen atmosphere. After completion of reaction, the catalyst was removed by filtration though
a Celite pad. The solvent was evaporated, and the mixture was purified using a C18 column (gradient
elution from H20 to MeOH/H20 (10 % to 50 %, V/V)) to produce 20 (4.0 mg, 92 %) as while solid after
lyophilization of the fractions containing the desired product; '"H NMR (600 MHz, D20) & (ppm) 7.38-7.37
(m, 2H), 7.24 (t, 1H, J=7.4 Hz), 7.01 (t, 1H, J = 7.4 Hz), 6.93 (d, 1H J = 7.8 Hz), 5.19 (s, 2H), 4.34 (d, 2H,
J=7.8Hz), 4.03 (dd, 1H, J = 9.6, 3.0 Hz), 3.96 (ddd, 1H, J = 11.4, 9.6, 3.0 Hz), 3.88 (d, 1H, J = 3.0 Hz),
3.83-3.80 (m, 4H), 3.70-3.64 (m, 8H), 3.56-3.46 (m, 8H), 3.44-3.32 (m, 2H), 3.16 (dd, 1H, J = 12.5, 9.5
Hz), 2.01 (t, 1H, J = 4.8 Hz), 2.73 (dd, 1H, J = 12.5, 4.8 Hz), 1.99 (s, 3H, NHCOCHs), 1.75 (t, 1H, J=12.5
Hz). ¥C NMR (125 MHz, D20) & (ppm) 176.0, 174.6, 164.8, 152.8, 137.8, 137.1, 133.3, 131.4, 127.5,
124.8, 123.8, 120.2, 117.6, 103.7, 102.88, 100.9, 79.1, 77.0, 76.3, 75.6, 75.0, 73.9, 73.6, 71.9, 70.9, 70.2,
69.2, 68.3, 67.6, 66.7, 63.5, 62.0, 60.8, 52.7, 49.9, 43.8, 40.5, 23.0. HRMS (ESI-MS) calculated for m/z [M

+ Na]* cald for Ca7Hs1N3sNaO20S: 912.2679, found: 912.2681.

A mixture of 20 (1 mg, 0.91 mmol, 1.25 equiv.) and NHS-activated PEG-DSPE (2.5 mg, 0.83 mmol,
1 equiv.) were dissolved in anhydrous DMF (100-150 pL, ~10 mM) and placed in a 0.5 mL centrifuge tube
at room temperature. The reaction mixture was degassed with N2. A diluted solution of DIPEA (1.50-2.0
equiv.) in dry DMF was added carefully to adjust pH of the solution ~8.0 and the reaction mixture was stored
at room temperature overnight. An aliquot of the reaction mixture was taken for TLC (CHClz—MeOH-H20 =
75:23:2) analysis. The coupling was performed under anhydrous condition to avoid hydrolysis of the NHS-
activated PEG-DSPE. The solvent was removed under vacuum, and the crude product was dissolved in
water. The crude product was loaded to Sephadex G-100 gel filtration column using H20 as an eluent to
afford 20-PEG-DSPE conjugate as a white powder after lyophilization of fractions having the desired
product. Yield: (3.8 mg, 89 %), coupling efficiency 62 %.
"H NMR (600 MHz, MeOD.): 8 7.49 (d, J = 7.8 Hz, 1H), 7.38-7.33 (m, 1H), 7.19 (t, J = 7.8 Hz, 1H), 6.97 (t,
J=7.8Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H), 5.25 (s, 2H), 4.44 (d, J = 8.0 Hz, 1H), 4.42 (d, J = 8.0 Hz, 1H),
4.31 (d, J=7.8 Hz, 1H), 4.19-3.98 (m, 2H), 4.97 (t, J = 5.4 Hz, 1H), 3.90-4.86 (m, 2H), 3.74-3.71 (m, 2H),
3.64 (broad s, 123H), 3.3-3.34-3.22 (m, 8H), 2.35-2.29 (m, 4H), 2.23-2.19 (m, 4H), 1.99 (s, 3H), 1.89-1.86

