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Abstract 

Alzheimer’s disease (AD) is a common neurodegenerative dementia, and its pathological 

hallmarks include amyloid-β plaque and neurofibrillary tangle formation in the brain. Genome-

wide association studies (GWAS) revealed that a rare single nucleotide polymorphism (SNP) in 

CD33 is associated with AD susceptibility. This SNP regulates alternative mRNA splicing to 

generate long (CD33M) and short (CD33m) protein isoforms. These two CD33 isoforms differ in 

the presence and absence of the V-set glycan-binding domain. Therefore, as higher expression of 

CD33M correlates with increased AD risk, there is a correlation between loss of glycan binding 

and AD susceptibility. As the glycan ligands for CD33M are not well understood, the major 

objective of this thesis is to develop biochemical tools to study the glycan ligands of CD33. To 

complement studies on CD33M, a second objective is to develop approaches for better 

understanding alternative mRNA splicing of CD33. 

 In Chapter 2, a new version of CD33-Fc was developed to characterize CD33 ligands in 

applications through electrospray ionization mass spectrometry (ESI-MS) and flow cytometry. 

This new version of CD33-Fc contains a TEV recognition site between the CD33 extracellular 

domains and Fc constant domains, C-terminal His6 tag, and Strep-tag II. In a direct ESI-MS 

application, we found that CD33 recognizes α2-3 and α2-6 linked siaosides with similar affinity. 

In an indirect ESI-MS application, called Catch-and-Release (CaR) ESI-MS, defined human 

oligosaccharide libraries and a synthetic N-glycan library were screened for binding with CD33-

Fc. The screening results are consistent with the ability of CD33 to recognize both α2-3 and α2-6 

sialosides. Analysis of ligands on cells also supports the conclusions that CD33 can recognize both 

α2-3 and α2-6 linkages. These results are significant in two ways: (i) reviews on Siglec specificity 

had been claiming that CD33 has specificity for α2-6 sialosides and (ii) the ability of CD33 to 
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recognizes α2-3 sialosides has important implications in setting up the findings made in the next 

Chapter. 

 In Chapter 3, the role of carbohydrate sulfation was investigated for its ability to enhance 

the binding of Siglecs, including CD33, to glycan ligands. This was initially accomplished by 

overexpression of carbohydrate sulfotransferases (CHSTs), probing of cells with Siglec-Fc 

proteins, and detection by flow cytometry. Many new interactions were discovered, particularly 

the ability of CHST1 to upregulate Siglec ligands to numerous Siglecs, including CD33. 

Production of a highly homogeneous CD33 fragment enabled a mass spectrometry-based binding 

assay to assess binding affinities. Of note, CD33 showed a significant enhancement in affinity 

(≥28-fold) for a disulfated ligand, Neu5Acα2–3(6-O-sulfo)Galβ1–4(6-O-sulfo)GlcNAc, 

compared to its non-sulfated counterpart. It was also revealed that CHST1 is upregulated in 

numerous cancers and associated with poorer patient outcome. These results provide new insights 

into carbohydrate sulfation as a general mechanism for fine-tuning Siglec ligands on cells and has 

implications on the biological ligands of CD33 in the brain. 

 In Chapter 4, several anti-CD33m monoclonal antibodies were developed to be able to 

study this elusive protein isoform of CD33, which is implicated in decreased AD susceptibility. It 

was shown, for the first time at the protein level, that the AD-relevant SNP in CD33 affects the 

CD33m protein levels. U937 cells expressing the T allele of this SNP had better uptakes of Aβ1-42 

aggregates, which builds into a larger body of work that CD33m is a gain-of-function protein 

isoform that enhances phagocytosis. Under endogenous expression levels, CD33m localizes 

intracellularly, and it was discovered that Cys42 is a key factor for retaining CD33m inside cells. 

Furthermore, a system for transforming CD33M into CD33m by Cre recombination was devised 

and validated, and two novel CD33 splicing cell-based reporters were developed for the future 
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screening of compounds capable of inducing alternative mRNA splicing of CD33. These tools will 

be valuable in future studies aimed at fully elucidating the AD protective role of CD33.  
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Chapter 1  

Introduction 
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1.1 Introduction of Siglecs 

The response of immune cells is fine-tuned by many activatory and inhibitory receptors 

that have opposing effects on cell signaling. Improper control of these signals can be a driver of 

autoimmune disease, which occurs when an undesired immune response towards the tissues and 

cells of our own bodies takes place.1 Among the inhibitory receptors that help maintain 

immunological tolerance towards our own bodies, Sialic acid-binding immunoglobulin-like lectins 

(Siglecs) are a 15-membered family, which recognize sialic acid containing glycan conjugates 

(sialosides). Siglecs are expressed primarily on a variety of white blood immune cells.2 (Figure 

1.1a) Each type of white blood cell has a unique expression pattern for Siglecs.3 (Figure 1.1b) A 

leading hypothesis for the role of Siglecs is that they help to prevent immune response toward “self’ 

antigens. For example, a study on aging C57BL/6 mice showed that Siglec-G deficiency led to the 

development of an autoimmune phenotype characterized by increased autoantibody levels and 

resulting mild glomerulonephritis.4 Moreover, Siglecs can antagonize diverse immune responses 

mediated by pathogen-associated molecular patterns (PAMPs) or damage-associated molecular 

patterns (DAMPs).5 For instance, microglia – the major immune cell in the brain – lacking Siglec-

E secreted higher levels of proinflammatory cytokines in response to LPS-mediated stimulation.6 

These examples and many others support an immunosuppressive role for Siglecs in a variety of 

immune responses.7 

1.1.1 The functional parts that make up a Siglec 

 Siglecs are type 1 membrane bound glycoproteins and consist of four major parts: a ligand 

binding domain (V-set domain), a variable number of immunoglobulin-like domains (C2 domains),  



 3 

 

Figure 1.1: The Siglec family and their expression pattern across immune cells. (a) The Siglec family 
consists of 15 members of cell surface protein receptors belonging to immunoglobulin superfamily. (b) 
Siglecs are differentially expressed on numerous immune cells. For each type of white blood cell, the 
number indicates each Siglec that is expressed. Red color represents inhibitory Siglecs and blue color 
represents activatory Siglecs. 

 



 4 

a transmembrane segment, and a cytosolic tail containing signaling motifs. (Figure 1.2) The V-

set domain is composed of anti-parallel β sheets and loops forming a shallow groove where sialic 

acid-containing glycans can bind. Within the binding groove, a key ionic interaction between the 

negatively charged carboxyl group on sialic acid and the positively charged guanidinium group on 

an essential and conserved arginine residue is arguably the most important for ligand binding.8 

Evidence for the importance of this interaction is that Siglec-glycan binding is typically completely 

lost upon mutation of this arginine. Siglec-sialoside interactions help cell adhesion, engagement 

of Siglecs near immunological synapse, and cargo internalization.2,9 Siglecs have a varied number 

of the conserved C2 domains from one domain for Siglec-3 (CD33) and Siglec-15, to sixteen 

domains for Siglec-1. These extracellular domains can be glycosylated,10 and the number of C2 

domains can influence how far the Siglec protrudes from the cell surface, which in turn affects its 

ability to interact with glycan ligands on the same cell versus another cells.11  

 

Figure 1.2: Schematic of a Siglec and its different parts. The V-set domain of Siglecs mediates ligand 
binding, which is crucial for cell surface localization. Each Siglec has varied number of C2 constant 
domains. After a transmembrane segment, a cytosolic tail of Siglec contains ITIM and/or ITIM-like motifs, 
which can recruit phosphatases to break the signal cascades under certain circumstances. 

 

In humans, cytosolic tails of most Siglecs contain immunoreceptor tyrosine-based 

inhibitory motifs (ITIMs) and ITIM-like motifs, which characterizes Siglecs as inhibitory 
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checkpoint receptors.12 (Figure 1.2) Numerous antigenic molecules can stimulate activatory 

receptors on various immune cells leading to the initial phosphorylation of immunoreceptor 

tyrosine-based activatory motifs (ITAMs) by Src-family kinases, such as Lyn, Syk, and Fyn.13 

This early phosphorylation further recruits a series of kinases required for signal activation. 

(Figure 1.3a) Siglecs can be engaged in this activatory signaling through interactions with 

sialosides. When Siglecs are colocalized near activatory receptors in an immunological synapse, 

ITIMs at their cytosolic tails can also get phosphorylated by Src-family kinases in company with 

ITAM. The following phosphorylated ITIMs create a docking site for SHP-1 or -2 phosphatases, 

which can bring about the recruitment of SHP-1 or -2 phosphatases and signal inhibition.12 These 

two phosphatases sequentially deactivate signal cascades by hydrolyzing phosphate groups on 

phosphotyrosine residues on the ITAMs.7 (Figure 1.3b) In contrast, Siglec-14, -15, and -16 have 

a distinct transmembrane segment containing either a lysine or arginine residue, which requires 

them to pair with adaptor proteins such as DAP-12 (also called TYROBP). In mice, CD33, Siglec-

H, and Siglec-15 have this feature. DAP-12 has a transmembrane peptide sequence containing 

aspartic acid residue that stabilizes the cationic amino acid residues within the transmembrane 

segment of these Siglecs. DAP-12 carries ITAM on its cytosolic tail, so the Siglec-DAP-12 

complex have a potential to transduce activatory signals.14  

1.1.2 Ligands for Siglecs 

Glycosylation is a major biosynthetic process to generate oligosaccharides containing sialic acids 

(Neu5Ac), such as N- or O-glycans and gangliosides, which can be ligands for Siglecs. 

Monosaccharides such as glucose (Glc), galactose (Gal), mannose (Man), N-acetyl-glucosamine 

(GlcNAc), N-acetyl-galactosamine (GalNAc) can make up a variety of glycan structures and 

Neu5Ac is typically the last monosaccharide added to the non-reducing end. Notably, twenty  
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Figure 1.3: The localization of Siglecs is the key for Siglecs to antagonize immune responses. (a) When 
activatory receptors become stimulated by antigens, the phosphorylation of ITAMs by Src kinases takes 
place. This initial phosphorylation on ITAMs stimulates successive kinase activation mediating a signal 
cascade. (b) The presentation of sialic acid-containing glycans on the other cells can recruit Siglecs near 
activatory receptors. The Src kinases can also phosphorylate the ITIMs at Siglecs’ cytoplasmic tails, which 
lead to the recruitment of SHP1/2. Consequently, these phosphatases hydrolyze phosphorylated tyrosine 
residues on ITAMs and the ITAM-mediated signal cascades become suppressed. 

 

different sialyltransferases (STs) in human use CMP-Neu5Ac as their donor to transfer Neu5Ac to 

glycan acceptors terminated with Gal, GalNAc, or Neu5Ac residues.15,16 Sialic acids can be linked 

to 3- or 6- hydroxy group on Gal, 6-hydroxy group on GalNAc and 8-hydroxy group on Neu5Ac 

in mammals. The position of hydroxyl group on Gal, GalNAc, or Neu5Ac residues where sialic 

acid is linked defines three different linkages: α2-3, α2-6, and α2-8, which is critical for 
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determining specificity of each Siglec. (Figure 1.4). For example, Siglec-2 and Siglec-10 have 

strong preference to α2-6 linked sialoside while Siglec-1 prefer α2-3 linkage and Siglec-7 binds 

α2-8 linkage more strongly than the other linkages.7 (Table 1.1) Subsidiarily, fucosylation and 

post-glycosylational modifications (PGMs) - such as O-sulfation, and O-acetylation  - also 

influence affinity.17,18  

 

Figure 1.4: General types of sialosides in mammals. There are three major linkages of sialosides: α2-3, 

α2-6, and α2-8, which is a determinant factor for ligand specificity of Siglecs. 

 

1.1.3 Examples of the effects of Siglec-glycan interactions on immune responses 

Sialosides can modulate the function of Siglecs to maintain immune balance. For example, 

self-associated molecular patterns (SAMPs) mediated by endogenous sialosides are one 

mechanism preventing immune responses toward ‘self’ antigens.5 On the other hand, the roles of 

Siglecs as a “brake” can be exploited by sialylated pathogens or cancer cells to evade immune 

clearance.19-21 A primary mechanism for escape of immune destruction of cancer is the ability of 
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cancer cells to exploit inhibitory receptors (also called immune checkpoint inhibitors), to shut 

down immune cell function.22 Despite the crucial role of Siglecs in maintaining immune 

homeostasis in disease and health, glycan ligands for Siglecs are not completely understood. 

Studying the terminal epitopes of sialosides was mainly focused due to the complexity and 

diversity of the advanced glycan structures. Nevertheless, there have been efforts for discovering 

ligands for Siglecs with simple N-, O-mucin-type, O-mannose glycans, and gangliosides. 23-26 To 

advance a deeper understanding of Siglec ligands, novel strategies and tools are required for 

probing Siglec-ligand interactions. 

Table 1.1 Discovered sialoside specificity for Siglecs through glycan microarrays. 
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1.1.4 The two key types of Siglec-glycan interactions 

 A primary means by which the glycan ligands of Siglecs impact the function of Siglecs is 

by mediating the spatial proximity of Siglecs to other activatory receptors.2 Siglec-glycan 

interactions can take place in cis or trans. Cis interactions occurs when Siglecs recognize their 

endogenous ligands on the same cell surface. (Figure 1.5a) An example for the biological 

importance of cis interactions is CD22 (Siglec-2), which is highly expressed on B-cells. Cis ligand 

interactions keep CD22 within clusters,27 which prevents CD22 from repressing B-cell receptor 

signaling. In contrast, trans interactions are those in which Siglecs recognize glycan ligands on 

another cell. (Figure 1.5b) Cis interactions can ‘mask’ Siglecs, which means when binding sites 

of Siglecs are preoccupied with cis ligands. Masked Siglecs have limited capacity for interacting 

with trans ligands. For example, depleting cis ligands on COS cells expressing CD33 with 

sialidase led to increased adhesion to HL-60 cells.28,29 Trans interactions have potential to locate 

Siglecs near activatory receptors, which can lead to immune suppression. For example, CD22 

recruitment near B-cell receptors (BCR) through a multivalent scaffold displaying glycan ligands 

for CD22 and antigens for inducing BCR activation was shown to suppress the BCR activation.30 

Accordingly, Siglecs can modulate immune system through cis or trans interactions, which can 

help relocate Siglecs around clustered activatory receptors to suppress activatory signal pathway.2  

1.1.5 Therapeutic aspects of Siglecs in cancer 

 Hypersialytion of cancer cells is a key mechanism of exploiting Siglecs to evade immune 

clearance.21 Hence, blocking the engagement of Siglecs near the signaling synapse has become 

one of attractive therapeutic applications to improve antibody-mediated cancer therapies. For 

example, sialidase-conjugated anti-HER2 antibody has been shown to improve anticancer 

therapies, whose mechanism is to block the engagement of Siglecs by depleting sialic acids in the 
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Figure 1.5: The two types of interactions between Siglecs and their glycan ligands. (a) Cis interactions 
have the potential to recruit Siglecs near activatory receptors to inhibit singling at normal state. (b) Trans 
interactions can also recruit Siglecs to activatory receptors in the context of an immunological synapse to 
inhibit immune signaling. 

 

signaling synapse.31 Alternatively, targeted protein degradation by attaching cancer specific 

nanobody to mucin-selective protease has shown to strip O-glycans on tumour, which led to 

promoted cell death in the cell culture model and reduced tumour size in mice model.32 

1.2 Soluble versions of Siglec to probe their glycan binding 

 Transmembrane proteins account for more than 40% of druggable targets but studying their 

interaction with ligands presents challenges due to their hydrophobic transmembrane segment. 

Indeed, transmembrane proteins are generally insoluble in water and hard to crystalize for x-ray 

crystallographic studies.33 Detergent can help dissolve these hydrophobic proteins in water, but it 

can also denature the tertiary structures of proteins, which can lead to functional loss.34 To resolve 

these intrinsic problems, combining the functionally soluble ligand-binding domains of the 

transmembrane proteins with the constant Fc region of antibody has been widely-used. This 
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approach has applied to Siglecs to investigate their structures, post-translational modifications, 

functions.35 

1.2.1 Siglec-Fc chimeric fusion proteins 

 Fc chimeric proteins are composed of three major parts. At the DNA level, the 5’-terminal 

sequence generally encodes an optimized signal peptide and a V-set domain and one or two C2 

domains of Siglecs devoid of transmembrane region, followed by nucleotide sequence encoding a 

linker peptide to stabilize the connection between the extracellular domains of Siglecs and Fc 

constant domains of antibody at C-terminal.36 (Figure 1.6) The last part is the DNA sequence 

encoding the IgG Fc domains, which notably have a N-glycosylation site at Asn297. 

 

Figure 1.6 Schematic of a Siglec-Fc. The Fc recombinant chimeric proteins consist of extracellular 
domains of Siglecs lacking transmembrane sequence, a linker peptide, and the Fc region of IgG. The native 
or optimized signal peptides can be located at N-terminus of the fusion proteins. 

 

1.2.2 The advantages of the Fc chimera 

The Fc domains confer several benefits to Fc chimeric proteins. First, the Fc domains 

improve the stability of the chimeric proteins in solution. The high-affinity interaction between the 
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IgG Fc and protein A or G enables protein purification from the cultured supernatants.37  Notably, 

the dimeric conformation of the IgG Fc domains enhances the avidity of the targeted proteins, 

which is feasible for investigating the physical interactions between Siglecs and glycan ligands. 

By taking advantages of IgG-Fcγ receptor interactions, Fc chimeric proteins can be designed to 

mark specific pathogenic cells to induce immunogenicity on innate immune cells, such as natural 

killer cells.36 However, this IgG-Fcγ receptor interactions can be double-edged sword since these 

interactions can disturb immunostaining applications for cells or tissues.38 The choice of IgM as 

the Fc portion instead of IgG can enable multivalent presentation of the targeted proteins. 

Alternatively, high multivalency with Siglec-Fc can be achieved by interaction between Siglec-Fc 

and protein-A or G-coated beads.35 These multivalent presentations have a potential to study 

Siglecs, most of which have generally very weak binding affinity.12 This multivalent presentation 

has been helpful for many applications such as microarray, immunohistochemistry, western blot, 

and flow cytometry.36 Therefore, this strategy combining Siglecs with the IgG Fc domains has 

been and continues to be useful in a wide variety of applications.  

1.2.3 Alternatives to Siglec-Fc 

Engaging Fcγ receptor by Siglec-Fc is a key drawback in its applications. To avoid 

undesired interactions with Fcγ receptors and take advantage of multivalency, two alternative 

strategies have been reported. First, the first three domains of Siglec-8 were fused to two IgG 

domains from CD4 and a spontaneously pentamerizing domain from cartilage oligomeric matrix  
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Figure 1.7 Alternatives to Siglec-Fc recombinant soluble proteins for probing Siglec-glycan 
interactions. (a) C-terminal COMP enables Siglec-8 to be pentamerized for enhancing avidity. (b) 
Biotinylation on AviTag by BirA ligase enables Siglec-7 to be precomplexed with Streptavidin in a 
tetramer. 

 

protein with C-terminal His6 tag, which is named Siglec-8-COMP. Siglec-8-COMP increases 

avidity through pentameric presentation and it was validated by glycan microarray.39 (Figure. 

1.7a) In another example, the first three domains of Siglec-7 containing biotinylation peptide 

sequence (AviTag) and His6 tag at C-terminal was expressed in HEK293T cells. Subsequently, 

this Siglec-7 construct was biotiniylated by BirA ligase, which helps to form tetrameric 

presentation with streptavidin. (Figure. 1.7b) This Siglec-7 and streptavidin tetramer was 

validated through glycan microarray and applied to flow cytometry with primary B cells, T cells, 

and NK cells to evaluate expression level of Siglec-7 ligands.40 
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1.3 Probing the glycan ligands of Siglecs with Siglec-Fc proteins 

 Siglec-1 (CD169) is one of the first discovered member of Siglec family.41,42 Siglec-2 

(CD22) and Siglec-3 (CD33) are two more of the oldest and most studied Siglec. While the strict 

specificity of Siglec-2 for 2-6 linked sialosides and biological roles for CD22 have been 

advanced,43 there is still much to be learned about CD33. Siglec-Fc proteins have been 

instrumental in elucidating the specificity of Siglecs. Here, the methods for studying Siglec ligands 

are reviewed, with focus on microarrays and flow cytometry.42 

1.3.1 Glycan microarrays 

 Glycan microarrays are a tool for investigating interactions between glycan binding 

proteins (GBPs) and multiple glycans or glycoconjugates. A glycan microarray is composed 

printing glycans or glycoconjugates onto a solid support that can be probed with a GBP. The 

contents of glycan libraries are critical for the high odds of discovering ligands for GBPs. Glycan 

libraries can be synthetically prepared glycans, consisting of N- or O-glycans, gangliosides, 

glycosaminoglycans, and synthetic glycans including PGMs like acetylation, sulfation and 

phosphorylation.44 Alternatively, glycans for libraries can be isolated and fractionated from natural 

sources.45 

Using glycan microarrays with Siglec-Fc proteins have led to many discoveries about the 

glycan ligands recognized by each Siglec. Overall, glycan microarrays have been widely used to 

discover glycan ligands for Siglecs. (Table 1.1) In 2000, Varki and co-workers reported the 

binding of Siglec-1, -2, -3, -4, -5, and -6 towards ten sialosides on a glycan microarray.18 The 

sialosides were composed of basic di- or tri-saccharides, such as α2-3 or α2-6 sialyl Lac or sialyl 

LacNAc. CD22 showed a strong α2-6 preference and Siglec-1 showed a preference for α2-3 over 

α2-6 sialosides. Siglec-3 bound both linkages, but α2-6 sialosides displayed moderately higher 
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signal. Siglec-5 bound both α2-3 or α2-6 linkages to a similar extent. Sialyl Tn antigen was the 

only ligand for Siglec-6 in this study.18 In 2004, a study led by Paulson and co-workers, the effect 

of α2-6 sialic LacNAc with 6-O-sulfation at GlcNAc on Siglec-2 affinity was firstly discovered 

through glycan microarray with a library of 200 defined glycoconjugates.25 In 2005, Schnaar and 

coworkers discovered that Siglec-8 has strong specificity to sialyl lewis X (SLeX) structure with 

6-O-sulfation at Gal.46 In the following year, sulfation on SLeX as a factor for improving affinity 

was studied with hSiglec-7, -8, -9, and mSiglec-2 and -F.47 Sulfation on 6-O-Gal in α2-3 sialyl 

LacNAc moiety enhanced Siglec-7, and -8 and mSiglec-F binding greatly while Sulfation on 6-O-

GlcNAc improved Siglec-9 and mSiglec-2 binding.47 In 2014, Varki and co-workers studied 

Siglec-3, -5, and -9 in three different species (human, chimpanzee, and baboon). Specificity for 

each Siglec was evaluated on α2-3 and α2-6 linkages, effects of Neu5Gc, 9-O-acetylation and 6-

O-sulfation on GlcNAc were analyzed. Siglec-3, and -5 bound to both linkages at similar extent 

while Siglec-9 slightly prefer to α2-6 linkage. it was turned out that 9-O-acetylation can be 

disadvantageous for Siglecs. Siglec-9 showed sulfation dependent binding enhancement consistent 

with the 2006 study.47  Sialosides containing Neu5Gc had higher signal rank than the one with 

Neu5Ac in Siglec-3, -5, and -9.48  In 2017, Schnaar and co-workers investigated different ligand 

binding patterns in two pairs of functional paralog between hSiglec-8 and mSiglec-F and 

functional ortholog between hSiglec-9 and mSiglec-E through glycan microarray. The difference 

emerged where hSiglec-8 and mSiglec-F preferred SLeX with 6-O-sulfation at Gal while hSiglec-

9 and mSiglec-E favored SLeX with 6-O-sulfation at GlcNAc.26,46 Identifying the difference 

between paralogs or orthologs in their ligand recognition is critical for studying mouse model as 

Siglec-8 binding was abrogated in the absence of 6-O-sulfation at Gal but Siglec-F binding was 

still retained, which might be because of its broader range of glycan ligands. In 2019, Cummings 
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and co-workers screened twelve Siglecs against the glycan microarray printed with multiantennary 

N-glycans and only Siglec-1, -2, -9, and -10 generated signals. In this study, Siglec-1, and -9 

preferred α2-3 linked N-glycans while Siglec-2, and -10 bound to α2-6 linked N-glycans higher.49  

1.3.2 Elucidation of Siglec ligands using multivalent ligand presentations 

 A challenge in discovering ligands for Siglecs is their intrinsically weak binding affinity. 

One way to circumvent this is using multivalency. To improve avidity in Siglec-glycan ligand 

interactions, streptavidin-alkaline phosphatases (SAAP) was developed. In principle, sialosides 

containing biotin at reducing ends formed a tetrameric presentation with SAAP, which was called 

sialoside-SAAP probe. In this study, a panel of 25 synthetic sialosides were designed to contain 

biotin with a different combination of aglycons and biotin spacers at reducing ends of each sugar.50 

Subsequently, sialosides with biotin were complexed with SAAP to form tetrameric displays. 

Next, a panel of Siglec-Fc chimeras (human Siglec-2, 3, 5, 7, 8, 9, and 10 and mouse Siglec-1, 2, 

and 4) were fixed onto microtiter wells and sialoside-SAAP complexes were incubated on each 

well. Subsequently, p-nitrophenyl phosphate was used for detecting the bound sialoside-SAAP. 

Both human Siglec-2 (hSiglec-2) and mouse Siglec-2 (mSiglec-2) exclusively preferred α2-6 

linked sialosides. hSiglec-3 bound both α2-3 and α2-6 sialosides at a similar degree. Siglec-5 

presented α2-3 sialyl LacNAc (3’SLN) specificity. hSiglec-8 recognized 3’SLN more than α2-6 

sialyl LacNAc (6’SLN). Under lower amount of Siglec-Fc, hSiglec-7 presented outstanding 

binding to Neu5Acα2-8Neu5Acα2-3Galβ1-4GlcNAc. Siglec-10 bound both Neu5Gcα2-6Galβ1-

4GlcNAc and Neu5Gcα2-6Galβ1-4Glc. (Table 1.1) 

1.3.3 Cell- and tissue-based assay 

 Chemical synthesis of all possible glycan structures represented on mammalian cells is 

very challenging. Instead, introducing or deleting genes into cell lines provides an alternative way 
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to probe a diversity of glycan structures. For example, Miyazaki et al. transfected the gene 

encoding fucosyltransferase 7 and carbohydrate sulfotransferase (CHST) 2 to ECV304 cells to 

enrich SLeX with 6-O-sulfation at GlcNAc on the surface and binding of Siglec-7-Fc and Siglec-

9-Fc to those cells was demonstrated by flow cytometry.51 In this study, consistent with the 

previous finding,26,47 Siglec-7 and -9 showed enhanced binding to the transfected cells where 6-

O-sulfation at GlcNAc was abundant.47 The earlier study used two antibodies recognizing 

Neu5Acα2-6Galβ1-4(6S)GlcNAc (clone KN343) and Neu5Acα2-3Galβ1-4(6S)GlcNAc (clone 

G152) to assess the importance of a 6’SLN moiety with 6-O-sulfation at GlcNAc as CD22 ligands. 

First, KN343 was shown to block the epitope of Siglec-2-Fc in a competitive binding assay. 

Furthermore, sodium chlorate was treated on KN343 reactive cells, which is an analogue inhibitor 

of a sulfate required for biosynthesis of 3'-Phosphoadenosine-5'-phosphosulfate (PAPS). As 

sodium chlorate reduced cellular carbohydrate sulfation, CD22 binding to the KN343 reactive cells 

was decreased. These results supported sulfation as an important modification for producing high-

affinity ligands for CD22.25,52 

 To assess which types of glycosylation matter in Siglec binding, several inhibitors 

perturbing glycosylation pathway have been developed and applied. In general, glycosylation is 

stepwise, so blocking early stages of biosynthesis can block maturation of glycans. Kifunensine is 

an alkaloid compound that acts as inhibitors of mannosidase, which blocks N-glycan maturation, 

thereby preventing the appears of hybrid- and complex N-glycans, keeping N-glycans in their high 

mannose state.53 To block mucin type O-glycans, benzyl-α-GalNAc is widely used.54 Inhibition of 

the biosynthesis for ganglioside can be made by Genz-123346, which deactivates UGCG 

enzymatic activity.55 (Figure 1.8)  
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Figure. 1.8: The key target gene or inhibitors for blocking the three major glycosylation pathways. 
(a) Kifunensine blocks mannosidases essential for generating complex or hybrid types of N-glycans. 
Knocking out MGAT1 maintains N-glycans in their high mannose state. (b) COSMC is the molecular 
chaperone essential for functional T synthase, so knocking out COSMC leads to inhibition of mucin type 
O-glycosylation. Alternatively, Benzyl-α-GalNAc can block the biosynthesis of mucin-type O-glycans. (c) 

Knocking out either UGCG or B3GalT5 can lead to inhibition of ganglioside biosynthesis. Alternatively, a 

pharmacological inhibitor, Genz-123346 can suppress UGCG activity. 

 

 Instead of using glycosylation inhibitors, CRISPR/Cas9 provides a convenient way for 

knocking out targeted genes in cells. In general, CRISPR/Cas9 forms a complex with a guide RNA 

(gRNA), which helps CRISPR/Cas9 to be guided to the gene of interest in chromosome. This leads 

to disability of intact transcription by breaking double stranded DNA near gRNA hybridization 

area and inducing non homologous end joining.56 The consequence is the formation of indel in the 

targeted gene causing frameshift, deletion, or mutations on nucleotide sequence. CRISPR has been 

successfully applied to blocking the expressions of numerous glycosyl transferases. To block 
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complex or hybrid types of N-glycosylation, MGAT1 is widely knocked out.57 MGAT1 encodes 

alpha-1,3-mannosyl-glycoprotein 2--N-acetylglucosaminyltransferase transferring the first 

GlcNAc residue to N-glycan backbone where high mannose structures get trimmed down by a 

series of mannosidases. Knocking out COSMC can block O-linked glycosylation initiated by T 

synthase.58 COSMC encodes a molecular chaperone helping T synthase fold properly, so COSMC 

KO leads to abundant Tn antigen expression on the surface. Lastly, to inhibit the biosynthesis of 

glycolipids, UGCG or B4GALT5 can be targeted.59 (Figure 1.8) These are the initial two key 

enzymes required for more advanced structures for gangliosides. 

1.4 CD33 biology in Late-Onset Alzheimer’s Disease 

 In 1990s, CD33 gained attention as a therapeutic target for acute-myeloid-leukemias 

(AMLs) since a wide range of AMLs derived from malignant stem cells are CD33 positive. 

Consequently, Lintuzumab and Gemtuzumab were developed as therapeutic antibodies for 

targeting CD33 as antibody-drug conjugate.60-62 More recently, GWAS (genome wide association 

studies) have revealed the correlation between CD33 and late-onset Alzheimer’s disease (LOAD) 

susceptibility. In the brain, CD33 is expressed in the major immune cells of the brain, which are 

called microglia, and regulates cell processes such as phagocytosis.63,64 Hence, its function in Aβ-

associated pathology becomes great interest.65  

1.4.1 Genetics of the rs12459419 SNP in CD33 

  GWAS are meta-analyses of genetic variants that aim to discover variants of genes 

associated with disease susceptibility. Several different SNPs in CD33 have been investigated for 

AD susceptibility (Figure 1.9a). The link between CD33 and AD was first discovered through 

GWAS in 2008, wherein the rs3826656 SNP was identified as a susceptibility factor for LOAD.66 
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Several follow up studies in larger cohorts led to the identification of another nearby SNP, 

rs3865444, that also correlates with AD susceptibility.67-69 In the brain, CD33 is predominantly  

 

Figure 1.9: CD33 polymorphisms implicated in AD susceptibility. (a) rs3865444 (C or A) and 
rs12459419 (C or T) are coinherited SNPs and C is the common risk allele for both SNPs, while A or T is 
the protective allele in late-onset AD. (b) Populations with heterozygous (C/A or C/T) or homozygous (A/A 
or T/T) in rs3865444 and rs12459419 have lower chance to develop AD compared to the population with 
the risk homozygosity. 

 

expressed by microglia.63,70 This suggests that the strong genetic correlation between CD33 and 

AD susceptibility is due to CD33 regulating microglial cell function, although a contributing role 

in myeloid cells outside the brain is difficult to formally rule out. Initial findings showed that AD 

brains have increased expression of CD33 on microglia.69 Additionally, the number of CD33-

expressing microglia were reported to positively correlate with plaque burden and cognitive 

decline.63,69 But higher CD33 expression in AD could be a response to disease pathology; indeed, 

inflammation and certain cytokines (IL-15) have been shown to induce upregulation of CD33.71,72 

 Large scale GWAS in European, North American, and Chinese populations further 

supported the polymorphisms in CD33 associating with AD susceptibility.73 As the rs3865444 

SNP is in the CD33 promoter, 372 bp upstream of the transcription start site, this identified SNP 
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was originally speculated to deliver its effect through modulating CD33 gene expression (Figure 

1.9b).70 However, further analysis led to the discovery of a nearby co-inherited SNP, rs12459419, 

located fourth nucleotides on exon 2 of CD33 that impacts mRNA splicing. The rs12459419 SNP 

enhances the expression of a short protein isoform, called hCD33m (h= human, m=minor), and 

consequently decreases the expression of the long protein isoform, called hCD33M (M=Major), 

through alternative mRNA splicing.70,74 (Figure 1.10) Accordingly, rs12459419 is now considered 

a functional proxy of the AD-associated rs3865444 SNP. Specifically, the AD-susceptible 

 

Figure 1.10: rs12459419 modulates the ratio of the two isoforms of CD33. The T allele has a higher 
chance to mediate alternative splicing leading to exon-2 exclusion. Depending on the presence of exon-2, 
two mRNA transcripts can be transcribed leading to the expression of the two isoforms of CD33. hCD33M 
has sialic-acid recognition domain while hCD33m lacks. 

 

rs12459419C allele (which is co-inherited with the rs3865444C allele) results in a 

hCD33M:hCD33m transcript ratio of 9:1, while the AD-protective rs12459419T allele (i.e. 

rs3865444A) shifts this ratio to 7:3.70 Consistent with these findings at transcript levels, cells 

expressing the rs12459419T allele showed decreased levels of hCD33M at the protein level.70,75 

A corresponding increase in hCD33m protein levels has been more challenging to demonstrate. A 

recently identified CD33 SNP, rs2455069, was proposed to be associated with risk of developing 

AD in a small cohort of Italian patients.76 In silico analysis suggested that an amino acid switch at 
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position 69 of hCD33 from an arginine to glycine in the rare rs2455069 SNP, may enhance the 

affinity for sialic acid containing ligands. More testing is required to establish the association of 

this SNP with AD susceptibility within a larger cohort. 

1.4.2 The two isoforms of CD33 and their function 

The most obvious difference between hCD33M and hCD33m is the presence and absence 

of the V-set domain, respectively. However, there are at least three additional more subtle 

differences between the two isoforms (Figure 1.11). The first subtle difference is the number of 

glycans; hCD33m is less glycosylated compared to its counterpart isoform because two sites of N-

glycosylation are located on the V-set domain.77,78 But the repertoire of glycans on the C2-set 

domain of hCD33M and hCD33m have never been investigated. The second subtle difference is 

that hCD33m contains an unpaired cysteine residue that is normally engaged in an interdomain 

disulfide bond with a cysteine residue in the V-set domain of hCD33M.79,80 The third subtle 

difference between hCD33M and hCD33m is in their signal peptide. The signal peptide cleavage 

site of hCD33M is encoded without exon 2, therefore, hCD33m contains a different signal peptide 

cleavage site. What is not so subtle is that hCD33m appears to prefer an intracellular location. 

While hCD33M is predominantly located on the cell surface, the hCD33m isoform is not.80 

Although numerous studies have observed partial cell surface localization of hCD33m, these are 

all under overexpressed conditions.79,81-83 Upon investigating the intracellular pool of CD33 in 

monocyte-derived macrophages and a human microglia cell line (CHME-5), it was found that 

hCD33m co-localized with catalase and PMP70, suggesting it resides in the peroxisome.80 It is 

speculated that the unpaired Cys residue in hCD33m may contribute to the different intracellular 

trafficking of this isoform, which is in agreement with an earlier report suggesting that a C36A 

mutation in the V-set domain of hCD33M results in its accumulation inside the cell.79,80 Overall, 
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the notable differences in subcellular localization and cellular trafficking of the two hCD33 

isoforms could be major determinant of their distinctive functions, but this has yet to be rigorously 

tested. 

 

Figure 1.11: Schematic of the two human isoforms of CD33 implicated in AD susceptibility. The 
differences between the two isoforms are: 1) an altered signal peptide, 2) presence of the glycan binding 
domain, 3) an interdomain disulfide bond, and 4) the number of N-glycosylation sites. Both isoforms 
contain ITIM and ITIM-like signaling motifs. 

 

1.4.3 Ligands for CD33 

 Despite of its crucial role in LOAD susceptibility, the mechanisms how hCD33M 

correlates with Aβ accumulation in the brain remains unknown. To understand the role of hCD33M 

in microglia, clarity is needed on its ligands in the brain. There has been over 25 years of tracking 

down glycan ligands of CD33. (Figure 1.12) In 1995, the sialic acid linkage specificity for CD33 

was first reported. Desialylation and reintroduction of linkage specific sialic acids on N- or O-

glycans on human red blood cells, followed by probing with CD33-Fc revealed that CD33 prefers 

α2-3 to α2-6 linkage.28 In 2000, it was reported that CD33 recognizes both α2-3 and α2-6 linked 

sialosides such as sialyl Lac and LacNAc and α2-6 linked sialyl GalNAc.18 In 2003, IC50 values 

of CD33 on both α2-3 and α2-6 linked sialosides were reported, where both were 4.72 mM.50 In 

2014, it was found that 9-O-acetylation at Neu5Ac has a negative effect on CD33 ligand binding. 
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Neu5Gc at non-reducing end compared to Neu5Ac was shown to slightly enhanced CD33 

binding.48 The gene encoding cytidine monophospho-N-acetylneuraminic acid hydroxylase  

 

Figure 1.12: The history of the ligand discovery for CD33. In the early 2000s, the terminal epitopes of 
sialoglycans were mainly investigated with CD33. In 2014, it was shown that 9-O-acetylation on sialic acid 
is disadvantageous for CD33 binding.  

 

(CMAH) required for the biosynthesis of Neu5Gc is inactivated in human,84 so the interactions 

between CD33 and glycan containing Neu5Gc might be less likely to have any biological 

importance. Of note, there has been a controversy on which linkage of sialic acid is better than 

another. Crocker and coworkers in 1995 showed CD33 preferred α2-3 linkage to α2-6 linkage, 

which is opposite to the work from Varki and coworkers in 2000. As Paulson and coworkers in 

2003 reported CD33 had similar IC50 values on both α2-3 and α2-6, clarity on this controversy 

needs to be addressed. 

1.4.4 Differences between hCD33 and mCD33 

A comparison between hCD33 and mouse CD33 (mCD33) is important to consider, 

particularly in light of the utility of mouse models in studying AD.85-87 The CD33 gene in humans 
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and Cd33 gene in mouse have a similar structure and chromosomal position, and the extracellular 

domains of the two expressed proteins show a cumulative sequence identity of 62%, albeit the 

sequence identity in their V-set domain is significantly less, at 50%.2,88 Nevertheless, three 

significant differences exist between CD33 from humans and mice. The first difference is in the 

transmembrane segment, where mCD33 has a lysine residue that is absent in hCD33 (Figure 

1.13a). This lysine residue enables to pair with another transmembrane protein that contains a 

complementary acidic residue in their transmembrane segment, such as DAP10 and DAP12 

(Figure 1.13b).14 The second significant difference between hCD33 and mCD33 is found within  

 

 

Figure 1.13: Schematic showing the major differences between hCD33 and mCD33. (a) 
Transmembrane sequence comparison between hCD33 and mCD33. (b) mCD33 has a transmembrane 
containing a lysine residue, which pairs with adaptor proteins to be stably on the surface. Notably, the ITIM 
is absent in mCD33. 

 

their cytoplasmic tail. While hCD33 contains a bona fide ITIM, mCD33 lacks this signaling motif 

(Figure 1.13b).89 The third significant difference between hCD33 and mCD33 is in their ligand 

binding properties. Remarkably, mCD33 has not shown any binding to glycan ligands.89 The more 

profound divergence in identity within the V-set domain of hCD33 and mCD33, in comparison to 
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the C2-set domain (52% sequence identity in the V-set; 72% in the C2-set domain), is likely a key 

contributing factor for this striking contrast in ligand recognition.89 

1.5 Aims of this Thesis 

 The link between CD33 and LOAD susceptibility is strong and a potential role for glycan 

ligands of CD33 in modulating microglial function motivates the development of biochemical 

tools and approach to better understand CD33 and its glycan ligands. Regarding its glycan ligands, 

it has been discovered that CD33 recognizes 3’SLN and 6’SLN, but there has been a controversy 

which linkages are better.18,50 For example, a microarray with a defined N-glycan library or 

oligosaccharide library has suggested that CD33 prefers α2-6 linked sialic acid on biantennary 

structures.24 Also, α2-6 disialylated biantennary N-glycan on hHBV further supports CD33’s 

preference to α2-6 linkage. 90 On the other hand, there are other studies insisting CD33 prefers α2-

3 linkage.28,50 In general, cell or tissue-based study has pointed that a α2-3 linkage is preferred in 

CD33 binding. This may indicate that α2-3 linkage is more in certain tissues, so it appears more 

dominant than α2-6 linkage. Of note, O-glycans do not contain 6’SLN moiety, so the significance 

of α2-3 linked sialosides should not be overlooked. 23 The first aim of this thesis is to develop 

screening tools to discover natural ligands for CD33 from a biologically relevant cell line. Second, 

as carbohydrate sulfation has been shown to enhance Siglec binding,25,26,39,47,91 carbohydrate 

sulfation as an important PGM in the brain will be investigated regarding its effect on CD33 

affinity. Lastly, the effects of the two isoforms of CD33 associated with AD susceptibility is 

studied as rs12459419 rare allele have shown AD protection among population. 

 In Chapter 2, a new platform of Siglec-Fc was developed. Creating versatile Siglec-Fc 

proteins was carried out to overcome several intrinsic challenges in working with Siglec-Fc 

chimeras. This new version of Siglec-Fc was devised to minimize the undesired engagement of 
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Fcγ receptors, expand multivalency, and be transformed to the homogeneous Siglec fragments for 

mass spectrometry (MS) applications. With the intact Siglec-Fc and MS-based approach, high-

throughput library screening was optimized and the ability to generate the homogeneous Siglec 

fragment was applied to determining the dissociation constants in collaboration with the Klassen 

group. This application was applied to studying glycan ligands for CD33. It is shown that 

determined dissociation constants for CD33 on both α2-3 and α2-6 sialosides are similar in 

solution. Also, natural N-glycan compositions of CD33 ligands from U937 cells are elucidated. 

Furthermore, both the effects of α2-3 and α2-6 sialosides in U937 cells were assessed by measuring 

cis and trans interactions. 

 In Chapter 3, I tested a hypothesis that carbohydrate sulfation plays larger than previously 

anticipated role in enhancing the affinity of glycans for Siglecs. Previously, CD22, Siglec-7, -8, 

and -9 were known to bind better to sulfated sialosides.7 A panel of cells overexpressing CHSTs 

were created and it was discovered that CHST1, which transfers a sulfate group to 6-O-Gal, was 

shown the major enzyme improving CD33 binding affinity. Furthermore, it was discovered that 

CHST1 can also enhance the binding of Siglec-5 and Siglec-15, which is novel. In an ESI-MS-

based binding assay, dissociation constants with 3’SLN containing different degrees of 6-O-

sulfation at either Gal or GlcNAc, or both were determined against engineered CD33 fragments. 

In addition, it was discovered that disulfation, on both 6-O-Gal and 6-O-GlcNAc, has synergetic 

effects on CD33 affinity. Last, it was shown that MDA-MB-231 and U251 cancer cells naturally 

upregulate CHST1 as a mechanism that enhances Siglec ligands on their surface. 

 In Chapter 3, the two CD33 protein isoforms were investigated through developing new 

biochemical tools and assays to study the short isoform expression mediated by alternative mRNA 

splicing. Two hCD33m-specific monoclonal antibodies were developed and were shown, for the 
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first time, that the rs1245419T allele gives rise to enhanced expression of hCD33m at the protein 

level. The propensity of hCD33m to maintain an intracellular localization was studied and it was 

discovered that the unpaired Cys42 on hCD33m is required for preventing it from reaching the cell 

surface. Given all the evidence pointing to a gain-of-function role for hCD33m, new cell reporters 

were developed that provide a readout on the amount of short isoform transcript produced. These 

new reporters can be used in the future for discovering small molecules that enhance the expression 

of hCD33m as a potential AD-protective therapeutic strategy. 
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Chapter 2 

Development of a New Generation of Siglec-Fc for Characterizing 

Ligands for CD33 
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2.2 Introduction 

 The presence and absence of the glycan-binding on CD33 isoforms that correlate with AD 

susceptivity suggest that the glycan ligands of CD33 may play a role in AD pathogenesis. Despite 

this connection, the natural physiological glycan ligands of CD33, let alone in the brain, have not 

been eluciated.63,92 Numerous methods for studying the glycan ligands of Siglecs have been 

developed.42 Terminal epitopes consisting of a trisaccharide have been the focus, but what type of 

glycan scaffold they are presented from - N-glycosylation, mucin-type O-glycosylation, O-

mannose glycosylation, or glycolipids - is less established.18,46,47,50 More recently, complex 

glycans containing core structures have been synthesized and studied as ligands of Siglecs. For 

example, 98 synthesized N-glycans were probed in glycan microarray, which characterized the 

preference of human CD33.24 In another study, 73 O-mannose glycans were used to identify 

ligands for CD33.23 Although these synthesized glycans have helped to tease out what glycan 

ligands for Siglecs are, there are challenges associated with this approach: 1) synthesizing the 

entire repertoire of sialosides present on the cell surface is not possible; 2) there can be undesired 

effects from aglycon;93 and 3) printed glycans have less flexibility to interact with Siglecs.94 

Therefore, other systems should be considered for the discovery of Siglecs ligands. 