(m, 2H), 1.76-1.73 (m, 2H), 1.60-1.58 (m, 2H), 1.28 (broad s, 64H), 0.89 (s, 6H); The MALDI-TOF-MS
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spectrum showed the average mass centered at 3.8 kDa and the expected average mass was 3.8 kDa.
The coupling efficiency was determined through assigning underline signals of the aromatic protons signals
at 7.49 ppm (d), 7.38-7.33 ppm (m), 6.97 (t) and 7.99 (d) of the phenyl moieties at C9 position of

bifunctionally substituted Neu5Ac with terminal methyl groups at 0.89 ppm (s) of the DSPE lipid.
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Neoglycolipid 3 was prepared as described previously by Han et al.33
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Neoglycolipid 4. To a stirred solution of acid 21 (8.0 mg, 13.4 ymol) in CH2Cl2 (3 mL) were added thionyl
chloride (5.0 pL, 68.0 pmol) and dry DMF (20.0 pL) successively at room temperature. After heating at
reflux overnight, the solution was cooled, the solvent was evaporated, and the residue was dried under high
vacuum (2.5 h). The dried acyl chloride was dissolved in CH2Cl2 (3 mL), N-hydroxysuccinimide (6.0 mg,
52.0 ymol) and triethylamine (5.0 pL, 36.0 pymol) were added at 0 °C and the solution was heated at reflux
overnight. After cooling to room temperature, the solution was diluted with CH2Cl2 (5 mL), washed with
brine, dried over Na2SOQq, filtered, and the filtrate was concentrated to give the NHS-ester 22, which was
used directly for the next step without any further purification.

Trisaccharide amine 2333 (2.0 mg, 3.0 umol) was dissolved in N, N-dimethylacetamide (0.4 mL),
and N,N-diisopropylethylamine (5 uL, 28.0 ymol) was added. This solution was then added to a glass vial
containing 22 followed by THF (0.3 mL) and the mixture was stirred overnight at room temperature. The
reaction mixture was directly loaded and purified by size exclusion column chromatography (Sephadex-
LH20, CH2Cl.—CH3OH, 1:1) to afford 4 (0.9 mg, 25 %). Rr 0.3, EtOAc—-CH3OH-HOAc-H20 (36:9:9:6); 'H
NMR (700 MHz, CD3OD plus a few drops of CDCls, én) 4.42 (d, 1H, J=7.8 Hz, H-1), 4.31 (d, 1H, J=7.8
Hz, H-1), 4.15-4.10 (m, 2H), 4.05 (dd, 1H, J = 3.1, 9.7 Hz), 3.96-3.90 (m, 3H), 3.90-3.82 (m, 3H), 3.80-
3.74 (m, 2H), 3.74-3.40 (m, 24H), 3.26 (dd, 1H, J = 7.9, 7.9 Hz), 3.21 (ddd, 2H, J = 1.6, 3.2, 4.8 Hz), 2.85
(dd, 1H, J = 4.2, 12.5 Hz), 2.79 (dd, 1H, J = 7.5, 7.5 Hz), 2.56 (dd, 1H, J = 7.5, 7.5 Hz), 2.00 (s, 3H,
NHCOCHs3), 1.75-1.60 (m, 5H), 1.40-1.20 (m, 56H), 0.86 (dd, 6H, J = 6.9 Hz); HRMS (ESI) calcd. for [M —

H]~ Ce2H116N2023 1255.7896, found 1255.7909.
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Neoglycolipid 5. To a stirred solution of trisaccharide azide 24%3° (8.0 mg, 11.0 ymol) and alkyne 25° (15.0
mg, 26.0 pymol) in a mixture of THF (3 mL) and water (3 mL) at room temperature were added N,N-
diisopropylethylamine (6.0 pL, 34.0 umol), copper (ll) sulfate pentahydrate (53.0 mg, 212.0 ymol) and L-
ascorbic acid sodium salt (81.0 mg, 408.0 umol) successively. The reaction mixture was shielded from light
(aluminum foil) and stirred overnight. The reaction mixture was then concentrated, and the residue was
purified by size exclusion column chromatography (Sephadex-LH-20, CH2Cl—CH3OH, 1:1) to afford 5 (10.0
mg, 69 %). Rr 0.3, EtOAc-CH30OH-HOAc-H-0 (36:9:9:6); '"H NMR (700 MHz, CD3OD plus a few drops of
CDCls, 8H) 8.03 (s, 1H), 4.65-4.55 (m, 2H), 4.39 (d, 1H, J = 7.0 Hz, H-1), 4.31 (d, 1H, J = 7.8 Hz, H-1),
4.24-4.20 (m, 2H), 3.95-3.40 (m, 28H), 3.22-3.20 (m, 1H), 2.90-2.80 (m, 1H), 2.10-2.00 (m, 2H), 1.99 (s,
3H, NHCOCHSs), 1.70-1.50 (m, 5H), 1.40-1.20 (m, 56H), 0.86 (dd, 6H, J = 6.9 Hz); HRMS (ESI) calcd. for