 Methods for isolating glycan components from cells or tissues have been developed. To 

isolate an N-glycan library, an enzyme called PNGase F is widely used, which can remove N-

glycans from glycopeptides or glycoproteins.95 As glycosidases for isolating complex O-glycans 

are not available, reductive β-elimination is widely used. In this reaction, sodium hydroxide 

(NaOH) liberates O-linked glycans from glycoproteins. This reaction is susceptible to an additional 

peeling mechanism, which can hydrolyze the linkage of Galβ1-3GalNAc.96 To prevent undesired 

outcome, sodium borohydride (NaNH4) is used to convert the reducing end of O-glycans to an 
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alditol. To derivatize reducing end of released O-glycan, non-reductive β-elimination has been 

also developed.97 To release glycans from glycosphingolipids, enzymatic methods using endo-

glycoceramidases or chemical methods such as ozonolysis have been developed.98,99 Lastly, 

oxidative release of natural glycans has been shown to isolate N-, O-glycans, and glycan moieties 

from gangliosides.100 

 A need for discovering Siglec ligands directly from intact and natural glycan library 

motivated the development of native MS-based approach to study protein-ligand complexes. In 

general, the first component of MS is an ion source, which generates gas-phase ions. Subsequently, 

these gas phase ions are electrically separated based on their mass-to-charge (m/z) ratios in the 

second component, a mass analyzer. The last step is that the gas-phase ions reach a mass detector, 

transforming the collected data to a MS spectrum where x-axis represents “m/z” and “ion counts” 

is on the y-axis.101 Notably, electrospray ionization (ESI) was chosen in this study due to its 

biocompatible advantages over the other ion sources, such as matrix-assisted laser 

desorption/ionization. For example, ESI-MS requires low sample amount for analysis. Also, its 

mild ionization helps to analyze non-covalent ligand-protein interactions.102 Notably, there are two 

feasible MS applications. First, in an ESI-MS-based binding assay, ligand titration with a protein 

enables a dissociation constant to be determined by analyzing the abundance of m/z values 

representing protein-ligand complexes at each concentration. On the other hand, indirect 

measurement is ideal for library screening. The key process is to ionize a series of protein-ligand 

complexes mildly, select the right range of m/z, and break the complexes with collisional induced 

dissociation (CID). The final step is to analyze the released ligands.103 This specific application is 

called Catch-and-Release ESI-MS (CaR-ESI-MS), which was pioneered by Dr. Klassen. (Figure 

2.1) 
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Figure 2.1 CaR-ESI-MS for discovering glycan libraries against Siglec-Fc. During the “Catch” step, 
the Siglec-Fc complexes with glycan ligands are formed. Analytes become ionized and reach to MS 
detector. After detection of the m/z range of the Siglec-ligand complexes, the analytes with right m/z ranges 
are selected, and CID is applied to dissociate the complexes, leading to the release of the ligands. The 
released ligands are detected by the MS detector for characterization. 

 

 To discover ligands for CD33 through ESI/MS-based approaches, a new version of 

versatile recombinant Siglec-Fc was developed. This is because a highly pure and homogenous 

protein is required for native MS-based applications. In this chapter, a new soluble version of 

CD33 (CD33-Fc) was expressed and optimized for ESI-MS and flow cytometry applications, 

providing a great analytical tool to elucidate glycan ligand specificity of CD33. 

2.3 Results 

2.3.1 A new generation of CD33-Fc 

Siglecs are transmembrane proteins, making it challenging to study their native full-length 

protein in solution due to solubility issues. A solution has been to use extracellular domains of 

Siglecs combined with Fc domains of IgG to investigate their glycan ligands. These Siglec-Fc 

chimeras have been invaluable in studying Siglec-ligand interactions. However, these chimeric 

proteins have several undesirable properties. First, they have the potential of engaging Fcγ 

receptors through their Fc regions of the Fc chimeric Siglecs. Second, although the dimeric 

presentation enhances avidity of Siglecs, most Siglec-Fc constructs - except a few Siglec-Fc 
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constructs such as Siglec-2-Fc - still have very weak binding affinities, which necessitates higher 

multivalency to enhance avidity. Third, this dimeric presentation of the Siglec-Fc constructs may  

not be ideal for determining a purely one-to-one binding affinity of Siglec for its ligand. Lastly, 

commercial Siglec-Fc constructs from R&D systems are prohibitively expensive, and do not come 

with a mutated version of the protein that is unable to bind its ligands as an ideal negative control. 

Desiring to create more versatile Siglec-Fc proteins, multifunctional features were 

embedded into the new generation of Siglec-Fc. (Figure 2.1) This next-generation of Siglec-Fc 

chimeras contains an engineered human IgG1 Fc region (L234A, L235A, G237A, H268A, P238S, 

A330S, P331S) designed for avoiding non-specific interactions with Fcγ receptors.104 Also, a 

Tobacco Etch Virus (TEV) recognition site (Glu-Asn-Leu-Tyr-Phe-Gln/Ser) was inserted between 

extracellular domains of Siglec and Fc domains, making it possible to generate monomeric Siglec 

fragments by TEV digestion, which is useful for determining dissociation constants.105,106  

 The genes encoding these new Siglec-Fc proteins were stably transfected into Chinese 

Ovary Hamster (CHO) cells through a Flp-in system.107 The Flp-in system integrates genes of 

interest into the host genome through the use of the Flp recombinase and a target site previously 

incorporated into a transcriptionally active site within the genome. Aiming to better understand 

Figure 2.2 Components of a new versatile Siglec-Fc chimera. 
This new generation of Siglec-Fc has four key new features: 1) a 
TEV recognition site as a linker; 2) an engineered human IgG1 to 
minimize non-specific binding to Fcγ receptors; 3) a His6 tag for 

purification purposes; and 4) Strep-tag II for both purification and 

pre-complexing. 
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glycan ligands for Siglecs and link this to the role of CD33 in AD susceptibility, CD33-Fc was 

cloned, expressed, and purified. Specifically, CHO cells stably expressing CD33-Fc were cultured 

and supernatant was collected a week after confluency. A double purification was carried out with 

a nickel column and a protein-G column to achieve high purity. (Figure 2.3a) The second 

purification step, protein-G, can be replaced by a Streptactin column to avoid dramatic pH change 

required for elution.106 A quadruplet on mass spectrum ranging from 6,000 to 7,000 m/z indicates 

the presence of CD33-Fc. (Figure 2.3b) The broad range of peaks were caused by the 

heterogeneity of glycoforms coming from five predicted N-glycosylation sites on the CD33 portion 

of the protein along with one site on the Fc, meaning the entire CD33-Fc may have twelve N-

glycans.  

 

Figure 2.3 Preparation of highly pure CD33-Fc. (a) CD33-Fc was prepared by two successive 
purifications and run on SDS-PAGE. Eluents from a single purification with a nickel column contain 
impurities (Lane 1). Double purification with a combination of nickel and protein-G columns yields highly 
pure CD33-Fc (Lane 2). (b) A MS spectrum on the doubly purified CD33-Fc sample. 

 

2.3.2 Validation of Catch-and-Release electrospray ionization mass spectrometry 

 CaR-ESI-MS is an indirect MS-based technique pioneered by the Klassen lab for high-

throughput screening (HTS) of glycan libraries against GBPs. ESI-MS has outstanding benefits 

due to its feasibility for ionizing intact ligand-protein complexes, which can be also applied to 
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determining dissociation constants.102 CaR-ESI-MS has two major steps: the “Catch” step and the 

“release” step. During the “catch” step, GBPs and a glycan library are mixed to form the protein-

ligand complexes, which are ionized and sprayed into a quadrupole MS detector.103 Subsequently, 

the Siglec-ligand complexes are dissociated by CID, and the ligands are released from the 

complexes and analyzed on a mass spectrum, which is called the “Release” step. (Figure. 2.4)  

 

Figure 2.4 Scheme for CaR-ESI-MS In CaR-ESI-MS, Siglec-Fc is incubated with a library containing 
glycan ligand candidates to encourage the interactions before ESI ionization of the complexes. After the 
ionized complexes pass through quadrupole MS detector, the range of m/z arising from the complexes are 
selected and dissociated by CID. The released glycans are analyzed.  

 

To validate the feasibility of CaR-ESI-MS with a Siglec-Fc probe, CD22-Fc (or hSiglec-

2-Fc) was first validated against a defined glycan library consisting of 167 oligosaccharides. 

CD22-Fc has a well-known preference to α2-6 linked sialosides, with a binding affinity of 

approximately 150 μM.50 As expected, the top three ranked glycans were α2-6 linked sialosides. 

(Figure 2.5) Some marginal intensity from α2-3 linked sialosides is considered noise in this assay, 
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since CD22 does not recognize α2-3 linked sialosides.18,50 Consequently, CaR-ESI-MS with 

CD22-Fc and a defined oligosaccharide library reproduced the previous finding on specificity for 

CD22, whose binding intensively prefers α2-6 sialosides.18,50  

 

Figure 2.5 CaR-ESI-MS with CD22-Fc and a defined glycan library. CD22-Fc was screened against a 
defined oligosaccharide library consisting of 167 unique glycan structures. CD22-Fc recognized α2-6 

linked sialosides, which validates the feasibility of CaR-ESI-MS. This graph shows the top ten 

oligosaccharide structures. 

 

 After validating the assay with CD22-Fc, CD33-Fc was screened against the defined glycan 

library. Generally, low signal intensity was observed compared to the assay with CD22, which is 

presumably due to the weak affinity that CD33 exhibits towards its glycan ligands. Several studies 

previously found that CD33 has a small preference for α2-6 linked sialosides,18,24,90 and although 

α2-6 sialyl lactose was the top hit, α2-3 sialyl lactose was not far behind and not considered 

significantly different. (Figure 2.6a) Next, a defined N-glycan library was screened with CD33-

Fc. (Figure. 2.6b) In this case, α2-3 linked sialyl lactose moiety had higher signal than α2-6 linked 

sialyl lactose, so this suggests that CD33 recognizes both linkages, but its preference can be 

slightly different depending on analytical methods. On the biantennary N-glycans, both mono- and 

disialylated N-glycans with either α2-3 or α2-6 linkage were similarly recognized by CD33-Fc. 
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From this assay, it supports N-glycans containing either α2-3 or α2-6 linked sialic acids are ligands 

for CD33. 

 

Figure 2.6 CaR-ESI-MS with CD33-Fc and a defined glycan library. (a) CD33 was screened against a 
defined oligosaccharide library consisting of 167 unique glycan structures. (b) A defined N-glycan library 

was screened with CD33-Fc. CD33L was used for a positive control. The intensities from library members 

were normalized to the signal coming from CD33L. 
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2.3.3 Development of monomeric and homogenous CD33 for an ESI-MS-based binding assay 

 ESI-MS is a great method for determining binding affinity through direct measurements of 

ligand-protein complexes at different ligand concentrations.108 For this approach, a homogeneous 

protein is required because multiple protein glycoforms result in significant spectral overlap 

between protein and protein-ligand complexes. CD33 has five predicted N-glycosylation sites 

based on the N-glycosylation sequon (Arg-Xaa-Ser/Thr, Xaa indicates any amino acid except Pro), 

and glycan structures at N-glycan site are necessarily heterogenous, leading to many 

glycoforms.109 (Figure 2.3b) To produce homogeneous CD33, CD33-Fc was expressed from Lec-

1 CHO cells, which genetically lacks a gene called MGAT1.110 This gene encodes the first GlcNAc 

transferase initiating the biosynthesis of hybrid and complex types of N-glycans. Hence, Lec-1 

CHO cells predominantly express high-mannose type (Man5) N-glycans.110 Notably, the high-

mannose types of N-glycans can be enzymatically trimmed down by Endoglycosidase H (Endo H) 

to greatly reduce heterogeneity of CD33. Recombinant Endo H from Streptomyces picatus, is 

commonly employed to hydrolyze between a chitobiose core of hybrid and high-mannose N-

glycans, leaving a single GlcNAc residue at each N-glycan site on glycopeptides or 

glycoproteins.111 The residual GlcNAc at each site is important for maintaining stabilizing effects 

of glycosylation on protein folding.112 In contrast, PNGase F, which clips off the entire N-glycan 

including the first GlcNAc residue, can impact protein stability. To demonstrate successful 

removal of glycans, CD33-Fc was expressed in both WT and Lec-1 CHO cells and treated with 

either PNGase F or Endo H. (Figure 2.7) As CD33-Fc from Lec-1 CHO cells lacks sialylated N-

glycans, it migrated faster than the one from WT CHO cells. PNGase F deglycosylated CD33-Fc 

recombinant proteins from the two CHO cell lines, but Endo H only digested CD33-Fc from the 

Lec-1 CHO cells. 
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Figure 2.7 The effect of two glycosidases on two CD33-Fc constructs expressed in WT and Lec-1 CHO 
cells.  In SDS-PAGE, CD33-Fc expressed from WT CHO cells was deglycosylated by PNGase F, while 
CD33-Fc expressed from Lec-1 CHO cells was sensitive to both PNGase F and Endo H digestion.  

 

 In addition to producing deglycosylated CD33-Fc, we also aimed to reduce its size for ESI-

MS-based binding assay by removing the Fc. This was accomplished by TEV protease digestion. 

Accordingly, a protocol was developed whereby TEV digestion was followed by Endo H 

digestion. (Figure 2.8a) When TEV liberated CD33 fragments from Siglec-Fc, the band on SDS- 

PAGE was shifted from about 75 kDa to 37 kDa. Additional Endo H digestion further reduced the 

size of the CD33 fragments, which was caused by a loss of glycosylation. (Figure 2.8b) 

Unexpectedly, the digested CD33 fragments ran as a doublet on SDS-PAGE, and MS 

analysis helped to identify the three isoforms of the CD33 fragments. (Figure 2.8c) The mass 

difference between isoforms corresponds to the size of Neu5Ac1Hex1HexNAc1 (P2) and 

Neu5Ac2Hex1HexNAc1 (P3), which represents O-glycans corresponding to sialyl and disialyl T 

antigens. An O-glycosylation site on CD33 has never been reported. Consistent with this 

prediction, treatment of the CD33 fragment with neuraminidase A (NeuA) reduced the mixture to 

two glycoforms with the absence and presence of the T antigen. (Figure 2.8c) 
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Figure 2.8: Generation of a homogeneous CD33 fragment. (a) Sequential enzymatic reactions help to 
produce the homogeneous CD33 fragment. TEV protease was used to cleave the extracellular domains of 
CD33 from the CD33-Fc fusion chimera, and Endo H cleaved the chitobiose core of high-mannose N-
glycans on CD33, leaving a single GlcNAc residue per N-glycosylation site. (b) The intact CD33-Fc 
expressed from Lec-1 CHO cells, CD33 fragment after TEV digestion, and CD33 fragment after Endo H 
were run on SDS-PAGE. (c) The fully deglycosylated CD33 fragment was analyzed on an ESI mass 
spectrum, which had three isoforms. After NeuA digestion, the number of CD33 isoforms was reduced to 
two. Notably, the presence of CD33 comes from a novel O-glycosylation site. 

 

2.3.3.1 Validation of MS-based determination of dissociation constant 

 To optimize ESI-MS-based Kd determination, CD33-ligand complex on a mass spectrum 

was first analyzed. (Figure 2.9a) Since the CD33-ligand complex, corresponding to the P1 

glycoform, overlaps with the P2 glycoisoform, the P3 glycoisoform containing the disialyl T 

antigen was selected to determine Kd value by a titration. (Figure 2.9b) The measured Kd value 
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was 87 μM, which is 8-fold higher than the reported IC50 value (11 μM).113 Subsequently, α2-3 or 

α2-6 linked sialyl LacNAc were titrated against the CD33 fragment to determine dissociation 

constants. (Figure 2.10a-c) The CD33 fragments have similar Kd values against 3’SLN (2.7 ± 0.1 

mM) and 6’SLN (2.7 ± 0.4 mM), which is consistent with CaR-ESI-MS screening with CD33-Fc 

and a defined N-glycan library. Again, this indicates CD33 recognize both types of sialic acid 

linkages with similar affinity, which is in line with the catch-and-release findings presented above. 

(Figure 2.6) 

 

Figure 2.9 Affinity measurement of CD33 with its high affinity ligand. (a) A MS spectrum of the 
complexes of CD33 and the CD33 high affinity ligands. P1-P3 indicates the three different CD33 isoforms 
and L stands for the high affinity ligand. (b) Dissociation constant between CD33 fragment and CD33L 
was determined by an ESI-MS titration method. 

 

2.3.4 Both α2-3 or α2-6 linked sialosides in U937 cells play a role in masking CD33 

 The glycan ligands of CD33 on cells have not been thoroughly studied. Yet, the ability of 

glycan ligands of Siglecs to modulate their function and the potential connection between CD33 

ligands and AD motivated a development of a cell-based assay. U937 cells, a monocytic cell line, 

were used for this study because they naturally express high level of endogenous CD33 and have 
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Figure 2.10: Affinity measurement of CD33 with its Kd determination of α2-3 or α2-6 linked sialyl 

LacNAc with the CD33 fragment. Ligand titrations enable the determination of dissociation constants for 
α2-3 or α2-6 sialyl LacNAc. The different charge states, CD33 isoforms and their CD33-ligand complexes 

were plotted on mass spectra with titration curve graphs for (a) CD33 fragment, (b) CD33 fragment and 
3’SLN, and (c) CD33 fragment and 6’SLN. The dissociation constants between CD33 fragment and the 

ligands were calculated by an ESI-MS titration method. 

 

been used extensively to study the function of CD33. To assess how both α2-3 or α2-6 linked 

sialosides engage CD33 through cis or trans interactions, two types of neuraminidases were used. 

One is recombinant neuraminidase A (NeuA) from Arthrobacter ureafaciens, which cleaves all 
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sialic acid linkages.114 Another is recombinant neuraminidase S (NeuS) from Streptococcus 

pneumoniae, which has high specificity for α2-3 linked sialic acids.115 For this study, an assay was 

needed where engagement of CD33 on cells by glycan ligands can be monitored and quantified. 

Accordingly, fluorescent liposomes carrying CD33L were used as a trans ligand, enabling an 

investigation into the type(s) of sialic acid linkages that “mask” CD33. (Figure 2.11a) The concept 

of depleting cell-surface sialic acids by neuraminidase can “unmask” CD33, leading to increased 

interactions with the CD33L liposomes. Compared to a WT control, NeuS digestion led to 

increased liposome binding, which indicates that the elimination of α2-3 linked sialic acids on the 

surface unmasks CD33. NeuA digestion further enhanced liposome binding, suggesting that CD33 

is masked by both α2-3 and α2-6 linked sialic acids. (Figure 2.11b) Lack of liposome binding to 

CD33-/- U937 cells demonstrates that the CD33L is highly specific for engaging CD33 and not any 

other Siglecs expressed on U937 cells. 

Precomplexing the new version of CD33-Fc with Streptactin conjugated to Alexa647 

(Streptactin-AF647), which is a mutated form of Streptavidin that binds Strep-tag II on CD33-Fc, 

enables the probing of natural trans ligands on U937 WT cells. The leveraged avidity in the 

octameric presentation of CD33 performed better in staining the WT U937 cells than general 

primary and secondary staining. (Figure 2.12a) Moreover, avoiding a washing step for secondary 

staining minimizes the loss of primary CD33-Fc binding to the cells. To assess the effect of both 

NeuS and NeuA on CD33 trans interactions, U937 cells were probed with the octameric complex 

of CD33 and Streptactin after sialidase treatment. (Figure 2.12b) The removal of α2-3 linkages 

led to the decreased octamer binding. The lack of both α2-3 and α2-6 linkages significantly 

abrogated the binding of the CD33-Streptactin complexes compared to Streptactin staining with 
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absence or presence of CD33R where an essential Arg119 was mutated to Ala. This result provides 

further evidence that cellular ligands of CD33 are both α2-3 and α2-6 linked sialosides. 

 

Figure 2.11:  CD33 is masked by both α2-3 or α2-6 linked sialic acids. (a)  CD33 is masked by cis 
interactions with endogenous sialosides. Neuraminidase treatment enables CD33 to interact with trans 
ligands by releasing the masked CD33. (b) NeuS and NeuA treatments increased CD33L liposome binding 
compared to a naked liposome, which lacks the presentation of CD33L. (c) CD33L liposome binding 

observed in U937 WT was not reproduced in CD33 KO U937 cells, which indicates the whole process was 

mediated by the cell surface CD33. Statistical significance calculated based on a one-way ANOVA with 
Tukey’s multiple comparisons test. 
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Figure 2.12: CD33-Fc binds to U937 cells in NeuA- and NeuS-dependent manners.  (a) Precomplexing 
CD33-Fc with Streptactin-AF647 enables better binding to U937 cells than the two steps of the primary 
and secondary staining. (b) The elimination of both α2-3 and α2-6 linked sialic acids led to the binding loss 
of CD33-Streptactin precomplexes, which indicates both linkages of sialosides are important for trans 
interactions with CD33. CD33R indicates CD33 with R119A, which lacks its sialic acid dependent binding. 
Statistical significance calculated based on a one-way ANOVA with Tukey’s multiple comparisons test. 

 

2.3.5 CaR-ESI-MS with CD33-Fc and a natural N-glycan library from U937 cells 

 An advantage of CaR-ESI-MS is that it can be used in a ‘shotgun’ style approach for 

studying the binding to natural libraries of glycans derived from a biological source. As both NeuA 

and NeuS can abrogate cis and trans interactions of CD33 on the surface of U937 cells, it is 

hypothesized that N-glycans terminating with both α2-3 and α2-6 linked sialic acids are potentially 

ligands for CD33. First, a natural N-glycan library was prepared from U937 cells by enzymatic 

digestion with trypsin and PNGase F, followed by purification with a Seppak-C18 column. (Figure 

2.13a) The mass spectrum for the N-glycan library show various N-glycan structures with different 

degrees of fucosylation, sialylation, and antenna. (Figure 2.13b) In a separate study, it was 

analyzed that 97 unique N-glycan structures were resolved, which were composed of 40% of 

neutral glycans and 60% of acidic glycans by combining 2-aminobenzamide-based fluorescent 
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labeling of the N-glycan library with a hydrophilic interaction−ultrahigh-performance liquid 

chromatography technique.45  

 

Figure 2.13: Mass spectrum N-glycans derived from U937 cells. (a) Trypsin and PNGase F help to 
isolate glycan structures from the U937 cell lysate, which is further purified by a Seppak C18 reverse-phase 
column. (b) The mass spectrum was gained from the natural N-glycan library from the U937 cells in 
negative ion mode. 
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 CD22-Fc was used to optimize the CaR-ESI-MS with the U937 derived N-glycan library. 