[M — HJ~ Cs3H116N4O22 1279.8008, found 1279.8014.
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Neoglycolipid 6. To a stirred solution of trisaccharide azide 2433 (2.2 mg, 3.1 umol) in water (0.5 mL),
alkyne 26 (Avanti Polar Lipids, Inc., USA) (1.0 mg, 1.4 ymol) in a mixture of THF (0.3 mL) and DMSO (0.5
mL) was added at room temperature followed by N,N-diisopropylethylamine (3.0 pL, 17.0 pmol). Copper
(I1) sulfate pentahydrate (21.0 mg, 84.0 umol) and L-ascorbic acid sodium salt (37.0 mg, 186.0 ymol) were
then added successively. The reaction mixture was shielded from light (aluminum foil) and stirred overnight.
After 24 h, copper (ll) sulfate pentahydrate (14.0 mg, 56.0 pmol), and L-ascorbic acid sodium salt (30.0 mg,
151.0 umol) each dissolved in 0.1 mL water were added again successively and stirring continued
overnight. The reaction mixture was then diluted with CHzOH-H20 (1:1, 0.2 mL) stirred well and filtered
through a cotton plug to remove most of the insoluble salts. The filtrate was directly loaded on to a C-18
column and purified by gradient elution (H20 to CH3OH-H20 to neat CH3OH) to afford 6 (1.7 mg, 86 %). Rr
0.1, EtOAc—CH30H-HOACc-H20 (18:9:9:6); '"H NMR (700 MHz, CD3OD plus a few drops of CDCls, 1) 8.4
(s, 1H), 5.74-5.66 (m, 1H), 5.48-5.42 (m, 1H), 4.75 (s, 2H), 4.73—-4.70 (m, 2H), 4.56 (s, 1H), 4.42 (d, 1H, J
= 7.6 Hz, H-1), 4.39-4.34 (m, 2H), 4.32 (d, 1H, J = 7.8 Hz, H-1), 4.28-4.24 (m, 1H), 4.20-4.10 (m, 1H),
4.10-3.40 (m, 28H), 3.23-3.20 (m, 2H), 3.20 (s, 3H), 3.23-3.20 (m, 2H), 2.90-2.84 (m, 1H), 2.65 (s, 3H),
2.22-2.14 (m, 2H), 2.06-2.02 (m, 2H), 2.00 (s, 3H, NHCOCHj3), 1.76-1.50 (m, 5H), 1.40—-1.20 (m, 52H),

0.90 (dd, 6H, J = 6.9 Hz); HRMS (ESI) calcd. for [M — H]~ CesH121NsO25P 1427.8046, found 1427.8048.
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Neoglycolipid 7. To a stirred solution of trisaccharide azide 2433 (2.2 mg, 3.1 umol) in water (0.6 mL),
alkyne 27 (Avanti Polar Lipids, Inc., USA) (1.0 mg, 1.2 ymol) in a mixture of THF (0.3 mL) and DMSO (0.5
mL) was added at room temperature followed by N,N-diisopropylethylamine (3.0 pL, 17.0 pmol). Copper
(I1) sulfate pentahydrate (23.0 mg, 92.0 uymol) and L-ascorbic acid sodium salt (54.0 mg, 272.0 ymol) were
then added successively. The reaction mixture was shielded from light (aluminum foil) and stirred overnight.
After 24 h, copper (ll) sulfate pentahydrate (16.0 mg, 64.0 umol), and L-ascorbic acid sodium salt (34.0 mg,
171.0 ymol) each dissolved in 0.05 mL water were added again successively along with another 0.05 mL
each of THF and DMSO and stirring continued overnight. The reaction mixture was then diluted with
CH30H-H20 (1:1, 0.2 mL) stirred well and filtered through a cotton plug to remove most of the insoluble
salts. The filtrate was directly loaded onto a C-18 column and purified by gradient elution (H20 to CHsOH-
H20 to neat CH3OH) to afford 7 (1.1 mg, 59 %). Rr 0.21, EtOAc—CH3OH-HOAc-H20 (18:9:9:6); 'H NMR
(700 MHz, CD30OD plus a few drops of CDCls, 1) 8.5 (s, 1H), 5.38-5.40 (m, 2H), 5.40-5.32 (m, 1H), 4.76
(s, 2H), 4.73-4.70 (m, 2H), 4.48-4.43 (m, 2H), 4.42 (d, 1H, J = 7.9 Hz, H-1), 4.39-4.34 (m, 2H), 4.32 (d,
1H, J = 7.9 Hz, H-1), 4.24-4.17 (m, 1H), 4.10-3.40 (m, 28H), 3.24-3.19 (m, 2H), 3.18 (s, 3H), 2.90-2.84
(m, 1H), 2.65 (s, 3H), 2.36-2.30 (m, 2H), 2.22-2.16 (m, 2H), 2.00 (s, 3H, NHCOCH3), 1.66—1.50 (m, 6H),
1.40-1.20 (m, 60H), 0.90 (dd, 6H, J = 6.9 Hz); HRMS (ESI) calcd. for [M — H]~ C71H130N5027P 1514.8618,

found 1514.8631.
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Neoglycolipid 8. Lactoside 2833 (1.5 mg, 0.012 mmol), CMP-Sialic acid (3.4 mg, 0.016 mmol), and MgSOx
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(10 mM) were dissolved in Tris-HCI buffer (100 mM, 340 pl, pH 8.8). Pd2,6ST (0.15 mg/mL) recombinant
shrimp alkaline phosphatase3® (1 uL) were added to the mixture and the reaction was placed in a shaking
incubator (37 °C, 3 h). The reaction was monitored using TLC in i-PrOH-NH4OH-H20 (5:2:1) and stopped
by dilution with 4 volumes of cold 95 % ethanol. The precipitated protein was centrifuged (3700 rcf, 15 min)
and the supernatant was carefully decanted into a round bottom flask and concentrated. The residue was
resuspended in Milli-Q water and purified on a P2 gel filtration equilibrated in Milli-Q water giving compound
29 (1.1 mg, 64 %). '"H NMR (700 MHz, D20) 8=4.54 (d, 1H, J = 7.7 Hz), 4.42 (d, 1H, J = 7.7 Hz), 4.02—
4.08 (m, 1H), 3.94—4.01 (m, 5H), 3.78-3.93 (m, 4H), 3.59-3.77 (m, 5H), 3.49-3.58 (m, 6H), 3.42-3.62 (m,
2H), 2.74 (dd, 1H, J=7.7, 12.6 Hz), 2.03 (s, 3 H), 1.80 (app t, 1H, J = 11.9 Hz). HRMS (ESI) calcd for m/z

[M — HJ C25H42N4O19 702.2443, found 701.2352.

To a stirred solution of trisaccharide azide 29 (1.1 mg, 1.6 ymol) in water (0.4 mL) was added a separately
prepared solution of alkyne 25%7 (3.1 mg, 5.3 ymol) and N,N-diisopropylethylamine (1 uL, 5.7 ymol) in THF
(0.4 mL). Additional THF (0.2 mL) was added followed by successive additions of copper (IlI) sulfate
pentahydrate (13 mg, 52.0 ymol; in 0.1 mL water) and L-ascorbic acid sodium salt (26 mg, 131.0 pmol; in
0.1 mL water). The reaction mixture was shielded from light (aluminum foil) and stirred overnight. The
reaction mixture was then transferred to another flask and concentrated under vacuum and a solution of