(Figure 2.14) As expected, neutral glycans were not released. CD22 strongly prefers α2-6 linkage, 

so these N-glycans with mono-, bi-, tri-, and tetra sialyation could contain more than one sialic 

acid with a α2-6 linkage. Of note, CD22-Fc bound to mono α2-6 linked sialic acid on biantennary 

structures, and it preferred α2-6 linked sialic acid present on α1-3 branch to α1-6 branch on the N-

glycan core structure.45 Also, the combination of α2-6 linked sialic acid on α1-3 branch and α2-3 

linked sialic acid on α1-6 branch was ranked higher than the disialylated counterpart with α2-6 

linkages on both branch. (Figure 2.14)  

 

Figure 2.14: CaR-ESI-MS spectra for CD22-Fc against N-glycans from U937 cells. The N-glycan 
library isolated from the U937 cell lysates are screened with CD22-Fc and various N-glycans were released 
after CID is applied to the complexes of CD22-Fc and ligands. HCD mass spectrum acquired for ions with 
m/z of 6,500−9,000 produced from a solution (0 °C) of hCD22-Fc (6 μM) N-glycan library (500 μg/mL) 
using a collision energy of 110 eV. 

 

Having validated the CaR-ESI-MS approach with CD22, the natural N-glycan library was 

used to probe N-glycan ligands for CD33-Fc. (Figure 2.15) Relatively low numbers of N-glycan 

compositions compared to CD22 were discovered, which is due to the weaker binding of CD33 
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for glycan ligands.106 In this assay, a composition representing disialylated biantennary N-glycans 

without core fucosylation was the most abundant. Since CD33 binds both α2-3 and α2-6 linkages, 

both linkages of sialic acid on biantennary N-glycans may be enriched in this N-glycan 

composition. CaR-ESI-MS with a defined N-glycan library also showed that the disialylated 

species have slightly higher signals than monosialylated counterparts. (Figure 2.6) The low 

intensities from the incomplete LacNAc formation on the α1-6 may be caused by either relatively 

lower binding affinity or insufficient amount of the structure in the library. For CD22, the 

composition of sialyl LacNAc present only on the α1-3 branch was top ranked, but CD33 seems 

to prefer intact LacNAc on both branches with sialylation.  

 

Figure 2.15: CaR-ESI-MS spectra for CD33-Fc against N-glycans from U937 cells. CaR-ESI-MS with 
CD33-Fc and the natural N-glycan library discovered 6 N-glycan compositions as potential ligands. 
Sialylated biantennary N-glycans carrying LacNAc on each branch had higher intensities than the one 
carrying a single LacNAc on either branch.  

 

2.4 Discussion 

 A new generation of Siglec-Fc was developed and applied to multiple applications 

successfully. The focus was on showing the utility of CD33-Fc in applications aimed at 
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understanding its glycan ligands because of the association between CD33 and LOAD 

susceptibility. The intact CD33-Fc was applied to the CaR-ESI-MS approach to elucidate its 

natural N-glycan ligands. Moreover, the internal TEV recognition site within the linker between 

CD33 and IgG constant domains provided an additional benefit, enabling the generation of an 

optimized molecular weight for ESI-MS applications. Endo H digestion enabled the CD33 

fragment to be homogenous and suitable for an ESI-MS-based binding assay. The C-terminal 

Strep-tag II on CD33-Fc enabled the formation of a highly multivalent probe to investigate ligands 

on the U937 cells after precomplexing with AF647-labelled Streptactin. Most studies use an anti-

human IgG secondary, to effectively generate tetrameric presentation of the Siglec. However, 

several drawbacks in a recombinant Siglec-Fc with human IgG isotype are present such as non-

specific interactions with Fcγ receptors, and insufficient avidity. To circumvent these limitations, 

Schnaar and colleagues developed a pentameric COMB construct with added benefits of 

multivalency and avoidance of the Fc domains.39  Our octameric presentation is the most 

multivalent system developed to date with the added benefit of mutations in the Fc that avoid 

concerns about binding to Fcγ receptors on primary cells or tissues. 

One key application with this new recombinant CD33 was to assess the affinity towards 

sialoside ligands. There have been numerous approaches used for determining the affinity of CD33 

for its glycan ligands. For example, an ELISA based method has been generally used, which 

monitors the binding decrease of Siglecs upon titration of target compounds. To be specific, glycan 

ligands for testing are immobilized on a surface of a microwell plate, and Siglec-Fc is incubated 

and a maximum signal from the Siglec-ligand interaction per well is recorded. Subsequently, 

molecules competing with the standard molecule are titrated for calculating IC50 values.50 

Similarly, a glycan ligands anchored to beads was applied to the IC50 calculation by flow 
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cytometry.113 Dissociation constants for Siglecs have been also determined by NMR titration, 

isothermal titration calorimetry, and surface plasmon resonance (SPR).91,116 To study the 

dissociation constant of glycoproteins by nature MS, heterogeneity CD33 had to be first addressed, 

because the presence of many glycoisoforms made it impossible to work with the fully 

glycosylated protein. To address this, CD33-Fc was expressed from CHO Lec-1 cells and digested 

by both TEV proteases and Endo H to achieve the homogenous CD33 fragments with a suitable 

molecular weight for ESI-MS applications. This approach maintained a single GlcNAc residue at 

each N-glycosylation site, which retains beneficial effects on protein folding compared to 

eliminating the entire N-glycan.112 Compared to the reported IC50 of CD33 on the same panel of 

trisaccharides,113 the ESI-MS based Kd measurements yielded a eight-fold higher value. As IC50 

value is calculated based on how effectively a target molecule interferes with an interaction 

between protein and its ligand, the difference could stem from different analytical ways in which 

the Kd or IC50 values were measured. In 2019, a co-crystal structure of the CD33-CD33L complex 

was determined and the dissociation constant was determined by SPR as 118 ± 41 μM, which is 

comparable to the value obtained by our MS approach. Consequently, MS-based determination of 

dissociation constants provides feasible and practical way as it can generate comparable results to 

the value calculated by SPR approach.116 After method validation between the CD33 fragment and 

CD33L, α2-3 and α2-6 sialyl LacNAc were titrated against the CD33 fragment. Notably, the 

calculated Kd values for the two compounds were similar to each other. Likewise, an identical IC50 

values, determined from an ELISA, between α2-3 and α2-6 sialyl LacNAc on CD33 were reported, 

which was 4.72 mM.50 Even though a direct comparison between Kd and IC50 is not ideal, the two 

calculated values on 3’SLN and 6’SLN were only 2-fold different. The important finding is that 

both α2-3 and α2-6 linked sialosides may play a role in modulating CD33 in immune cells.  
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From the defined glycan libraries where all glycan members are characterized, CD33 was 

shown to recognize both α2-3 and α2-6 linked sialosides. To expand this application, a N-glycan 

library from U937 cells was prepared by a series of enzymatic reactions and purifications. The 

CaR-ESI-MS with CD33-Fc and the natural N-glycan library elucidated 6 N-glycan ligand 

compositions. Among these compositions, disialylated biantennary N-glycan was the top hit, but 

which combination of sialic acid linkages is the best remains undefined. Inconsistent with this 

result, it was reported α2-6 linked sialic acid on α1-3 branch of biantennary structures was the 

most strong ligand part while α2-3 linked sialic acid on α1-6 branch was a weaker ligand for 

CD33.24 Because CaR-ESI-MS with CD33-Fc and a defined N-glycan library did not show a great 

difference between both α2-3 and α2-6 linkages, these variations might be derived from the nature 

of the two different methods between CaR-ESI-MS and microarray. To assess effects of α2-3 and 

α2-6 linked sialic acids on the interactions with CD33, generating N-glycan library from U937 

cells with different genetic backgrounds can be considered in the future. For example, knocking 

out ST6Gal1 to deplete α2-6 linked sialic acids on most N-glycans, or ST3Gal4 to deplete α2-3 

linked sialic acids would be logical ways to complete these studies. Alternatively, NeuS can help 

to deplete α2-3 linked sialosides on N-glycans, but the lack of neuraminidase specific for α2-6 

sialosides can be an obstacle. Hence, the combination of genetic knock-out and neuraminidase 

may need to be pursued. 

Another key application with our recombinant CD33-Fc was assessing its glycan ligands 

on cells. A liposome-based assay helped to extend understanding on both α2-3 and α2-6 linkages 

of sialic acids play a role in regulating CD33 interactions on U937 cells. In a separate experiment 

performed by a colleague in the lab, primary human monocytes were tested and the same results 

were found.106 In the future, genetic or pharmaceutical approaches to inhibit each glycosylation 
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pathway would be a valuable way to assess which glycosylation can affect CD33 interactions. 

Nevertheless, CaR-ESI-MS with CD33-Fc and the U937 cell-derived N-glycan library helps to 

understand that N-glycans can be one of players modulating CD33 interactions. Furthermore, an 

investigation into different types of glycosylation present on more physiologically relevant cells 

and tissues such as O-glycans or gangliosides needs to be investigated. 

2.5 Conclusions 

 A new generation of CD33-Fc was applied to ESI-MS and flow cytometry-based 

applications. This new CD33-Fc was shown to be versatile in the applications shown here. Affinity 

tags afforded the generation of CD33-Fc with high purity for use in ESI-MS based applications. 

The screening with a defined N-glycan library revealed CD33 can interact with both α2-3 and α2-

6 linked sialic acids on biantennary N-glycans. To expand this finding, N-glycan library was 

prepared from more biologically relevant U937 cells and screened with CD33-Fc. Consistently, 6 

compositions of N-glycans are discovered and these are all biantennary N-glycans. To evaluate the 

biological significance of both linkages, U937 cells were desialylated by NeuA and NeuS, and 

masking effects on the endogenous CD33 was evaluated by a liposome-based assay. It was shown 

that both linkages played a role in modulating cis and trans interactions of CD33 on U937 cells. 

Lastly, Kd values for between CD33 fragment and both α2-3 and α2-6 sialyl LacNAc were 

determined, and we discovered that CD33 recognizes both linkages without a huge difference in 

Kd. Consequently, the new generation of CD33-Fc with novel features was shown to be 

successfully applied to both ESI-MS and flow cytometry applications. 
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2.6 Methods  

2.6.1 Neuraminidase-A and -S preparation 

The coding sequence of Neuraminidase-A and Neuraminidase-S (GenBank accession 

number: AY934539.2 for NeuA and ABJ55283 for NeuS) were commercially synthesized into 

pET100/D-TOPO vectors. (GeneArt Gene Synthesis, CA) The pET100/D-TOPO vectors 

containing each sialidase gene were chemically transformed into BL-21 competent cells (New 

England Biolabs, CA). The transformed cells were cultured in 50 mL of lysogeny broth (LB) 

containing 100 μg/mL of ampicillin at 37 °C for 18 h on the shaking incubator with 20 rcf. The 

cultured cells were scaled up to 1 L of LB-amp for 4 h. After OD600 reached 0.6, 1 mM of IPTG 

was added and the culture was shaken at 25 °C for 18 h. The culture was centrifuged at 13,000 rcf 

for 30 min. The cell pellet was resuspended into 40 mL of cell lysis buffer (50 mM of NaxPO4, 

400 mM NaCl, 0.1% w/v of triton-100, 1 mg/mL of lysozyme, pH 7.7) and incubated at 37 °C for 

an hour. Then, the cells were sonicated with half intensity of 50% pulses with three intervals of 

10 s sonication and 50 s rest. The cell lysates were centrifuged at 18,000 rcf for 30 min. The 

supernatant was filtered through a 0.22 μm filter and loaded onto a 1 mL HisTrap HP (GE 

LifeSciences) that was equilibrated with 10 CV of lysis buffer. The column was then washed with 

washing buffer (50 mM sodium phosphate, 400 mM NaCl, pH 7.7), and then eluted with elution 

buffer (50 mM sodium phosphate, 400 mM NaCl, 500 mM of imidazole, pH 7.7). The elution 

fractions containing proteins were pooled together and dialyzed three times with a storage buffer 

(50 mM NaCl, 20 mM Tris-HCl, 1 mM EDTA, pH 7.5). After dialysis, each aliquot was stored at 

−80 °C until use. 
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2.6.2 TEV protease preparation 

The gene encoding TEV with a N-terminal His6-tag was transformed into BL21 pLysS 

competent cells was grown in 30 mL of LB media with 100 mg/L ampicillin and 25 mg/L 

chloramphenicol overnight at 37 °C. The following morning, 10 mL of the starter culture was 

added to 1 L of LB media with the same ratio of antibiotic and allowed to grow at 37 °C until 

OD600 = 1.5. After, 1 mM isopropylthio-β-galactoside (IPTG) was added and the culture was 

shaken at 18 °C for 18 h. The culture was spun down at 14,000 rcf for 30 min at 4 °C, after which 

the pellet was resuspended in lysis buffer (20 mM Tris, 500 mM NaCl, 5 mM Imidazole, 5% 

Glycerol, 1 mM DTT, pH 8.0) and cells were lysed using a tissue homogenizer. The eluted solution 

was filtered using a 0.45 μm PES filter unit (Fisher Scientific) and loaded onto a HisTrap HP (GE 

LifeSciences) that was equilibrated with 10 column volume (CV) of lysis buffer. The protein was 

eluted off the column using 10 CV of elution buffer (20 mM Tris, 500 mM NaCl, 500 mM 

Imidazole, 5% glycerol, 1 mM DTT, pH 8.0) and then buffer exchanged into storage buffer 

(20 mM Tris, 20% glycerol, 1 mM DTT, pH 8.0). 

2.6.3 Endo H preparation 

 The coding sequence of endo-beta-N-acetylglucosaminidase H (GenBank accession 

number: K02182.1) was commercially synthesized into a pET-DEST40 vector. After 

transformation into BL21(DE3) competent cells, colonies were selected on LB-Agar containing 

100mg/L Ampicillin. The rest of steps are the same with the preparation of neuraminidase above. 

2.6.4 CD33-Fc preparation 

CD33 gene containing 2 domains with pairs of forward and reverse primers were cloned 

into pcDNA5/FRT/V5-His-TOPO vector (Invitrogen), which contained a C-terminal hIgG1-Fc, 

TEV cleavage site on the N-terminal side of the Fc, as well as a C-terminal His6 tag and a Strep-

https://www.ncbi.nlm.nih.gov/nucleotide/K02182.1?report=genbank&log$=nuclalign&blast_rank=1&RID=TNSTSREB016
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tag II. (Appendix A) The vector containing CD33-Fc was co-transfected with pOG44 vectors into 

Chinese Ovary Hamster cell lines after incubating with Lipofectamine LTX (Thermo Fisher) at 

RT for 30 mins as previously described.17 Subsequently, transfected cells were selected under 

DMEM-F12 (Gibco) media containing 10% FBS, 50 U/mL Penicillin/Streptomycin, 100 mM 

HEPES, and 1 mg/mL of Hygromycin (Thermo Fisher). Selected cells were cultured in DMEM-

F12 media containing 5% FBS, 50 U/mL Penicillin/Streptomycin, and 100 mM HEPES for one 

week after cells reached 90% confluency. Finally, the supernatants were filtered through a sterile 

filter unit (0.22 μm pore size, Thermo Fisher) and stored at 4 ºC. 

2.6.5 CD33 fragment preparation 

Siglec-Fc proteins were purified by Histrap™ Excel (Cytiva) according to manufacturer 

guidelines and dialyzed into a PBS buffer overnight. The dialyzed protein was subsequently 

purified by Hitrap™ Protein G (Cytiva) as manufacturer guidelines and 2 mL of the elution 

fractions were pooled together and adjusted at pH 7 for TEV and Endo H digestion for 3 hr at 37 

ºC and overnight at 4 ºC. The reaction mixture was diluted with 10 mL of PBS buffer, passed 

through a Histrap™ Excel column. The flow through was collected for further dialysis three times 

with 200 mM of ammonium acetate at 4 ºC. The proteins were concentrated with Amicon (cutoff 

10 kDa, Sigma) to achieve around 0.200 mg/mL of protein solution for mass spectrometry. 

2.6.6 N-glycan library preparation 

N-glycans from U937 cells were prepared based on a reported procedure. Briefly, the cells 

(1.5 × 108) were homogenized in 15 mL of lysis buffer (25 mM TRIS, 150 mM NaCl, 5 mM 

ethylenediaminetetraacetic acid and 0.5% (w/v) 3-((3S4cholamidopropyl)dimethylammonio)-1-

propanesulfonate, pH 7.4). The cell lysate was centrifuged at 3,400 rcf for 30 mins and the 

supernatant was dialyzed against 50 mM ammonium bicarbonate three times and lyophilized. 
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Samples were re-suspended with 2 mg mL-1 of 1,4-dithiothreitol (Sigma-Aldrich Canada) in 2 mL 

of 0.6 M TRIS buffer (pH 8.5) and kept at 50 ºC for 1.5 h. After cooling, 12 mg/mL of 

iodoacetamide (Sigma) in additional 2 mL of 0.6 M TRIS buffer (pH 8.5) was added and placed 

in the dark at room temperature for 1.5 h. The sample was dialyzed against 50 mM ammonium 

bicarbonate at 4 ºC three times and lyophilized. The reduced and alkylated sample was re-

suspended in 2 mL of 50 mM ammonium bicarbonate and then digested with 1 mg of trypsin 

(Sigma-Aldrich) at 37 ºC for 18 h followed by purification using a C18 Sep-Pak (200 mg) column 

(Waters). The column was conditioned with 3 mL of methanol, 3 mL of 5% of acetic acid, 3 mL 

of 1-propanol, and 3 mL of 5% of acetic acid. After loading the sample, the column was washed 

with 6 mL of 5% acetic acid. The peptides were eluted sequentially with 2 ml of 20% 1-propanol, 

2 mL of 40% 1-propanol and then 2 ml of 100% 1-propanol. The eluted fractions were pooled 

together and lyophilized. The dried sample was resuspended in 1 mL of 50 mM ammonium 

bicarbonate and incubated with 3 μL of PNGase F (500,000 units/mL, New England Biolabs) at 

37 °C for 4 h, and further incubated with additional 5 uL of PNGase F for 18 h. The released N-

glycans were purified using C18 Sep-Pak (200 mg) column conditioned with 3 mL of methanol, 3 

mL of 5% of acetic acid, 3 mL of 1-propanol, and 3 mL of 5% of acetic acid. The sample was 

added, followed by washing with 6 mL of 5% of acetic acid. The flow-through from the sample 

load and the washing steps which contains N-glycans were pooled and lyophilized. The lyophilized 

sample was stored at -20 ºC until needed. 

2.6.7 Flow cytometry with two steps or precomplexing CD33-Fc with Streptactin 

 Dimeric CD33-Fc (200 nM) and monomeric Streptactin (80 nM) were pooled together in 

a single volume. For two steps, 50 μL of CD33-Fc solution was added to the cells and incubated 

on ice for 15-20 min. Subsequently, the secondary Streptactin was added after washing the cells 



 57 

once with PBS. For pre-complexing, the mixture was incubated on ice for 15-20 mins. Next, 50 

μL of the mixtures was added to each well containing 100,000 cells on a 96-well U-bottom plate. 

After incubation on ice for 15 mins, the plate was centrifuged (300 rcf, 5 min). After washing once 

with 200 μL of flow buffer (HBSS, 1% BSA, 0.1% EDTA) with centrifugation, cells per well are 

resuspended in 200 μL of flow buffer and transferred to flow tubes. After gating cell population 

by ranging forward scatter and side scatter, intensities in an APC channel were measured to access 

CD33 binding. 

2.6.8 Formulation of CD33 ligand-targeted liposomes 

Commercially available lipids—DSPC and cholesterol—were suspended in chloroform 

and an appropriate volume of each lipid solution in chloroform was transferred into a glass test 

tube to reach the desired mol% (60.9% DSPC and 38% cholesterol) of each lipid. The solvent was 

removed under nitrogen gas to form the lipid mixtures. Once all visible chloroform was removed, 

100 μL of dimethyl sulfoxide (DMSO) was added to the test tube. CD33L-DSPE (compound 6, 

1 mol%) and DSPE-PEG-A647 (0.1 mol%) in DMSO were then added to the lipid mixture. The 

samples were then placed at −80 °C until completely frozen and excess DMSO was removed via 

lyophilization overnight and then they dried liposomes were stored at −80 °C until they were 

extruded. Dried lipids were then allowed to warm to RT and were then hydrated with 1.0 mL of 

phosphate-buffered saline pH 7.4. The hydrated lipids were then sonicated in a cycle of 1 min on, 

4–5 min off until all lipids were uniformly suspended. The lipids were then extruded with an 

800 nm filter and then 100 nm filters. The average diameter of the liposomes was verified by 

dynamic light scattering (Malvern Panalytical Zetasizer Nano S) to be 110 ± 20 nm. Liposomes 

were stored at 4 °C. 
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2.6.8 Liposome assay 

A million of cells were digested by 50 μL of NeuA (1 mg/mL) or NeuS (1 mg/mL) in 500 

μL PBS for 2h, cells were washed with flow buffer twice. Next, 100,000 cells per well were added 

to a 96-well U-bottom plate in 200 μL RPMI containing 10% FBS. Cells were centrifuged (300 

rcf, 5 min) and the supernatant was discarded. The cell pellet was re-suspended in 50 μL of fresh 

media and 50 μL of media containing naked (without CD33 ligand) or CD33 ligand (CD33L) 

tagged liposomes was added to it. The final concentration of liposomes was 100 μM (total 

concentration of lipid). These suspensions were incubated for 30 min at 37 °C. Following this 

incubation, 100 μL of media was added to each sample and they were centrifuged (300 rcf, 5 min). 

The supernatant was discarded, and the cell pellet was suspended in a flow buffer and further 

analyzed by flow cytometry. 

2.6.9 Flow cytometry 

Flow cytometry was performed on a BD LSRFortessa™ X-20 cell analyzer using BD 

FACSDiva Software Version 8.0.1 and data was processed using FlowJo LLC. Version 9.9.6 and 

Graphpad Prism 8. The live, single cell populations were gated out with two gates to obtain the 

median fluorescence intensity (MFI), which indicates binding of the Siglec-Fc-secondary complex 

to the cell surface. Control cells that were incubated with Streptactin-AF647 (50 μL of 80 nM) was 

used to determine the baseline fluorescence. Number of cells (# cells) plotted indicates percentage 

of max (% max). 