CH2Cl2-CH30H (1:1, 10 mL) was added. The sides of the flask were scraped well to ensure complete
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dissolution of the product and filtered through a cotton plug. The filtrate was concentrated, and the residue
was purified by size exclusion column chromatography (Sephadex-LH-20, CH2Cl—CH3OH, 1:1) to afford 8
(0.7 mg, 35 %). Rr 0.23, EtOAc-CH3OH-HOAc-H20 (36:9:9:6); '"H NMR (700 MHz, CD3sOD plus a few
drops of CDCls, 6n) 8.09 (s, 1H), 4.75 (s, 2H), 4.66-4.62 (m, 2H), 4.35 (d, 1H, J=7.8 Hz, H-1), 4.31 (d, 1H,
J =7.7 Hz, H-1), 4.25-4.17 (m, 2H), 4.05-3.35 (m, 28H), 3.18 (dd, 2H, J = 0, 0 Hz), 2.90-2.80 (m, 1H),
2.10-2.05 (m, 2H), 2.0 (s, 3H, NHCOCHs3), 1.70-1.45 (m, 6H), 1.40-1.16 (m, 56H), 0.86 (dd, 6H, J = 6.9

Hz); HRMS (ESI) calcd. for [M — H]~ CesH116N4O22 1279.8008, found 1279.8018.

257



Neoglycolipid 9. This compound was prepared from trisaccharide azide 303% (1.0 mg, 1.3 ymol), alkyne
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diisopropylethylamine (1 uL, 5.7 ymol), copper (II) sulfate pentahydrate (13 mg, 52.0 ymol; in 0.1 mL water)
and L-ascorbic acid sodium salt (26 mg, 131.0 umol; in 0.1 mL water) as described for the preparation of 8
to afford 9 (0.6 mg, 34 %). Rr 0.25, EtOAc—CH3OH-HOAc-H20 (36:9:9:6); '"H NMR (700 MHz, CD30OD plus
a few drops of CDCls, 61) 7.91 (s, 1H), 4.75 (s, 2H), 4.44 (d, 1H, J = 7.8 Hz, H-1), 4.37 (d, 1H, J = 8.4 Hz,
H-1), 4.26—4.20 (m, 1H), 4.04 (dd, 1H, J = 3.0, 9.7 Hz), 3.97-3.82 (m, 4H), 3.80-3.40 (m, 24H), 3.21 (ddd,
2H, J=1.7, 3.3, 5.0 Hz), 2.85 (dd, 1H, J = 12.2, 4.7 Hz), 2.10-2.05 (m, 2H), 2.0 (s, 3H, NHCOCHs3), 1.91
(s, 3H, NHCOCHs3), 1.70-1.50 (m, 6H), 1.40-1.20 (m, 56H), 0.86 (dd, 6H, J = 6.9 Hz); HRMS (ESI) calcd.

for [M — HJ~ CesH119N5022 1320.8274, found 1320.8280.
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Neoglycolipid 10. This compound was prepared from trisaccharide azide 313% (2.4 mg, 3.2 ymol), alkyne
2557 (5.8 mg, 10.0 umol), N,N-diisopropylethylamine (3 L, 17.0 umol), copper (l1) sulfate pentahydrate (21
mg, 84.0 ymol; in 0.1 mL water) and L-ascorbic acid sodium salt (37 mg, 186.0 ymol; in 0.1 mL water) as
described for the preparation of 8 to afford 10 (2.2 mg, 52 %). Rr 0.18, EtOAc-CH3;OH-HOAc-H-20
(36:9:9:6); '"H NMR (700 MHz, CDs0D plus a few drops of CDCls, &1) 7.95 (s, 1H), 4.75 (s, 2H), 4.63—-4.55
(m, 2H), 4.56 (d, 1H, J = 8.4 Hz, H-1), 4.32 (d, 1H, J = 7.7 Hz, H-1), 4.26—4.20 (m, 1H), 4.03 (dd, 1H, J =
9.6, 9.6 Hz), 3.94-3.78 (m, 4H), 3.80-3.40 (m, 24H), 3.21 (ddd, 2H, J=1.7, 3.3, 5.0 Hz), 2.78 (dd, 1H, J =
4.5,12.1 Hz), 1.99 (s, 3H, NHCOCHSs), 1.94 (s, 3H, NHCOCHs3), 1.70-1.50 (m, 5H), 1.40-1.20 (m, 56H),

0.89 (dd, 6H, J = 6.9 Hz); HRMS (ESI) calcd. for [M — H]~ CesH119N50O22 1320.8274, found 1320.8271.
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Neoglycolipids 11 and 12, which were prepared as described by Han et al..333
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pHrodo-PEG4s-DSPE 13: 13 was prepared as described by Bhattacherjee et al.”?”
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