2.6.10 ESI mass spectrometry 

The affinities of α2-3 and α2-6 sialosides for the three Siglec fragments were monitored 

using the ESI-MS-based binding assay. In all cases, a reference protein (Pref), cytochrome C, was 

added to the solution in order to correct mass spectra for any nonspecific binding that occurred 
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during the ESI process. For a 1:1 protein–ligand complex, the dissociation constant (KD) can be 

calculated from the abundance (Ab) ratio (R) of the ligand bound (PL) to free protein (P) ions 

(Eq. (1)) measured by ESI-MS for solutions of known initial concentration of protein ([P]0) and 

ligand ([L]0), Eq. (2): 

𝑅 =
𝐴𝐵(𝑃𝐿)

𝐴𝐵(𝑃)
=  

[𝑃𝐿]𝑒𝑞

[𝑃]𝑒𝑞
 

𝐾𝑑 =  
[𝐿]0

𝑅
− 

[𝑃]0

𝑅+1
   

In principle, Kd can be determined from measurements performed using a single concentration of 

P and L. However, to establish a reliable KD for a low affinity interaction it is generally preferable 

to utilize a titration approach, wherein [P]0 is maintained constant and [L]0 is varied. The affinity 

is determined by fitting Eq. (2) to a plot of fraction bound protein (R/(R + 1)) versus [L]0: 

𝑅

𝑅 + 1
=  

[𝑃]0 + [𝐿]0 + 𝐾𝐷 − √([𝑃]0 + [𝐿]0 + 𝐾𝐷)2 − 4[𝑃]0[𝐿]0

2[𝑃]0
 

The reported errors correspond to 2 standard deviations (95% confidence interval). Direct 

ESI-MS measurements were performed in positive ion mode on a Synapt G2S quadrupole-ion 

mobility separation-time of flight (Q-IMS-TOF) mass spectrometer (Waters UK Ltd., Manchester, 

UK) and Q-Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific). In both cases, 

nanoflow ESI (nanoESI) was used. The nanoESI tips, with ~5 µm outer diameters (o.d.), were 

produced in-house from borosilicate capillaries (1.0 mm o.d., 0.68 mm i.d.) using a P-1000 

micropipette puller (Sutter Instruments, Novato, CA). A voltage of ~1 kV was applied to a 

platinum wire inserted into the back end of the nanoESI tip and in contact with the sample solution. 

For the measurements performed on the Synapt G2S instrument, the Source temperature was 60 °C 

(1) 

(2) 

(3) 

https://www.nature.com/articles/s41467-020-18907-6#Equ1
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and the Cone, Trap and Transfer voltages were 20 V, 3 V, and 1 V, respectively. All other 

instrumental conditions were set to the default parameters. Data acquisition and processing were 

carried out using MassLynx (Waters, version 4.1). For the Q-Exactive Orbitrap instrument, the 

automatic gain control target, the maximum injection time, capillary temperature, and S-lens RF 

level were set to 1 × 106, 100 ms, 150 °C and 100, respectively. The resolution was 17,500 

at m/z 200. Data acquisition and processing were carried out using Xcalibur (Thermo Fisher, 

version 4.1). 

2.6.11 CaR-ESI-MS Screening 

Measurements were performed in negative mode using a Q Exactive Orbitrap mass 

spectrometer with Ultra High Mass Range (Q Exactive UHMR, Thermo Fisher Scientific) 

equipped with a modified nanoflow ESI (nanoESI) source. NanoESI tips with an outer diameter 

(o.d.) of ∼5 μm were pulled from borosilicate glass (1.0 mm o.d., 0.78 mm inner diameter) with a 

P-1000 micropipette puller (Sutter Instruments, Novato, CA). Mass spectra were acquired using a 

spray voltage of 0.9−1.0 kV. The capillary temperature was 200 °C, and the S-lens RF level was 

100; an automatic gain control target of 5 × 106 and maximum injection time of 200 ms were used. 

The resolving power for full MS and CID [referred to in the present work as HCD (higher energy 

CID)] spectra was set to 3125 and 25,000, respectively. For the CaRESI-MS measurements, HCD 

spectra were acquired using a range of collision energies. The temperature of the solution in the 

nanoESI tip was controlled using a custom temperaturecontrolled device, as described 

previously.23 Data acquisition and analysis were performed using Xcalibur version 4.1. 
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Chapter 3 

Carbohydrate sulfation as a mechanism for fine-tuning Siglec 

ligands 
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3.2 Introduction 

A growing body of evidence points to sulfation of the underlying glycan as being an 

important modification to the glycan structure that can increase the affinity of glycans for Siglecs.26 

For example, human B-cells contain high levels of 6-O-GlcNAc sulfation, which maintains CD22 

in a masked state on naive B-cells.43,117 By glycan microarray, SLeX containing 6-O-sulfated Gal 

(6’-S-SLeX) was the top hit as a ligand for Siglec-8-Fc.46 Elegant affinity measurements and 

structural studies on Siglec-8 with sulfated SLeX demonstrated that Siglec-8 has a 40-fold 

enhanced affinity for 6’-S-SLeX and a 4-fold enhanced affinity for the isomer bearing the sulfate 

appended to GlcNAc (6-S-SLeX).91 Interestingly, the disulfated compound (6,6’-S,S-SLeX) 

displayed only modest additivity of these affinity gains, with a further 1.6-fold enhancement in 

affinity relative to 6’-S-SLeX. The structural basis for the affinity gain provided by 6-O-Gal 

sulfation was revealed to be an ionic interaction between the sulfate and an arginine contained 

within a loop adjacent to the glycan binding site. It is unknown if this mode of recognition of the 

sulfate is shared with other Siglecs but the primary sequence of this loop is not well conserved (in 

both size and composition) between Siglec family members. More recently, sialylated keratan 

sulfate was discovered as a ligand for Siglec-8 in human airways, which is significant as keratan 

sulfate often contains sulfation on both the underlying Gal and GlcNAc.39 Glycan microarrays also 

revealed that Siglec-7 has enhanced binding to 6-S-SLeX and 6’-S-SLeX over SLeX, whereas 

Siglec-9 displayed a preference for 6-S-SLeX,26 which is consistent with enhanced binding of 

Siglec-7 and Siglec-9 to ECV304 cells transfected with carbohydrate sulfotransferase 2 (CHST2), 

which installs a sulfate onto the 6-position of GlcNAc.51 Very recently, probing Siglec ligands on 

HEK293 cells transfected with a series of CHSTs genes demonstrated that overexpression of 

CHST1, which catalyzes 6-O-Gal sulfation,118 enhanced the binding of Siglec-3, -7, -8, and -15.119  
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Although it is increasingly clear that sulfation plays a role in Siglec biology, numerous 

unanswered questions remain about the ability of CHST1 to enhance Siglec ligands, including 

context dependence, which was not studied in earlier work. In this chapter, it is demonstrated that 

overexpressed eight CHSTs in a variety of cell lines and discovered both enhanced and diminished 

binding of human and mouse Siglec-Fc proteins. Several of these enhanced interactions were cell 

type dependent. Through determining the affinity of CD33 for several synthetic glycan ligands, a 

disulfated ligand, Neu5Acα2-3(6-sulfo)Galβ1-4(6-sulfo)GlcNAc (6,6’-S,S-3’SLN), was found to 

bind 36-fold tighter than its corresponding non-sulfated counterpart. Genetic analyses reveal that 

many cancer types upregulate CHST1, and several show poorer survival rates in patients with 

higher levels of CHST1. Moreover, inhibiting carbohydrate sulfation with sodium chlorate lowers 

Siglec binding to cancer cell lines that express high levels of CHST1 or CHST2. Taken together, 

our study reveals new insights into carbohydrate sulfation as a mechanism for upregulating cellular 

Siglec ligands, which is prevalent in cancer.  

3.3 Results 

3.3.1 Enhanced glycan sulfation by CHST overexpression 

CHSTs are Golgi-localized enzymes that install sulfate at defined locations on glycans.120 

Of the large family of human CHSTs, at least eight (CHST1, CHST2, CHST4, CHST8, CHST9, 

Gal3ST2, Gal3ST3, and Gal3ST4) are known to install sulfate onto glycan subclasses that contain 

sialic acid (e.g. N-glycans and mucin-type O-glycans),121 which could potentially serve as Siglec 

ligands. (Table 3.1) Therefore, the genes encoding these eight CHSTs were overexpressed in U937 

cells through lentiviral transduction (Figure 3.1a). U937 cells are a monocytic cell line and were 

chosen because they are known to express Siglec ligands and interactions between Siglecs with 

their glycan ligands on white blood cells is physiologically relevant.106 Three different methods 
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were used to characterize the glycosylation on the CHST-overexpressing cells: mass spectrometry 

(MS) of released N-glycans, lectin microarrays, and lectin staining in conjunction with flow 

cytometry. 

Table 3.1 The known substrates for each CHST. 

Gene HGNC ID Substrate Reference 

CHST1 HGNC:1969 
 

122 

CHST2 HGNC:1970 
 

123 

CHST4 HGNC:1972 
 

124 

CHST8 HGNC:15993 
 

125 

CHST9 HGNC:19898 
 

126 

Gal3ST2 HGNC:24869 
 

127 

Gal3ST3 HGNC:24144 
 

128 

Gal3ST4 HGNC:24145 
 

129 

By MS, enhanced sulfation was evident in all eight CHST-overexpressing lines (Figure 

3.1b) Indeed, 20-40% of unique, complex-type N-glycans contained a sulfate (accounting for an 

average of 4.2 ± 1.4% of the MS peak area) in the CHST-overexpressing lines, while no sulfated 

complex N-glycans were detected from the U937 cells transduced with control lentivirus. By lectin 

microarray, Sambucus Nigra lectin (SNA), which is specific for α2-6 linked sialosides independent 

of sulfation, showed enhanced binding to the CHST1-overexpressing cell lysate. Binding of 

Maackia amurensis lectin (MAA), which recognizes α2-3 linked sialosides or LacNAc-terminated 

glycans with 3-O-sulfated Gal, was highly enriched in the Gal3ST2- and Gal3ST3-overexpressing  
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(Red dashed circles indicate substrates where each CHST acts) 
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Figure 3.1 Characterization of CHST-overexpressing U937 cells.  (a) Eight genes encoding CHSTs 
were transduced into U937 cells with lentivirus. (b) Mass spectrometry analysis of PNGase F released N-
glycans from the CHST-transduced cells. The percentage of each glycan class relative to the total is noted. 
(c) Select data from lectin microarray analysis on lysates from the CHST-transduced U937 cells. Lysates 
from each cell line were run in duplicate against a pooled reference. Median-normalized log2 ratio (Sample 
(S)/Reference (R)) is shown. Glycan structures recognized by each lectin are shown to the right. 

 

cell lysates (Figure 3.1c).45,130 SLBR-H and -N, which are specific for α2-3 linked sialosides on 

O-linked glycans,131 and diCBM40, which recognizes both α2-3 and α2-6 linked sialosides,132 

showed a decrease in signal towards the Gal3ST2- and Gal3ST4-overexpressing cell lysates. 

Likewise, a decrease in SLeX structures were observed in the CHST2- and Gal3ST4-

overexpressing cell lysates. The enhanced binding of MAA and decreased levels of α2-3 linked 
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sialosides in Gal3ST2- and Gal3ST3-overexpressing cells strongly suggest a direct competition 

between sialyaltion and sulfation at the 3-position of terminal Gal. 

3.3.2 CHST-dependent binding of Siglecs to U937 cells 

Recently, a new panel of soluble human Siglec-Fc proteins for studying Siglec ligands on cells 

and tissues were produced with features that maximize recognition of their cellular glycan ligands 

in a sialic acid-dependent manner (Figure 3.2a).106 Here, these Siglec-Fc probes were applied to 

study the effects of increased sulfation on human (Figure 3.2b-f) and mouse (Figure 3.3a-d) 

Siglec ligands. Significantly enhanced binding of CD33, Siglec-5, -7, -8, -14, and -15 were 

observed towards the CHST1-overexpressing U937 cells. Results for Siglec-8 were anticipated 

based on previous work,39,47,91 while results with CD33, Siglec-7, and Siglec-15 are consistent 

with a recent study that overexpressed CHST1 in HEK293 cells.119 However, the ability of CHST1 

overexpression to upregulate ligands for Siglec-5 and -14, which share an identical amino acid 

sequence in their first three domains133 (herein described as Siglec-5/14), have not been described 

previously. A modest enhancement in binding of CD22 to the CHST1-overexpressing U937 cells 

was also not anticipated, but this may be due to enhanced expression of α2-6 linked sialosides, as 

evidenced by increased staining of SNA, CD22 and Siglec-9 showed greatly enhanced binding to 

the CHST2- and CHST4-overexpressing U937 cells, which were anticipated from previous 

studies.26,47,51 Close inspection of the data indicates that binding of CD33, Siglec-5/14, Siglec-7, 

Siglec-8, and Siglec-15 also showed modestly enhanced binding to the CHST2- and CHST4-

overexpressing U937 cells. It was also observed several interesting CHST-dependent decreases in 

binding. These include: Siglec-1 to CHST1-overexpressing U937 cells; Siglec-1, CD22, and CD33 

to Gal3ST3-overexpressing U937 cells; and Siglec-8 to Gal3ST2- and Gal3ST3-overexpressing 
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U937 cells. These latter results provide an intriguing possibility that sulfation can not only enhance 

Siglec binding, but also downregulate Siglec ligands. 

 

Figure 3.2 Probing CHST-overexpressing U937 cells for Siglec ligands.  (a) CHST-overexpressing cells 
were screened with Siglec-Fc proteins complexed with anti-human IgG-AF647. (b-f) Flow cytometry 
results (left panels) and summary of MFIs (right panel) for each Siglec-Fc screened against each CHST-
overexpressing U937 cells. (g,h) Heatmap for both (g) human and (h) mouse Siglec-Fc binding to CHST-
overexpressing U937 cell. Data plots in b-f are presented as mean ± SD. Statistical significance was 
calculated using a one-way ANOVA with Tukey’s multiple comparisons test. 
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Our previous study developing the new Siglec-Fc scaffold only focused on human 

Siglecs.106 Given the striking evolutionary differences between Siglecs in mouse and human,12 

and widespread use of mouse models to study concepts related to human health and disease,134 a 

complementary set of mouse Siglec-Fc soluble proteins for this study were made and used to 

examine binding to the CHST overexpressing U937 cells (Figure 3.2h, Figure 3.3). it was found  

 

Figure 3.3 mSiglec binding to the CHST transduced cells.  (a) mCD22, (b) mSiglec-E, (c) mSiglec-F, 
and (d) mSiglec-15. Data plots are presented as mean ± SD. Statistical significance was calculated using a 
one-way ANOVA with Tukey’s multiple comparisons test. 

 

that mouse Siglecs conserved between mouse and human (Siglec-1, CD22, and Siglec-15)42 

showed similar patterns as their human counterparts. Specifically, mouse CD22 (mCD22) showed 

greatly enhanced binding to CHST2 and CHST4-overexpressing U937 cells, while mSiglec-15 
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showed enhanced binding to CHST1-overexpressing U937 cells. The significant binding 

enhancement for mCD22 was anticipated based on a 9-fold increase in affinity observed previously 

for Neu5Acɑ2-3Galβ1-4(6-O-sulfo)GlcNAc relative to its non-sulfated counterpart.43 For the 

more divergent CD33-related Siglecs, less predictable patterns were observed. Binding of mouse 

CD33, which has divergent properties compared to its human counterpart,92 was not enhanced in 

the CHST1-overexpressing U937 cells. These results have important implications for studying the 

role of CD33 on brain microglia and its relationship to Alzheimer’s disease susceptibility and the 

use of mouse models to study the relationship of CD33 to neurodegeneration.92,135 Siglec-E, which 

is described as the mouse ortholog of Siglec-9,26 showed a similar binding pattern to Siglec-7, 

where binding to cells was enhanced by either CHST1 or CHST2/4 overexpression, which is 

consistent with findings from a previous study on Siglec-E.136 Lastly, Siglec-F binding was 

increased to CHST1-overexpressing U937 cells, which was anticipated based on previous work.26  

3.3.3 Sialic acid-dependent binding and generality of CHST-dependent Siglec binding 

To examine whether the enhanced binding of Siglecs to CHST-overexpressing cells was 

sialic acid dependent, a complementary set of the CHST-overexpressing U937 cells were 

generated on a CMAS-/- background, which was generated previously.106 In all cases, no binding 

was observed compared to WT U937 cells (Figure 3.4a). Moreover, Arthrobacter Ureafaciens 

neuraminidase was used to hydrolyze sialic acid residues, which likewise produced a near 

complete disappearance of ligands for CD33, Siglec-8, and Siglec-15 in CHST1-overexpressing 

U937 cells as well as CD22 and Siglec-9 in CHST2-overexpressing U937 cells (Figure 3.4b,c). 

These results establish that enhanced binding to sulfated cellular glycans still requires sialic acid. 

To investigate to what extent our findings of enhanced Siglec binding to CHST-overexpressing 

U937 cells extend to other cells, CHST1 and CHST2 were transduced into four additional cell lines:  
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Figure 3.4 Sialic acid-dependent Siglec binding to CHST overexpressing cells.  (a) Siglec-Fc binding 
to the CHST overexpressing CMAS-/- U937 cells. (b,c) Probing the CHST1 and CHST2 overexpressing 
U937 cells with Siglec-Fc after neuraminidase digestion. (d-e) the four additional cell lines (K562, Jurkat, 
HEK293, and A549) transduced with either CHST1 or CHST2 were probed with CD33, Siglec-5/14, and 
Siglec-15. Data plots in d,e,f, and g are presented as mean ± SD. Statistical significance was calculated 
based on a one-way ANOVA with Tukey’s multiple comparisons test. 

 

K562, Jurkat, HEK293, and A549 cells. Similar trends were observed for many of the key CHST-

upregulated Siglec binding interactions in U937 cells (Figure 3.4d-g). Interestingly, enhanced 

binding of Siglec-5/14 to the CHST1-overexpressing HEK293 cells was not observed 
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previously,119 but was readily observed in our studies, which may be attributed to non-functional 

commercial Siglec-5/14-Fc. In contrast with the other cells, CD33, Siglec-5/14, and Siglec-15 

showed either minimal or no increase of binding to the CHST1-overexpressing Jurkat cells. 

Moreover, the modest binding increase of CD33 in the CHST2-overexpressing U937 was not 

observed in the other cells. These results suggest that the correct ensemble and/or the unique 

repertoire of proteins expressed in each cell type impact the ability of CHST1 and CHST2 to create 

Siglec ligands, but overall point to carbohydrate sulfation as being an important mechanism for 

upregulating Siglec ligands. 

3.3.4 Pharmacological perturbation of key cellular glycans 

Kifunensine, benzyl-α-GalNAc, and Genz-123346 are inhibitors for the three major classes 

of glycans that contain sialic acid (Figure 3.5a). These three inhibitors were used in the CHST-

transduced U937 cells to examine what sub-class of glycans are elaborated with sulfation and 

enhance binding of Siglecs (Figure 3.5b-f). As anticipated based on previous observations for 

CD22 preferring sialoside presented on N-glycans,137 CD22-Fc binding was completely abolished 

in the kifunensine-treated CHST1- and CHST2-overexpressing U937 cells (Figure 3.5b). CD33, 

Siglec-5/14, Siglec-15 were affected by inhibition of either N- or O-glycosylation (Figure 3.5c,e 

f), suggesting that their sulfated ligands are presented on both classes of glycans. Benzyl-α-

GalNAc significantly reduced Siglec-7 binding to the CHST1- and CHST2-overexpressing U937 

cells (Figure 3.5d), which is in line with a recent study that found Siglec-7 ligands are sensitive 

to treatment with the mucin-selective protease, StcE.138 Interestingly, Siglec-8 binding was not 

perturbed by either kifunensine or benzyl-α-GalNAc treatment. Pharmacological blockade of 

glycolipid biosynthesis did not perturb Siglec ligands in any instance. 
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Figure 3.5. Inhibitors of cellular glycosylation reveal a cell type-specific pattern of Siglec ligands.  (a) 
Inhibitors for N-glycosylation, mucin-type O-glycosylation, and ganglioside biosynthesis. (b-h) binding of 
CD22, CD33, Siglec-7, 8, 9, 14, and 15 to the WT, CHST1-, and CHST2-overexpressing U937 cells with 
inhibition of each glycosylation pathway. Data are presented as mean ± SD. Statistical significance was 
calculated using a two-way ANOVA with Tukey’s multiple comparisons test. 

 

To validate whether the glycosylation inhibition patterns are conserved in other cells, 

K562, Jurkat, HEK293, and A549 cells transduced with empty vector (EV), CHST1, or CHST2 for 

ligands of CD33, Siglec-5/14, and 15 were tested. (Figure 3.6a-d) Cell-specific patterns emerged; 

benzyl-α-GalNAc was dominant in decreasing the binding of all three Siglecs in all types of K562 

and A549 cells (Figure 3.6a,d), while kifunensine effectively decreased binding of all Siglecs in 

the CHST1-overexpressing Jurkat cells (Figure 3.6b). This later observation may be partially 

explained by the fact that mucin-type O-glycans in Jurkat cells are highly truncated, being 

composed primarily of the T antigen (Gal1-3GalNAc).139 Kifunensine and benzyl-α-GalNAc had 
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only minor effects in blocking Siglec binding in HEK293 cells (Figure 3.6c). Previous studies 

overexpressing CHSTs in HEK293 cells used genetic knockouts of subclasses of glycans to make 

conclusions about classes of glycan present sulfated glycans as Siglec ligands,119 which differ to 

some degree with the results presented here using these pharmacological approaches. Overall, 

these results strongly suggest that binding enhancement of Siglecs in CHST1 or CHST2-

overexpressing cells is cell type-specific and may be presented on different sub-classes of glycans 

on different cell types.  

 

Figure 3.6 The effect of Kifunensine or benzyl-α-GalNAc on CD33, Siglec5/14, and Siglec-7 binding 
to four different cell lines expressing CHST1. (a-d) K562, Jurkat, HEK293, and A549 overexpressing 
CHST1 or EV were probed for ligands of CD33, Siglec-5/14 and Siglec-15 in cells treated with kifunensine 
or benzyl-α-GalNAc. Data are presented as mean ± SD. Statistical significance was calculated using a two-
way ANOVA with Tukey’s multiple comparisons test. 

 

3.3.5 Quantifying Siglec binding to sulfated glycans 

Previously, ESI-MS assay was validated for quantifying the affinity of Siglec-ligand 

interactions.45,106 Advantages of this approach are that it is label free, fast, has low sample 

consumption, can quantify very weak interactions, and the results are consistent with biochemical 

approaches such as isothermal titration calorimetry.102 The enhanced binding of human CD33 to 
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several of the CHST-overexpressing cell lines and the potential relevance of these findings to 

glycan ligands of CD33 in Alzheimer’s disease susceptibility motivated us to apply this MS-based 

approach to quantify the affinity enhancement afforded by sulfation.92,135 From the previous study, 

it was unexpected that soluble CD33, expressed as an Fc chimera, was O-glycosylated.106 

Heterogeneity associated with approximately half of the protein containing an O-glycan makes 

analyzing ligand binding more challenging because of spectral overlap of peaks corresponding to 

the O-glycosylated glycoforms and peaks corresponding to protein without the O-glycan bound to 

ligands. Attempting to remove the O-glycans enzymatically, with O- glycosidase, was not 

successful even after first removing the sialic acid residues with a neuraminidase. Accordingly, 

sites of O-glycosylation were mapped by MS and evidence of O- glycosylation was observed at 

Thr239 and Thr260 (Figure 3.7a,b). The latter site is located within the linker between CD33 and 

the Fc encoded by the AgeI restriction site used for the molecular cloning. Accordingly, a double 

mutant (T239A/T260A) of CD33-Fc was prepared in LEC1 CHO cells. Following removal of the 

Fc and high mannose N-glycans by TEV protease and Endo H, respectively. SDS-PAGE showed 

a single band for T239A/T260A CD33 in contrast to WT CD33, which runs as doublet by SDS-

PAGE (Figure 3.8a,b). The mass spectrum of the T239A/T260A CD33 confirmed that it lacks O-

glycosylation.  

Four differentially sulfated compounds were chemo-enzymatically prepared based on a 

Neu5Acα2-3LacNAc-propylamine scaffold. Specifically, versions of this scaffold without sulfate 

7 (3’SLN), with 6-O-sulfate at the Gal 11 (6-S’-3’SLN), with 6-O-sulfate at the GlcNAc 14 (6-S-

3’SLN) was prepared, as well as a disulfated derivative with sulfate at both positions 18 (6,6’-S,S-

3’SLN). The T239A/T260A CD33 protein was titrated with these ligands to determine the 
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dissociation constant (Kd) by ESI-MS (Figure 3.8c). The affinity measured against 7 was 

surprisingly weak, with a Kd value of 25 ± 3 mM (Figure 3.8d). Such a weak affinity was not 

 

Figure 3.7 Mapping out the novel O-glycosylation sites on the CD33 fragment. (a,b) EThcD MS2 
analyses of glycopeptides derived from CD33 unambiguously identified O-glycosylation at (a) T239 and 
(b) T260. In addition to HexNAc1Hex1NeuAc1 shown here, two other O-glycans were detected for T239, 
corresponding to HexNAc1Hex1, and HexNAc1Hex1NeuAc2.  

 

anticipated given that our previous measurements of CD33 against 3’SLN, lacking the 

propylamine aglycone, yielded a Kd value of 2.7 ± 0.1 mM.106 To test whether a lack of the O-

glycosylation on CD33 decreased affinity, the WT CD33 fragment was tested and it shows a 

similarly weak affinity for 3’SLN-propylamine (Figure 3.9a). Moreover, the T239A/T260A 

CD33 fragment yielded a similar Kd for 3’SLN without the propylamine linker, in line with the 

WT CD33 fragment (Figure 3.9b). Thus, the propylamine aglycone has an unexpected deleterious 

effect on the binding affinity of CD33. The crystal structure of CD33 presents no obvious rationale 

for this loss of affinity.116 This surprising finding has important implications for the future design 

of high affinity glycans ligands for targeting CD33. Aware of this linker effect, the T239A/T260A 

CD33 against 11, 14, and 18 (Figure 3.8d-g) was tested. It was shown that the 6-O-sulfate 
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modification at the Gal enhances the affinity by 10-fold (Kd = 2.5 ± 0.1 mM), (Figure 3.8e) while 

the 6-O-sulfate modification at the GlcNAc enhances the affinity by 3-fold (Kd = 8.5 ± 0.5 mM) 

(Figure 3.8f). The disulfated compound 18 dispalyed the highest affinity (Kd = 0.70 ± 0.1 mM) 

for CD33, which is a 28-fold affinity enhancement relative to the non-sulfated 7. (Figure 3.8d,g).  

 

Figure 3.8 Generation of homogeneous CD33 fragment and determination of dissociation constant 
(Kd). (a-b) SDS-PAGE of the (a) WT CD33 fragment and (b) T239A/T260A CD33 fragment. (c) Scheme 
for direct binding measurement by ESI-MS to determine the affinity of the CD33 against compounds 7, 11, 
14, and 18. (d-g) Results of ESI-MS binding studies of compounds 7, 11, 14, and 18 with the T239A/T260A 
CD33 fragment. For each compound a representative spectrum is shown at a single concentration (7, 400 
μM; 11, 280 μM; 14, 400 μM; and 18, 100 μM) in the left panel and a summary of the titration is shown in 
the right panel.  

 

The only other study to perform quantitative binding measurements on a similar series of 

sulfated compounds was an investigation of Siglec-8 with SLeX structures.91 This previous study 

found that a 6-O-sulfation at the Gal dominated the affinity gains, with a disulfated ligand showing 

only modestly increased affinity 1.6-fold relative to the best monosulfated ligand. Our binding 
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measurements with CD33 demonstrate a 3.6-fold increase in affinity for the disulfated ligand 

relative to the best monosulfated ligand. To our knowledge, our results with CD33 represents the 

largest enhancement in affinity provided by disulfation. Glycan microarray results, which 

represent semi-quantitative binding, suggest that additivity between the two sulfate modifications 

may also be at play for Siglec-7.47  

 

 

Figure 3.9 Comparison of the T239A/T260A CD33 fragment with the WT CD33 fragment.  (a) Kd 
determination of the WT fragment with a disialyl T antigen on 3’SLN with a propylamine linker. (b) Kd 
determination of the T239A/T260A CD33 fragment on 3’SLN without any linker. 

 

3.3.6 Overexpression of both CHST1 and CHST2 in U937 cells greatly enhances Siglec ligands 

 The quantitative binding measurements above for the two monosulfated trisaccharides 11 

and 14 are in line with results for CD33-Fc binding to the CHST1 and CHST2 or CHST4 

overexpressing cells, respectively (Figure 3.2b). The additive effect in the disulfated species 18 

suggests that dual expression of CHST1 and CHST2 will significantly enhance cellular ligands of 
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Figure 3.10. Evaluation of the level of disulfated sialosides by G270-16 and its effects on Siglec 
binding. (a) Staining of U937 cells transduced with both CHST1 and CHST2 with an antibody that detects 
the 6,6’-S,S-3’SLN epitope (clone G270-16). (b-e) Probing CHST1/2-overexpressing cells with (b) CD33, 
(c) Siglec-7, (d) Siglec-5/14, and (e) Siglec-15. Data are presented as mean ± SD. Statistical significance 
was calculated using a one-way ANOVA with Tukey’s multiple comparisons test. 

 

CD33. To test this, CHST1-transduced U937 cells were further transduced with lentivirus carrying 

CHST2 or an EV control. To accomplish this, our lentiviral vector was re-engineered to express 

an orthogonal fluorescent protein (EGFP) to mAmterine, enabling sorting of doubly transduced 

cells. The U937 cells overexpressing both CHST1 and CHST2 (herein described as CHST1/2) 

showed enhanced staining with an antibody that recognized a 6,6’-S,S-3’SLN (clone G270-16), 

providing evidence that this strategy had been successful (Figure 3.10a). Comparing the binding 

of CD33 to the CHST1/2-overexpressing U937 cells to the WT, CHST1-, and CHST2-

overexpressing cells, enhanced binding to the former (Figure 3.10b) was observed. Similar results 

were also observed for Siglec-7, Siglec-5/14, and Siglec-15. (Figure 3.10c-e).  
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Staining of cells with CD33-Fc represents trans ligands. To examine cis ligands of CD33, 

binding studies with fluorescent liposomes displaying a high affinity and selective synthetically-

modified ligand of CD33 was performed, described previously.113 (Figure 3.11a) The ability of 

CD33 on U937 cells to engage the liposomes is a measure for cis ligands, with strong cis ligands 

expecting to mask and hinder CD33-liposome interactions.140 CD33 levels on U937 cells were  

 

Figure 3.11 CD33L-liposome binding assay on the CHST1, CHST2, and CHST1/2 overexpressing 
U937 cells.  (a) Scheme for the masking assay to assess cis ligands of CD33. Liposome binding is measured 
using flow cytometry. The structure of the CD33 high affinity ligand is shown in the inset.140 (b) Anti-
CD33 (clone WM53) staining on CHST-transduced U937 cells to evaluate CD33 expression. (c) Results of 
the liposome assay performed at 37 ºC. Data plots are presented as mean ± SD. Statistical significance was 
calculated using one-way ANOVA with Tukey’s multiple comparisons test. 

 

first verified to be unchanged in the WT, CHST1-, CHST2-, and CHST1/2-overexpressing U937 

cells (Figure 3.11b). Examining liposome binding by flow cytometry, it was shown that CHST1-

overexpressing U937 cells showed significantly reduced engagement by CD33 ligand liposomes. 
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CHST2- overexpressing U937 showed a small, but not statistically significant, decrease in 

liposome binding relative to the WT U937 cells (Figure 3.11c). CHST1/2-overexpressing U937 

showed the least amount of binding to the liposomes, demonstrating that CD33 is strongly masked 

on these cells. These results for cis ligands on U937 cells overexpressing both CHST1 and CHST2 

provide further support that a disulfated ligand is a strong ligand for CD33.  

 

Figure 3.12 Upregulated CHST1 expression in solid tumours correlates with poor patient outcome in 
several cancer types.  Transcript profiling of CHST1 in patient-matched non-malignant adjacent and 
cancerous tissues in 14 cancer types from The Cancer Genome Atlas (TCGA) Consortium. Normalized 
CHST1 expression (FPKM) data from cancer types with >5 matched samples were downloaded through the 
University of California Santa Cruz (UCSC) Xena tool (https://xenabrowser.net). TCGA cancer types 
included in the analysis are as follow: BRCA (breast cancer), LUAD (lung adenocarcinoma), LUSC (lung 
squamous cell carcinoma), COAD (colon adenocarcinoma), HNSC (head and neck squamous cell 
carcinoma), KIRC (kidney renal clear cell carcinoma, KIRP (kidney renal papillary cell carcinoma), LIHC 
(liver hepatocellular carcinoma), STAD (stomach adenocarcinoma), BLCA (bladder urothelial carcinoma), 
UCEC (uterine corpus endometrial carcinoma), CHOL (cholangiocarcinoma), READ (rectum 
adenocarcinoma), and ESCA (esophageal carcinoma). Statistical analysis was performed using Wilcoxon 
matched-pairs signed-rank test.  

 

3.3.7 Upregulated expression of CHST1 in cancer 

Elevated levels of sialic acid on cancer cells have emerged as a key player in controlling 

anti-tumour immune response, by engaging with Siglecs on immune cells.7 Given the enhanced 
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binding of Siglecs to their sulfated glycan ligands generated by CHST1 overexpression, it was 

hypothesized that cancer cells utilize carbohydrate sulfation to further increase Siglec engagement 

and potentially enhance immune-evasion. To evaluate expression levels of CHST1 in cancer, 

transcript data of 14 tumour types from The Cancer Genome Atlas (TCGA) with more than five 

matched non-malignant and primary tumour samples were retrieved. Strikingly, 9 of 14 cancer  

 

Figure 3.13 Kaplan-Meier 5-year overall survival curves of 19 cancer types based on CHST1 
expression. Patients were stratified based on median CHST1 expression. Curated datasets for LUAD (lung 
adenocarcinoma), LUSC (lung squamous cell carcinoma), STAD (stomach carcinoma), and OV (ovarian 
serous cystadenocarcinoma) were retrieved from https://kmplot.com. TCGA datasets for BRCA(breast 
cancer), LIHC (liver hepatocellular carcinoma), KIRC (kidney renal clear cell carcinoma), BLCA (bladder 
urothelial carcinoma), HNSC (head and neck squamous cell carcinoma), PRAD (prostate adenocarcinoma), 
READ (rectum adenocarcinoma), COAD (colon adenocarcinoma), UVM (uveal melanoma), PAAD 
(pancreatic adenocarcinoma), GBM (glioblastoma multiforme), MESO (mesothelioma), UCEC (uterine 
corpus endometrial carcinoma), ACC (adrenocortical carcinoma), and SARC (sarcoma) were downloaded 
through the UCSC Xena tool (https://xenabrowser.net). Statistical analysis was performed using a Gehan-
Breslow-Wilcoxon test. 
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types display significant upregulation of CHST1 transcript levels compared to their non-malignant 

tissue counterparts (Figure 3.12). Next, it was assessed whether expression of CHST1 can predict 

patient outcome in 19 different cancer types. publicly available data from TCGA and kmplot.com 

were used and cases were split into low and high expression levels based on median CHST1 

expression levels. Kaplan-Meier curves of 5-year overall survival revealed that CHST1 expression 

is a predictor of poor patient outcome in 7 of 19 cancer types. These include lung adenocarcinoma 

(LUAD), stomach adenocarcinoma (STAD), breast invasive carcinoma (BRCA), liver 

hepatocellular carcinoma (LIHC), uveal melanoma (UVM), glioblastoma multiforme (GBM), and 

mesothelioma (MESO). (Figure 3.13) In two cancer types, ovarian serous cystadenocarcinoma 

(OV) and pancreatic adenocarcinoma (PAAD), CHST1 expression correlated with favourable 

patient outcomes. Collectively, these results demonstrate that CHST1 is upregulated in the majority 

of cancer types and can correlate with poorer patient outcomes in specific types of cancer. Given 

the numerous mechanisms of immune evasion used by tumors,141,142 which can vary based on 

cancer type, it is unsurprising that these effects are not uniform across all cancers. 

3.3.8 Disrupting glycan sulfation levels on cancer cells downregulates Siglec ligands 

Given the results presented above demonstrating that CHST1 is upregulated in numerous 

cancer types and correlates with poorer survival rates in several cancers, it was wondered if 

upregulated CHST1 expression gives rise to enhanced Siglec ligands on cancer cells. Sodium 

chlorate (NaClO3) is an in vitro inhibitor of PAPS biosynthesis, and has been previously used to 

block the installation of sulfation on carbohydrates by CHSTs (Figure 3.14.a).124,143 To establish 

whether the increased binding of Siglecs to the CHST-transduced cells can be abolished by 

NaClO3, sodium chlorate was treated on the CHST1-overexpressing U937 cells from 0 mM to 50 

mM for two days to assess the binding of CD33-Fc and it was found a clear dose-dependent  
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Figure 3.14 Inhibiting carbohydrate sulfation on cancer cells decreases Siglec ligands.  (a) Illustration 
of NaClO3 for inhibiting cellular carbohydrate sulfation (b) Titration of NaClO3 in CD33 binding to the 
CHST1-overexpressing U937 cells. (c-f) The effect of NaClO3 on the binding (c) CD33, (d) Siglec-7, (e) 
Siglec-5/14, and (f) Siglec-15 to the EV, CHST1-, and CHST2-overexpressing U937 cells. Data plots in b-
f are presented as mean ± SD. Statistical significance was calculated using a two-way ANOVA with Sidak’s 
multiple comparisons test (b-f). 

 

 

 

Figure 3.15 Assessing cell viability following NaClO3 treatment.  

(a) Titration of NaClO3 to assess the effect of NaClO3 on cell viability in U937. (b) Cell viability assay 
under 25 mM of NaClO3 in MDA-MB-231, U251, and SF-295. Data plots are presented as mean ± SD. 
Statistical significance was calculated using a one-way ANOVA with an unpaired student’s t-test. 
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decrease in CD33-Fc binding (Figure 3.14b). Although 50 mM of NaClO3 showed the largest 

decrease, 25 mM was chosen for subsequent experiments as there was minimal effect on cell 

viability at this concentration (Figure 3.15). It was additionally observed that the enhanced binding 

of CD33, Siglec-7, -5/14, and -15 on the CHST1-overexpressing cells was abrogated by 25 mM 

NaClO3 treatment, providing further evidence for the critically importance role of sulfation in 

Siglec binding (Figure 3.14c-f). NaClO3 treatment did not perturb the binding of these Siglecs to 

WT U937 cells, suggesting that these cells do not express sulfated glycans, which is consistent 

with our MS data (Figure 3.1b). 

Table 3.2 RNA expression of CHSTs in the selected cancer cell lines. 

Cell lines CHST1 CHST2 CHST3 CHST4 CHST5 CHST6 CHST7 CHST8 

MCF7 0.205 0 0.309 0.274 0.384 0.068 0.491 1.432 

MDA-MB-231 0.067 1.832 0.354 0.531 0.046 0.016 2.326 0.06 

SF-295 2.662 0.682 2.571 0 0.181 0.2 1.493 0.439 

SNB-75 1.847 2.929 3.161 0.081 0.228 0.924 1.025 0.653 

U251 2.451 1.828 3.629 0 0.105 0.257 2.135 0.106 

K-562 0.061 2.617 0.064 0 0 0 0.143 0.094 

A549 0.11 0.054 1.367 0.147 0.158 0.088 1.124 0.366 

 

Next, the effect of NaClO3 on a variety of cancer cell lines was evaluated to determine if 

Siglec binding was abrogated. Based on transcript levels of each CHST gene in the NCI-60 cancer 

cell library,58 MDA-MB-231, U251, and SF-295 were selected as promising candidates because 

these cells express high levels of CHST1 or CHST2 (Table 3.2). Conversely, CCRF-CEM, MCF-

7, A549, and MDA-MB-468 express low levels of CHST1 and CHST2. Therefore, it was analyzed 

whether NaClO3 sensitivity to Siglec-Fc binding correlates with expression of these CHSTs with  
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Figure 3.16. Inhibition of endogenous carbohydrate sulfation leads to the decrease of the binding of 
Siglec-7, 5/14, and 15 in a panel of cancer cell line.  (a-i) The effects of inhibiting sulfation with NaClO3 
on Siglec-Fc binding were assessed in (a-c) MDA-MB-231, (d-f) U251, and (g-i) SF-295, with Siglec-7 
(a,d,g), Siglec-5/14 (b,e,h) and Siglec-15 (c,f,i). Data plots in b-r are presented as mean ± SD. Statistical 
significance was calculated using an unpaired t test (a-i). 

 

these cancer cell lines, focusing on Siglec-7, -5/14, and -15 given that these Siglecs show robust 

binding to these cell lines. Viability of each cell was minimally affected by 25 mM NaClO3 

treatment (Figure 3.15). In the four high CHST1- or CHST2-expressing cancer cell lines, inhibiting 

endogenous sulfation led to decreases in Siglec binding in all cases except for Siglec-15 to MDA-

MB-231 and Siglec-5/14 to U251 and SF-295 cells (Figure 3.16). These results reinforced our 

earlier data showing that the context in which carbohydrate sulfation is presented is important, 

with the correct ensemble of underlying glycans required to support sulfation as a mechanism for 

increasing Siglec ligands. In the low expressing CHST1 and CHST2 cells (A549, MDA-MB-468,  
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Figure 3.17. Assessing Siglec-Fc binding to cell lines expressing low levels of CHST1 and CHST2.  
(a,b) MDA-MB-468, (c) MCF-7, (d,e) CCRF-CEM, and (f) A549 cells were probed by Siglec-Fc with and 
without 25 mM NaClO3. Data plots are presented as mean ± SD. Statistical significance was calculated 
using an unpaired two-tailed Student’s t-test. 

 

 

Figure 3.18. Treatment of cancer cell lines with NaClO3 does not alter staining with SNA or MAA.  
CCRF-CEM, K562, MDA-MB-231, U251, SF-295, and SNB-75 were treated with NaClO3 and probed by 
(a) SNA and (b) MAA, and measured by flow cytometry. Statistical significance was calculated using an 
unpaired t-test. 
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CCRF-CEM, and MCF-7), Siglec-7, Siglec-5/14 and Siglec-15 did not show any binding decrease 

after NaClO3 treatment (Figure 3.17). Treatment with NaClO3 did not result in a significant 

decrease to either SNA or MAA binding to CCRF-CEM, K562, MDA-MB-231, U251, SF-295, 

and SNB-75 cells (Figure 3.18). Taken together, expression levels of CHST1 or CHST2 in cancer 

cell lines correlate with sensitivity of Siglec ligands to inhibition of carbohydrate sulfation, 

strongly suggesting that enhanced carbohydrate sulfation is a mechanism by which cancer cells 

upregulate Siglec ligands. 

3.4 Discussions 

Sulfation on either 6-O-Gal or 6-O-GlcNac has been known for a factor of enhancing the 

binding affinity between several Siglecs (hCD22, hSiglec-7, 8, 9) and sialosides, but this effect of 

sulfation on CD33, and Siglec-15 are recently found,119 but to my knowledge, this is the first 

demonstration of CHST1-dependent up-regulation of Siglec-5/14 ligands.93 Most efforts on how 

sulfation affects Siglecs have focused on Siglec-8 where its direct dissociation constant were 

determined with SLeX with different degree of sulfation on 6-O-Gal or 6-O-GlcNAc.91 Consistent 

with our study showing that disulfated 3’SLN is the tightest ligand for CD33 fragment (Figure 

3.8g), disulfated sLeX also presented the tightest binding with Siglec-8.91 In line with this evidence, 

sialylated keratan sulfates (KS) have been discovered as a strong ligand for Siglec-8 in a human 

airway.39  

KS is a type of proteoglycans which have LacNAc repeats with high degree of sulfation on 

6-O-Gal or 6-O-GlcNAc.144 It is supposed that KS biosynthesis is mediated by combined 

enzymatic activities of KSGal6ST1 (CHST1), GlcNAc6STs, B3GNTs, and B4GALTs.144 Of note, it 

was shown that either CHST1 or CHST2 KO in the mouse brain can lead to abrogation of KS 

expression in the brain.145,146 The length and the degree of sulfation in KS are highly heterogeneous 
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and numerous proteins carrying KS have been discovered.147 Recently, ST3Gal4 is shown to 

transfer CMP-Neu5Ac to the terminal of the KS.148 KS can be categorized into type I (N-linked 

glycosylation), II (O-linked glycosylation), and III (O-mannose glycosylation) depending on a type 

of glycosylation from which KS is elongated. The type of KS also has organ-specific localization 

as shown below.144 (Figure. 3.19) 

 

Figure. 3.19 KS can be extended from different types of glycosylation. The types of KS were categorized 
based on their core backbone. Each type of KS is known for having organ specificity. 

 

 Following publication of my work, the most recent updates on the interaction between 

Siglecs and KS have been made in the human and mouse brain. Homogenized cortex tissues from 

donors were used for blotting with Siglec-3 and -8.148 Through the overlay staining with anti-

RTPTζ antibody and MS-based proteomics analysis, receptor protein tyrosine phosphatase zeta 

(RPTPζ) is turned out to be a major KS carrier protein in the cortex of the brain, which is presenting 

high affinity ligands for both Siglec-3 and -8. The evidence was given that sialidase or keratanase 

I digestion demolished Siglec-3 and -8 binding to the protein, which is further validated with mice 

brains under either ST3Gal4-/- or CHST1-/-.148 The earlier study in 2019 had elucidated RPTPζ as 
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KS-carrying proteins in the brain with R10G antibody, but did not further investigate whether 

Siglecs can bind to the molecule or not.149 Intriguingly, the loss of 5D4 reactive KS structures in 

the brains of the 5xFAD CHST2-/- mice promoted microglial phagocytosis toward amyloid-β, 

which may indicate sialylated KS in the brain modulates the function of Siglecs in the brain.145  

 

Figure. 3.20 The upregulated carbohydrate sialylation and sulfation in cancer may be able to exploit 
Siglecs for immune-evasion.  Immune cells carrying sulfation-sensitive Siglecs may have high chance to 
be exploited by cancer cells upregulating CHSTs. This mechanism needs to be defined to predict cancer 
malignancy and develop therapies. 

 

 Most tumours with high CHST1 expression have shown to correlate with unfavorable 

outcomes in the Kaplan-Meier 5-year overall survival curves. It has been demonstrated that most 

cancer cells protect themselves from immune clearance by upregulating cell-surface sialylation to 

exploit the function of Siglecs, which are immune checkpoint molecules.21 As sulfation on a 

variety of sialosides has been proved to enhance the interactions between Siglecs and their ligands, 

the synergetic effects of CHSTs and STs on Siglec-mediated immune-evasion in numerous cancers 

need to be investigated. (Figure 3.20) Of note, cancer cells expressing high levels of sialylated KS 

can manipulate the function of CD33 and Siglec-8 as sialylated KS was demonstrated ligands for 
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both Siglecs. Metastatic tumours in pancreatic, lung and liver have shown to present higher level 

of KS than primary tumours,150 so the correlation between their immune-evasion mechanisms and 

Siglecs should be elucidated.  

3.5 Conclusions 

Our results demonstrate that overexpression of 

either CHST1 or CHST2 on several cancer cell lines by 

lentivirus transduction increases cellular carbohydrate 

sulfation, which enhances binding to CD22, CD33, 

Siglec-5/14, Siglec-7, Siglec-8, Siglec-9, and Siglec-15. 

(Table 3.3) Although enhanced carbohydrate sulfation 

increased the levels of Siglec ligands in all cells tested, 

cell type-specific patterns emerged, pointing to the 

importance of the underlying glycome for supporting 

sulfated glycans as Siglec ligands. By overexpressing 

both CHST1 and CHST2 in U937 cells to create 

disulfated glycans, significantly enhanced binding 

increases of numerous Siglecs (CD33, Siglec-7, Siglec-

8, Siglec-5/14, and Siglec-15) were ovserved. This 

preference for disulfated glycans by human CD33 is 

supported by ESI-MSI affinity measurements, which 

showed that 6,6’-S,S-3’SLN demonstrated a remarkable 28-fold increase in affinity relative to its 

non-sulfated counterpart. Interestingly, the binding enhancement of human CD33-Fc to CHST1- 

or CHST2-overexpressing cells was not conserved with mCD33-Fc, which has important 

Table 3.3 Ligands for Siglecs 
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implications for the study of CD33 as susceptibility loci in Alzheimer’s disease. Finally, it was 

revealed that high expression of CHST1 is found in many cancers and can lead to poor survival 

outcomes. The implications of upregulated CHST1 expression in cancer on Siglec ligands was 

demonstrated by showing that NaClO3 abrogates Siglec binding selectively in cancer cells that 

express high levels of CHST1 or CHST2. Therefore, it is proposed that carbohydrate sulfation as a 

mechanism that cancer cells can exploit for enhancing interactions with Siglecs to promote 

immune-evasion. 

3.6 Methods and materials 

3.6.1 Cell culture 

All cell lines were obtained from ATCC, maintained under sterile conditions, cultured with 

either DMEM or RPMI (Gibco) containing 10% FBS (Gibco), 50 U/mL Penicillin/Streptomycin 

(Gibco), and 100 mM HEPES (Gibco) and grown at 37 ºC with 5% CO2. 

3.6.2 Cloning and transduction of CHSTs 

The DNA constructs encoding CHST1, CHST2, CHST4, CHST8, CHST9, Gal3ST2, Gal3ST3, and 

Gal3ST4 were synthesized from GeneArt Gene Synthesis (Thermo Fisher). Each gene was cloned 

to include 5’ NheI site and 3’ AgeI site, ligated to linearized RP172 vector13 with the same enzyme 

pair and transformed into NEB stable Competent E. coli. Colonies were grown in LB media 

containing 100 μg/mL of ampicillin (Fisher Scientific) and plasmids were isolated from these 

bacterial cells using GeneJET plasmid miniprep kit (Thermo Fisher). Sequences of CHST-

encoding plasmids were verified through Sanger sequencing. Lentivirus was made for each CHST 

gene as described previously. Briefly, the RP172 plasmids containing the CHST genes were co-

transfected with RP18 and RP19 helper plasmids into HEK293T cells after incubating with 

TransIT®-LT1 transfection reagent (Mirus Bio). After 3 days, viruses were harvested and 
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concentrated using Lenti-X Concentrator (Takara Bio) and stored at -80ºC in 10 uL aliquots. 

200,000 of WT U937 cells were transduced with 10 uL of each virus and cultured for 3 days. 

Subsequently, positively transduced cells were selected using 3.3 μg/mL of Zeocin (Thermo 

Fisher). After zeocin selection, mAmetrine positive populations were gated and used in the binding 

assays. 

3.6.3 Construction of the RP173 vector 

The mAmatrine fluorescent marker in RP172 was replaced with EGFP to create the RP173 

vector. PCR was used to amplify the EGFP sequence, and it was cloned into the RP172 vector 

using 5’ BstBI and 3’ SalI restriction sites. The plasmid was transformed into NEB® Stable 

competent E. coli cells (NEB), and the isolated plasmids were verified through sanger sequencing. 

3.6.4 Mutagenesis of the two O-glycosylation sites on CD33. 

The original CD33-Fc DNA template106 was amplified with a forward primer (5’-

AGCAGCGCTAGCATGCCGCTGCTGCTACTGCTG-3’) and a reverse primer (5’-

GGAAAGATACCAGTGGCTGGGTTCTGTGGAAC-3’) to create the T239A mutation. The 

PCR product (to be used as a megaprimer) was gel-purified, and concentrated into 50 μL of elution 

buffer, using the GeneJET Gel Extraction Kit (Thermo Fisher). The CD33-Fc template was 

amplified again using 3 μL of the megaprimer and a reverse primer (5’-

AGCAGCACCGGTATGAACCACTCCTGCTCTGG-3’). The resulting PCR product was gel-

purified, digested with NheI and AgeI, and ligated into a linearized pcDNA5/FRT/V5-His-TOPO 

vector containing C-terminal hIgG-His6-Strep-tag II. After transformation into DH5α competent 

cells (NEB), the colonies were selected on LB agar containing 100 μg/mL Ampicillin and plasmids 

from several colonies were isolated for Sanger sequencing. Next, the DNA of CD33-Fc with 

T239A was amplified with a forward primer (5’-
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AGCAGCGCTAGCATGCCGCTGCTGCTACTGCTG-3’) and a reverse primer (5’-

AAGTACAGGTTCTCACCGGC-3’) to mutate T260 into Ala. The resulting megaprimer was gel-

purified and concentrated into 50 μL of the elution buffer. The purified megaprimer and a reverse 

primer (5’-AGCAGCACCGGTTCACTTCTCGAACT-3’) were used to amplify CD33-Fc 

containing T239A. The final product was gel-purified, digested with NheI and AgeI, and ligated 

into a linearized pcDNA5/FRT/V5-His-TOPO vector. The ligated plasmids were transformed into 

DH5α competent cells and cultured on LB-agar containing 100 μg/mL Ampicillin. Several 

colonies were selected and cultured, and plasmids were isolated and sequenced by Sanger 

sequencing. The pcDNA5 plasmids containing CD33-Fc with T239A and T260A were transfected 

into CHO Lec-1 cells as previously described.106  

3.6.5 Staining method for Flow-cytometry assay 

Cells on a 96-microwell plate were washed with PBS twice. Siglec-Fc were used at 

approximately 20 μg/mL and AF647 Goat anti-hIgG (Clone: HP6017, 0.4 μg/mL, Biolegend) were 

mixed in a 1:1 volume ratio right before staining, and 100 μL of the mixture was used for staining 

each well. After incubation on ice for 30 min, the stained cells were washed twice with PBS, 

resuspended in PBS, and analyzed using Fortessa X-20 Flow cytometer (BD Biosciences). Flow 

cytometric data were analyzed using FlowJo v10 software. 

3.6.6 Glycosylation or Sulfation inhibitors 

 500,000 of the WT, CHST1, and CHST2 overexpressing U937 cells were plated onto 6-

well plates and incubated at 37 oC in 2 mL of RPMI media containing 10% FBS, 50 U/mL of 

Penicillin/Streptomycin, and 100 mM of HEPES with kifunensine (2.5 μg/mL, Toronto Research 

Chemicals) or benzyl-α-GalNAc (2.0 mM, Sigma) or Genz123346 (5 μg/mL, Toronto Research 
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Chemicals) for 72 hours. The same number of the WT, CHST1, and C HST2 cells were treated 

with 25 mM of NaClO3 for 48 hours to inhibit cellular carbohydrate sulfation.  

3.6.7 Statistical analyses 

All statistical analyses in this study were performed using GraphPad Prism version 7 

software. For experiments comparing two groups, an unpaired two-tailed Student’s t-test was used 

to evaluate statistical significance. For datasets with more than two sample groups, a one-way 

ANOVA with Tukey’s post hoc test was performed. For group analysis, a two-way ANOVA with 

either Tukey’s post hoc test or Sidak’s multiple comparisons test was performed. A non-parametric 

Wilcoxon matched-pairs signed-rank test was used to assess statistical significance for CHST1 

transcript expression levels in matched non-malignant adjacent tissues and their primary tumour 

counterparts. Statistical significance of the 5-year overall survival curves between assigned case 

groups were evaluated by Gehan-Breslow-Wilcoxon test. Data were considered statistically 

significant when P<0.05. 

3.6.8 Liposome binding assa 

 EV, CHST1, CHST2, and CHST1/2-overexpressing U937 cells were resuspended in 

media, and 100,000 cells were added to a 96-well U-bottom plate in 200 μL RPMI containing 10% 

FCS. Cells were centrifuged (300 rcf, 5 min) and the supernatant was discarded. The cell pellet 

was re-suspended in 50 μL of fresh media and 50 μL of media containing naked (without CD33 

ligand) or CD33 ligand (CD33L) tagged liposomes was added to it. The final concentration of 

liposomes was 100 μM (total concentration of lipid). The CD33L concentration on the liposomes 

was 3.33 mol %, all liposomes contained 0.1 mol % AF647-conjugated lipid and were prepared as 

described previously.106 These suspensions were incubated for 60 min at 37 °C. Following this 

incubation, 100 μL of media was added to each sample and they were centrifuged (300 rcf, 5 min). 
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The supernatant was discarded, and the cell pellet was suspended in a flow buffer and further 

analyzed by flow cytometry. 

3.6.9 Measurement of cell viability 

Adherent cell lines (MDA-MB-231, MDA-MB-468, MCF-7, SF-295, SNB-75 were 

trypsinized and resuspended into RPMI growth media (10% FBS, 50 U/mL 

penicillin/streptomycin, 100 mM HEPES). Non-adherent cell lines (U937, K562, and CCRF-

CEM) were directly resuspended into the RPMI growth media. A half million of each cancer cell 

line was plated onto a 12-well plate with 2 mL the RPMI growth media containing 25 mM NaClO3 

and cultured at 37ºC with 5% CO2 for 48h. Subsequently, the adherent cell lines were incubated 

with PBS containing 1 mM EDTA for 5 min and carefully taken off from the surface by pipetting 

up and down. The non-adherent cell lines were moved into 15 mL tube. After washing the cells 

with PBS twice with centrifugation (300 rcf, 5 min), the cells were incubated with PBS containing 

2 μg/mL propidium iodide (PI) on ice for 10 mins. The cell viability was measured by flow 

cytometry by assessing PI negative population. 
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Chapter 4 

A development of a reporter system for screening small molecule 

drug candidates inducing the expression of hCD33m 
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4.2 Introduction 

 Allelic difference within CD33, at rs12459419, affects a ratio of the long (hCD33M) and 

short (hCD33m) isoforms, which is associated with AD susceptibility. The rare allele 

(rs12459419T) decreases AD risk, which correlates with more exon-2 skipping events and, 

consequently, more hCD33m. Conversely, the common allele (rs12459419C) undergoes exon-2 

skipping less frequently, resulting in more expression of hCD33M and less hCD33m, which is 

associated with increased LOAD risk.151 It was first hypothesized that a lower expression of 

hCD33M can be AD protective.63,70 Several studies supported this loss-of-function hypothesis. 

First, BV2 mouse microglia cell lines transiently transfected with hCD33M showed a reduced 

ability to phagocytose Aβ.63 These results were in line with mCD33-/- microglia being more 

phagocytic, and consequently mCD33-/- mice accumulated less Aβ in the brain in an AD mouse 

model.63 Nevertheless, it is important to note that our laboratory challenged these findings by 

showing that mCD33 and hCD33 are not functionally conserved.92 In parallel with this study in 

mouse microglia, it was found that human monocytes homozygous for the risk allele (C/C) were 

less phagocytic compared to monocytes heterozygous (C/T) or homozygous (T/T) for the rare 

CD33 allele.75 These results were originally interpreted in the context of the loss-of-function 

hypothesis, but it is also possible that enhanced phagocytosis was the result of increased hCD33m 

expression. (Figure 1.9) 

 Another CD33 allele, which is a null allele (rs201074739), was analyzed for AD 

susceptibility in a prospective review of GWAS data and, surprisingly, was found not to be AD 

protective.65 This finding suggested the loss-of-function hypothesis may not fully explain how the 

CD33 locus can be AD protective. Directly testing a gain-of-function role for hCD33m presented 

challenges because human cells express both hCD33 isoforms, making it difficult to deconvolute 
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isoform-specific phenotypes. In addition, hCD33m is preferentially localized intracellularly, so it 

is difficult to detect its expression level without overexpressed conditions.79,81,152 A free Cys42 on 

hCD33m was speculated to be a factor for the intracellular localization of hCD33m, but it remains 

to be directly tested if the unpaired cysteine is responsible for retaining hCD33m inside cells. 

Overall, the notable differences in subcellular localization of the two hCD33 isoforms could be 

major determinant of their distinctive functions, but this has yet to be rigorously tested.   

In work that I contributed to by our laboratory, CD33-/- U937 cells overexpressing hCD33m 

showed increased phagocytosis toward Aβ aggregates compared to CD33-/- U937 cells.135 This 

gain-of-function role for hCD33m expression was also observed in transgenic primary mouse 

microglia expressing hCD33m. My contribution to this work was to create biochemical tools 

(monoclonal antibodies) and cell lines that helped support the conclusions. In parallel, another 

group independently demonstrated similar results in cultured BV-2 mouse miroglia.153 In 

summary, these results demonstrate a gain-of-function role for hCD33m, which may contribute to 

AD protection. 

In this Chapter, new antibodies specific for hCD33m were developed and characterized, 

enabling detection of hCD33m at the protein level. Subsequently, CD33 minigene constructs 

recapitulating the common or rare allele of rs12459419 were designed and expressed in CD33-/- 

U937 cells. Different ratios of both isoforms at the protein level were observed for the C or T 

alleles. Moreover, this CD33 minigene with the T allele endowed cells with a greater ability to 

phagocytose Aβ aggregates. The role of Cys42 on hCD33m in protein localization was also 

investigated and it was revealed that the unpaired Cys42 gives rise to the intracellular localization 

of hCD33m. Finally, three luciferase-based CD33 splicing reporter systems were devised and 
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tested, which may find utility in the future for screening compounds that can induce exon-2 

skipping. 

4.3 Results 

4.3.1 Development of monoclonal antibodies that recognize hCD33m 

 An anti-CD33 antibody (clone HIM3-4) is reported to recognize the C2 domain of hCD33, 

but in our hands, it does not stain U937 cells overexpressing hCD33m.154 (Figure 4.1) Conversely, 

another anti-CD33 antibody (clone WM53) recognizes the V-set domain and reliably detects 

hCD33M, but not hCD33m, expressing cells. For this reason, we pursued the development of 

monoclonal antibodies that are specific for hCD33m. Recombinant hCD33m was prepared using 

the Fc chimeric expression system discussed in Chapter 2. Briefly, hCD33m-Fc was cloned and 

transfected to WT CHO cells for protein expression. Supernatant (4L) was purified over a HisTrap 

and Protein-G column to obtain hCD33m-Fc. Digestion with TEV protease released hCD33m 

fragments from the Fc, and the TEV and Fc domain were removed by passing the reaction back 

through a nickel column. The pure hCD33m fragment (4 mg) was sent to a contract research 

organization (Pierce Proteomics) for custom antibody development. Hybridoma clones were 

initially screened by ELISA and sent back for validation with U937 cells overexpressing hCD33m. 

(Figure 4.2a). Of the 48 clones that bound CD33m by ELISA, two promising candidates (clone 

S503 and S823) were able to detect hCD33m by flow cytometry and both were identified to be of 

the mIgG1 isotype. (Figure 4.2b, c) 

 Upon further examining the specificity of S503, a small but significant amount of binding 

to hCD33M was observed. (Figure 4.2b) Interestingly, when cells were treated with 1 mM 

dithiotreitol (DTT), which reduces the interdomain disulfide bond between Cys36 and Cys169, 
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enhanced staining of hCD33M, but not hCD33m, was observed (Figure 4.3). These results suggest 

that the epitope of the S503 antibody is exposed upon reduction of the interdomain disulfide bond.  

 

 

Figure 4.1 Antibody staining of the two isoforms of human CD33. (a) WM53 recognizes the V-set 
domain of CD33 and HIM3-4 recognizes the C2 domain. (b,c) CD33-/- U937 cells were transduced with 
lentivirus expression hCD33M (red), hCD33m (blue), control (black) and stained with WM53 (b) and 
HIM3-4 (c). Data plots in b, and c are presented as mean ± SD. Statistical significance was calculated using 
a one-way ANOVA with Tukey’s multiple comparisons test. 

 

The weak binding of S503 to hCD33M either represents very weak exposure of the S503 epitope 

on hCD33M, or a very small percentage of hCD33M that does not contain the intact disulfide 

bond.  
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Previously, it was reported that hCD33m is colocalized in peroxisomes.80 In another study, 

detection of hCD33m on cancer cell lines and human acute leukemia cells from AML patients was 

not successful in either the intracellular or extracellular compartments.155 To test the localization 

of hCD33m, transgenic mice expressing hCD33m on microglia were tested for staining with S503. 

 

Figure 4.2 Development of two anti-hCD33m monoclonal antibodies. (a) A schematic for antibody 
production. CHO cells expressing hCD33M or hCD33m were screened against 48 clones. (b) S503 and (c) 
S823 recognize hCD33m-expressing cells, and both are mouse IgG1 isotype. 

 

Primary microglia cells were isolated from adult (3-month old) sex-matched mouse brains. For 

cell surface staining, microglia expressing hCD33m did not show any positive staining. (Figure 

4.4a) However, a small amount of staining with S503 was observed in permeabilized cells, 
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confirming that hCD33m prefers an intracellular location under conditions that do not represent 

overexpression. (Figure 4.4b) 

 

Figure 4.3 Effect of DDT on S503 and S823 staining of hCD33m. U937 cells expressing hCD33M or 
hCD33m were treated with DTT to reduce the interdomain disulfide bond on hCD33M. The DTT treated 
cells were stained with S503 carrying Alexa647 and the signal was measured by flow cytometry. 

 

 

Figure 4.4 Intracellular staining of S503 reveals that hCD33m is localized inside mouse microglia. (a) 
Extracellular staining or (b) intracellular staining with S503 on isolated primary mouse microglia 
expressing hCD33m were done by flow cytometry. WT microglia was used as a control. 

 

4.3.2 CD33 minigene constructs that faithfully mimics differential splicing 

  At mRNA level, it has been shown that the rs12459419 locus containing  C or T affects the 

ratio of hCD33M and hCD33m transcripts.70,156 At the protein level, it was shown that hCD33M 

expression level in C allele is higher than T allele, but hCD33m protein expression levels were not 

evaluated due to the lack of a suitable anti-hCD33m antibody.156 To evaluate how frequently the 

common (rs12459419C) or rare (rs12459419T) alleles undergo exon-2 skipping, two minigene 
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constructs were created with either C or T at the key rs12459419 locus. The minigene constructs 

included the two introns flanking exon-2 but without the downstream introns because they would 

make the constructs too large. (Figure 4.5a) The two minigene constructs were transduced into 

CD33-/- U937 cells, which were created by Chris St. Laurent in our laboratory by CRISPR/Cas9.135 

To validate the expression levels of both isoforms, cells were stained with the antibodies WM53 

or S503 and tested by flow cytometry. (Figure 4.5b) Higher expression of hCD33M was observed 

in the C allele than the T allele, which was matched by a corresponding 3-fold lower expression 

of hCD33m in the C allele. (Figure 4.5c) These results are consistent with the previously evaluated 

mRNA results70,156 and demonstrate for the first time at the protein level that the T allele has higher 

expression of hCD33m in company with lower expression of hCD33M.  

It was expected that U937 cells expressing CD33 minigene with the T allele should have 

enhanced phagocytosis ability compared to U937 cells expressing CD33 minigene with the C allele 

due to the combined effects of less expression of hCD33M and more expression of hCD33m. To 

test this hypothesis, U937 cells expressing the CD33 minigenes with either C or T allele were 

evaluated for their ability to phagocytose Aβ1–42 aggregates. Cells treated with Cytochalasin D, 

which inhibits phagocytosis,157 served as a negative control. In flow cytometry analysis, the U937 

cells expressing CD33 minigene with the T allele had higher Aβ1–42 uptake. (Figure 4.5d) In 

parallel to this result, a colleague of mine in the laboratory demonstrated that primary mouse 

microglia and U937 expressing hCD33m phagocytose more Aβ1–42 aggregates than their WT 

control.135 Overall, these findings suggest that higher expression of hCD33m in T allele contributes 

to enhanced phagocytosis. 
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Figure 4.5 Recapitulation of alterative splicing at the rs12459419 locus with CD33 minigene 
constructs. (a) Two CD33 minigenes with the C or T allele were designed to evaluate how each allele 
affects the expression level of both CD33 isoforms. (b) WM53 detects the V set domain of hCD33M and 
S503 detects the C2 domain of hCD33m. (c) Flow cytometry analysis of the protein expression level of 
both isoforms was carried out in CD33-/- U937 cells overexpressing either of CD33 minigene constructs. 
The grey shaded histogram indicates an isotype control. (d) Flow cytometry-based phagocytosis assay with 
aggregated Aβ1-42 labeled with HiLyte™ Fluor 555 was performed on CD33-/- U937 cells expressing CD33 
minigense with the C or T allele. Statistical significance was calculated using a two-tailed unpaired 
Student’s t test. 

 

4.3.3 A role for the free cysteine residue on hCD33m in influencing its cellular localization 

As demonstrated above, DTT treatment exposed the epitopes for S503 and S823, which 

likely took place through disrupting the interdomain disulfide bond between Cys36 and Cys169. 

(Figure 1.11) To test this more directly, Cys169 on hCD33M and the corresponding Cys42 on 

hCD33m were mutated to Ala. The expression levels of CD33 were measured with WM53 and 

S503. The C169A hCD33M mutant stained lower with WM53 but higher with S503, once again 

suggesting that the interdomain disulfide bond keeps the S503 epitope hidden. (Figure 4.6a,b) 
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The C42A hCD33m mutant was also expressed at higher levels on the cell surface. (Figure 4.6b) 

This latter result suggests either that the free Cys42 in hCD33m is involved in a disulfide bond 

with another protein, which thereby hinders access to the S503 epitope, or that the free Cys42 

keeps hCD33m inside the cell. However, given that DTT did not affect S503 staining, as shown 

above (Figure 4.3), it favors the explanation that differences in expression levels of hCD33m 

between WT and C42A may be due to an altered cellular localization. Therefore, it was 

hypothesized that the Cys42 is important for retaining hCD33m inside the cell since WT hCD33m 

is localized intracellularly under physiological expression levels.80 (Figure 4.4c) 

 

Figure 4.6 The effect of an interdomain disulfide bond on S503 recognition. Four constructs of 
hCD33M, C169A hCD33M, hCD33m, C42A hCD33m were introduced to CD33-/- U937 cells and the effect 
of the mutation on antibody staining was assessed on (a) WM53 and (b) S503. Statistical significance was 
calculated using a one-way ANOVA with Tukey’s multiple comparisons test. 

 

Given that levels of protein expression clearly influence how much hCD33m reaches the 

cell surface, a strategy for achieving different expression levels of hCD33m was devised by 

altering the CD33 minigene system. To avoid overexpressed conditions, we inserted two stop 

codons (2xSTOP) in the middle of exon-2 to prevent expression of hCD33M, which still allows 

for hCD33m expression when exon-2 exclusion occurs. Accordingly, this 2xSTOP constructs were 

used and analyzed in the context of a C42A mutation. First, in the comparison between C and T 
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CD33 minigene constructs, the T allele CD33 minigene had 3-fold higher S503 staining, indicating 

there was more exon-2 skipping. (Figure 4.7) Next, the effect of a C42A mutation was evaluated 

in both alleles. In each allele, a C42A mutation led to significantly higher cell surface S503 staining,  

 
Figure 4.7 A novel system for studying rs12459419 and evaluation of C42A mutation. (a) Different 
expression levels of hCD33m can be achieved by inserting 2xSTOP at exon-2 to both rs12459419 alleles, 
to specifically block the expression of hCD33M. (b,c) The effect of C42A mutation on the cell surface 
expression of hCD33m was evaluated with the flow cytometry plot (b) and quantification (c) shown. 
Statistical significance was calculated using a one-way ANOVA with Tukey’s multiple comparisons test. 

 

which again supports the idea that the C42A mutation affects the localization of hCD33m. 

However, another possibility for these results is that the C42A mutation affects the total expression 

levels of hCD33m levels through a post-translational effect. To rule out this possibility, 

intracellular staining was carried out. Attempts to use S503 were not successful due to 

unexpectedly high background staining of the CD33-/- U937 cells, therefore, another approach was 
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used, which involved genetically encoding a 3xFLAG-tag to the C-terminus. Extracellular staining 

with S503 confirmed that the C42A mutation led to 17-fold higher cell-surface expression than 

WT. (Figure 4.8a) However, this difference was only 1.2-fold difference in the intracellular 

staining between hCD33m WT and C42A mutation. (Figure 4.8b,c) These results support that the 

C42A mutation alters the trafficking of hCD33m, but not overall expression levels. 

 
Figure 4.8 3xFLAG-tag helps to evaluate the total expression level of hCD33m. (a-c) Extracellular 
staining, and intracellular staining of WT and C42A CD33 minigene constructs with the T allele, 2xSTOP, 
and C-terminal 3xFLAG-tag was shown in quantification (a,b), and flow cytometry plot (c). Statistical 
significance was calculated using a two-tailed unpaired Student’s t test. 

 

4.3.4 Development of an artificial system for transforming hCD33M to hCD33m 

 Inducing exon-2 skipping could be an attractive therapeutic strategy to leverage the 

beneficial effects of hCD33m on LOAD. To assess its therapeutic potential, a system for turning 

hCD33M expression into hCD33m expression in a targeted cell would be a good positive control 

and provide a proof-of-concept approach to motivate drug discovery. To enable this goal, a new 

strategy was developed whereby two LoxP sites were embedded into intron-1 and -2 of the CD33 

minigene, which is named based on a floxed exon-2: CD33ex2(flx/flx). (Figure 4.9a) In this way, Cre 

recombinase would be able to remove the DNA fragment between the two LoxP sites, resulting in 
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exon-2 deletion. Lentivirus encoding the C allele of CD33ex2(flx/flx) was transduced to WT U937 

cells. The overexpression of CD33ex2(flx/flx) was evident through increased WM53 staining.  

 

Figure 4.9 Transforming hCD33M into hCD33m through Cre recombination (a) DNA compositions 
of CD33ex2(flx/flx). Two LoxP sites were embedded in the middle of intron-1 and -2 for Cre recombination. 
WM53 staining (b) or S503 staining (c) on WT U937 cells with expressing 1) Control + Cre recombinase 
2) Control + CD33ex(flx/flx), and 3) CD33ex(flx/flx) + Cre recombinase. Statistical significance was calculated 
using a one-way ANOVA with Tukey’s multiple comparisons test. 

 

(Figure 4.9b) After Cre recombinase was introduced to the cell expressing CD33ex2(flx/flx), WM53 

staining levels returned to the WT levels, strongly suggesting the successful removal of Exon-2. 

Concurrently, a ten-fold enhancement in S503 staining was observed, which demonstrates that 
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CD33ex2(flx/flx) was transformed into hCD33m expression. (Figure 4.9c) As 10% of exon-2 

skipping occurs in the C allele, increasing this to 100% events is in line with the ten-fold increase 

in S503 staining. In the future, it can be envisioned using this strategy to switch CD33M expression 

into CD33m expression in vivo to study the therapeutic potential of exon-2 skipping drugs.  

4.3.5 Development of cell-based reports of exon-2 skipping 

Overall, current data support both a loss-of-function, stemming from less expression of 

hCD33M, and gain-of-function, stemming from increased expression of hCD33m, effects as 

mediators of the impact of CD33 on AD susceptibility.92,135,153 (Figure 4.5) Accordingly, 

enhancing exon-2 skipping is an exciting therapeutic strategy for LOAD. To recapitulate the 

biology of enhanced exon-2 skipping being AD protective, Pfizer initiated work to look for small 

molecules capable of inducing exon-2 skipping, which was done through a high-throughput cell-

based screen.156 Specifically, a Nanoluc-based reporter system was used that was based on the 

backbone sequence of CD33 including exon-1, intron-1, exon-2 with two stop codons (2xSTOP), 

intron-2, and truncated exon-3. (Figure 4.10a). Moreover, the truncated exon-3 contained a P2A 

self-cleavage site and Nanoluc Luciferase (NLuc) gene to monitor luminescence signal that 

reflects the degree of exon-2 skipping. To validate this reporter system, approximately 90 2′-O-

methoxyethylribose antisense nucleotides (MOE-ASO) were screened for their ability to induce 

exon-2 skipping, with several promising candidates.156 In a follow-up study, a HTS on small 

molecules was conducted using this cell reporter to discover several drug candidates capable of 

inducing exon-2 skipping.158 ‘Compound 1’ was selected as the most promising lead compound, 

with a limited amount of follow-up testing. (Figure 4.10b) Specifically, Compound 1 was able to 

reduce cell surface hCD33M expression by 43%.158  Similar to other studies, direct detection of 
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hCD33m at the protein levels was not carried out due to the unavailability of biochemical tools for 

detecting hCD33m. 

 

Figure 4.10 A reporter system for discovering drug candidates that induce exon-2 skipping. (a) A 
Schematic for a cell-based reporter to detect small molecules blocking exon-2 inclusion, which leads to the 
conversion from hCD33M to hCD33m. The insertion of double stop codons at the end of 3’ exon-2 ensures 
that NLuc is only expressed when exon-2 skipped. (b) This reporting system was applied to a HTS, which 
led to the discovery of Compound 1.158 

 

Aiming to perform our own screening for small molecule drug candidates capable of 

inducing exon-2 skipping, several luciferase-based reporting systems were developed and 

validated. Our efforts in this area started before Pfizer published their paper identifying lead 

compounds identified from this assay. The first construct (Construct I) was similar to the one 

published by Pfizer.156 (Figure 4.11a) Construct I is a CD33 minigene, where a 2xSTOP system 

is introduced in the middle of exon-2 so that a luminescence signal is only generated upon 
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successful exon-2 skipping. A P2A self-cleavage site followed by a NLuc gene placed in frame 

within exon-3. To validate that Construct I recapitulates the biology of the rs12459419 locus, 

Construct I was created as both the C and T allele. Consistent with our previous work with the 

CD33 minigene, Construct I with the T allele showed a 3.5-fold higher bioluminescent signal. 

(Figure 4.11b) This result indicates that even though this reporter is introduced into a different 

part of the genome, unlike the Pfizer construct that was knocked-in to the CD33 locus,156 the 

fidelity of splicing is maintained. To test maximum bioluminescent intensity when all pre-mRNA 

 
Figure 4.11 Validation of splicing reporter Construct I. (a) DNA compositions of Construct I is shown. 
Construct I with C or T allele were made. At the end of exon-3, A P2A self-cleavage site and NLuc gene 
were recombined. (b) Bioluminescent intensities for Construct I with C and T allele were shown in a bar 
graph. Construct I with T allele had 3.5-fold higher signal intensity than C allele. (c) DNA compositions of 
Construct I CD33ex(flx/flx). (d) After Cre recombination, bioluminescent intensity went up to 12.3-fold. 
Statistical significance was calculated using a two-tailed unpaired Student’s t test. 

 

of CD33 undergoes exon-2 skipping, two LoxP sites were introduced onto intron-1 and -2. (Figure 

4.11c) After Cre recombination, which was accomplished by lentivirus-mediated expression of 

Cre recombinase, the bioluminescent intensity went up to 12.3-fold compared to a control. (Figure 

4.11d) As rs12459419C undergoes exon-2 exclusion at approximately a 10% frequency, this 12.3-

fold increase is very close to the expected 10-fold increase (10% to 100%) of exon-2 exclusion. 
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Figure 4.12 Validation of reporter splicing Construct II. (a) Construct II is composed of double 
cassettes, which contain CD33 splicing elements including exon-1, intron-1, exon-2, intron-2, and exon-3. 
Each cassette contains rs12459419C and 2xSTOP at exon-2. Two possible splicing mechanisms are shown. 
(b) Bioluminescent intensities for Construct I with the C and T alleles, and Construct II with the C allele 
were measured. Statistical significance was calculated using a one-way ANOVA with Tukey’s multiple 
comparisons test. 

 

Although Construct I worked well, there are two ways that it could be improved, which 

were addressed by developing Construct II and III. The first way that Construct I could be 

improved is by increasing the maximum signal that can be produced upon exon-2 skipping. Even 

for the C allele, exon-2 exclusion occurs at a 10% frequency.64 Therefore, the maximum increase 

we would expect to see from full exon-2 skipping would be 10-fold. This was indeed what was 

observed above with the CD33ex2(flx/flx) construct. (Figure 4.11b,d)  To maximize the gap between 

basal signal and signal from complete exon-2 skipping, Construct II was devised by creating a 

duplicated a splicing cassette ranging from exon-1 to exon-3. (Figure 4.12a) It was hypothesized 

that if exon-2 exclusion occurs independently on each cassette, two exon-2 skipping events would 

be required to generate signal, hence, potentially lowering the basal signal down to 1% (10% 

multiplied by 10%) from the maximum signal. (Figure 4.12a) To test this idea, Construct II was 

run in parallel with Construct I with the C or T allele. Unexpectantly, the double cassette generated 
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a signal that was equal to Construct I with the C allele. (Figure 4.12b) This was likely due to an 

exclusion event from the 5’ end of the first intron 1 to the 3’ end of the second intron 2. Thus, this 

approach was not practical, yet this result is highly informative because it indicates that the number 

of nucleotides between the two splice sites can be significantly lengthened.  

The second way where Construct I could be improved is by having an internal control that 

would rule out compounds that impact the overall CD33 expression levels. Several options were 

considered, with the most compelling use of two orthogonal luciferase signals; one that reports on 

exon-2 inclusion and one that reports on exon-2 exclusion. Therefore, Construct III was designed 

with these thoughts in mind, to leverage a ratiometric dual luciferase assay.159 (Figure 4.13a) This 

reporter system has NLuc in the place of exon-2 and Firefly Luciferase (Fluc) after exon-3. 

Accordingly, the NLuc signal represents exon-2 inclusion. To prevent exon-2 inclusion from 

leading to an enriched signal from both luciferases, a STOP codon was inserted at the 3’ end of 

NLuc gene. When exon-2 skipping occurs, the NLuc gene is spliced out, leading to a Fluc signal. 

Therefore, the ratio of the FLuc signal over the NLuc signal represents exon-2 skipping. To test 

this, Construct III with C or T allele was tested and it was found that in the FLuc bioluminescent 

signal, Construct III with T allele was higher than C allele (Figure 4.13b). However, the NLuc 

signal was not statistically significant (Figure 4.13c). The latter result was unexpected because the 

signal should have decreased by a factor of 7/9 (23% decrease) steaming from fraction of CD33M 

transcript product in the T allele (70%) versus the C allele (90%). The precision in our assay, clonal 

variability, or saturation levels of luminescence may have masked the ability to observe a 23% 

reduction. Nevertheless, FLuc/NLuc values between C and T allele were statistically different, 

where T allele had 35 % higher value. (Figure 4.13d) To test the maximum FLuc/NLuc value in 
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Figure 4.13 Validation of splicing reporter Construct III. (a) DNA elements of Construct III are shown. 
A NLuc gene was embedded in the middle of exon-2 and a FLuc gene was recombined at the end of exon-
3. To keep splicing junction sequence for exon-2 exclusion, the first and last 20 nucleotide sequences of 
exon-2 were retained. (b-d) bioluminescent signals from (b) FLuc and (d) NLuc, and (d) the values of 
FLuc/NLuc for Construct III between C or T allele were shown. (e) Construct III CD33ex2(flx/flx) was made 
by inserting two LoxP sites to intron-1 and -2 on Construct III. After Cre recombination, (f) FLuc and (g) 
NLuc signals, and (h) the values of FLuc/NLuc were compared between a control and Cre recombination. 
Statistical significance was calculated using a two-tailed unpaired Student’s t test. 
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Construct III that would be expected based on 100% exon-2 exclusion, two LoxP sites were 

inserted to both intron-1 and -2 for Cre recombination. After Cre recombination, NLuc signal is 

expected to go down and FLuc signal should increase. As expected, Cre recombination led to both 

decreased NLuc signal and increased FLuc signal. (Figure 4.13e-f) The combined outcome of 

these two changes led to a FLuc/NLuc ratio change of 92-fold. Compared to the maximum 10-fold 

difference in Construct I, complete exon-2 skipping in Construct III yielded much higher signal 

sensitivity, which may be beneficial for screening small molecule drug candidates. 

4.4 Discussion 

 A challenge in studying hCD33m has been the lack of biochemical tools to detect it. In 

parallel with our efforts, several other groups published monoclonal antibodies targeting hCD33m 

but these have not been made commercially available.155,160 The hCD33m-specific monoclonal 

antibody S503 developed in this work (clone S503) was shown to detect cell-surface hCD33m 

under overexpressed conditions. However, it still remains difficult to detect endogenous cell 

surface hCD33m expression in U937 cells, as well as cell surface expression of hCD33m in 

transgenic mouse microglia that do not represent overexpressed conditions155 This is likely due to 

the preference of hCD33m for an intercellular localization. It is possible that Cys42 in hCD33m is 

disulfide bonded with another hCD33m or other proteins, and this blocked the S503 epitope. 

Consistent with this, C42A hCD33m had significantly increased S503 staining. However, unlike 

hCD33M, hCD33m did not show increased staining with S503 upon DTT treatment, suggesting 

that this may not be the same. Unfortunately, attempts to visualize hCD33m by microscopy with 

S503 have, to date, not been successful. We are currently testing if S823 has more versatility that 

S503 in different applications.   
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For this reason, the 3xFLAG-tag was introduced at the C-terminal of various CD33 

constructs. Results with the 3xFLAG-tag system clearly demonstrated that the unpaired Cys42 is 

a key factor affecting the intracellular localization of hCD33m. In the future, the mechanism how 

Cys42 keeps hCD33m inside the cells needs to be elucidated. One prediction and testable 

hypothesis is that WT and C42A hCD33m may undergo different N-glycosylation processing, 

which could be easily identified. It is predicted that WT hCD33m has high-mannose type N-

glycans, due to not passing through the entire secretory pathway, while C42A hCD33m has 

complex type N-glycans. As an extension, WT and C42A CD33m would be predicted to have 

differential sensitivity to Endo-H due to its specific for high mannose N-glycans. 

 To develop a system for directly assessing the expression levels of hCD33m without the 

confounding effects of hCD33M expression, a CD33 minigene construct was used that contains 

the two key introns flanking exon-2 with the rs12459419 SNP (C or T) and two stop codons were 

introduced within exon-2. Consistent with a previous study,156 the CD33 minigene with C allele 

had lower levels of exon-2 exclusion than the T allele, leading to a lower expression level of 

hCD33m.70 In the future, applying this different hCD33m expression system to WT U937 cells, 

instead of CD33-/- U937 cells, will be a good strategy to assess the effect of hCD33m in the 

presence of endogenous hCD33M expression. It is noteworthy that in our work using transgenic 

mouse microglia, my colleague showed that the gain-of-function effect for hCD33m appeared to 

be dominant, since phagocytosis was enhanced to the same degree in microglia that expressed 

hCD33m compared to those that expressed both isoforms.135   

 Cells expressing the CD33 minigenes with either of the two alleles showed altered 

phagocytosis of Aβ1-42 aggregates. As the CD33 T allele is AD-protective, the combined outcomes 

of lower expression of hCD33M, representing loss-of-function, and higher expression of hCD33m, 
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representing gain-of-function, may be the key factors for AD protection. Ongoing experiments in 

our laboratory are tackling this question in the context of a mouse model of AD and should provide 

clarity. These findings motivated the development of CD33 splicing reporter systems with the goal 

of using them in the future to screen for drugs capable of inducing exon-2 skipping. Construct I 

was conceptually very similar to the reporter system used and published previously by Pfizer. 

However, it was first shown that Construct I with the T allele had 3.5-fold higher a NLuc 

bioluminescent signal than the C allele. In the previous study, SRSF1 and PTBP1 were discovered 

as splicing factors involved in exon-2 inclusion. Interfering with SRSF1 gene expression led to 

increased hCD33m expression at mRNA level, which was reproduced when MOE-ASO blocked 

a specific site on exon-2 of CD33. In this regard, Construct III needs more improvements since the 

MOE-ASO binding site is around 80 nucleotides away from 3’ end of exon-2 and Construct III 

only contains about 20 nucleotide junction sequences at 5’ and 3’ end of exon-2. Hence, additional 

nucleotides from 3’ end of exon-2 covering the MOE-ASO acting sites that Pfizer validated can 

be added to Construct III. An issue in Construct III is that a FLuc signal is much less sensitive than 

a NLuc signal, so making FLuc represent exon-2 skipping is less optimal. It was expected that the 

long FLuc DNA sequence might have a negative effect on exon-2 skipping. However, based on 

results with Construct II, we now know that a longer DNA sequence can be inserted to exon-2. 

Therefore, efforts are underway to design Construct IV, which has the position of NLuc and FLuc 

swapped. 

 A concern during the development of CD33ex2(flx/flx) system was that splicing factors 

involving in CD33 transcription may fail to recognize exon-2 after Cre recombination. This is 

because each LoxP site was embedded in the middle of intron-1, and -2, so residual nucleotides in 

both introns may not be spliced out. However, this was not the case as hCD33M could be 
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successfully turned into hCD33m by Cre recombination. In the future, the CD33ex2(flx/flx) system 

can be combined with a Cre-ERT2 system in both cells and mice, where Tamoxifen leads to 

translocation of Cre-ERT2 from cytoplasm to nucleus, enabling Cre recombination. (Figure 4.14) 

This system will help to understand the benefits of inducing exon-2 skipping in the context of AD 

mouse model. 

 

 

Figure 4.14 An inducible system for turning hCD33M to hCD33m. Cells transduced with CD33ex2(flx/flx) 

expresse hCD33M on the surface. (Step 1) Transduction of Cre-ERT2 generates an environment where 
Tamoxifen can induce Cre recombination. (Step 2) Tamoxifen translocate Cre-ERT2 from cytoplasm to 
nucleus where Cre recombination takes place. (Step 3) The expression of hCD33M turns into the expression 
of hCD33m. (Step 4) 

 

4.5 Conclusions 

 In this Chapter, CD33 minigene constructs were used to recapitulate rs12459419. To detect 

hCD33m expression on the surface, two anti-hCD33m antibodies were developed. For the CD33 

minigene construct with the risk C allele, the expression level of hCD33M was higher than the 

protective T allele while the T allele has higher hCD33m expression. This phenotypical difference 

was shown to have altered phagocytosis ability in U937 cells, where the CD33 minigene with the 

T allele had higher phagocytosis toward Aβ1-42 aggregates. To dissect a molecular mechanism how 
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hCD33m correlates with AD protection phenotype, its localization was studied, and it was 

discovered that Cys42 on hCD33m maintains its intracellular localization. Finally, new CD33 

splicing reporter systems were developed. Moreover, to simulate complete exon-2 exclusion, an 

artificial construct with two loxP sites in the introns flanking exon-2 was created and validated. 

4.6 Methods 

4.6.1 Generation of hCD33m-specific hybridomas 

 The gene encoding hCD33m (amino acids 1–132) was cloned into pcDNA5/FRT/V5-His-

TOPO® vector (Thermo Fisher Scientific), which contained a C-terminal hIgG1-Fc, TEV 

cleavage site on the N-terminal side of the Fc, as well as a C-terminal His6 tag and a Strep-tag II.106 

This construct was co-transfected with a plasmid pOG44, encoding the Flp recombinase, into 

Chinese Ovary Hamster (CHO) Flp-In cells using the manufacturer’s recommended protocol. 

Cells were grown in DMEM-F12 media containing 5% fetal bovine serum (FBS, Gibco), 

1.0 mg/mL Hygromycin B, 100 U/mL of Penicillin & Streptomycin (P/S, Gibco) and 2.438 g/L 

Sodium Bicarbonate (Gibco). Selection with Hygromycin B (Thermo Fisher) took place for 

10 days starting at 2 days post-transfection. For expression, one million hCD33m-Fc expressing 

CHO cells were added to a T175 flask with 50 mL of media (DMEM-F12, 5% FBS, 100 U/mL 

P/S, and 10 mM HEPES) and cultured for 12 days (10 days post-confluence). The supernatant was 

filtered through a sterile filtered unit (0.2 μm pore size, Fisher Scientific). The filtered supernatant 

was loaded into a 5 mL HisTrap excel column (GE healthcare) pre-equilibrated with 50 mL of 

equilibration buffer (20 mM Sodium Phosphate, 500 mM NaCl, pH 7.4). After washing the column 

with 75 mL of washing buffer (20 mM Sodium Phosphate, 500 mM NaCl, 20 mM Imidazole, 

pH 7.4), bound protein was eluted with 30 mL elution buffer (20 mM Sodium Phosphate, 500 mM 

NaCl, 500 mM Imidazole, pH 7.4) in 2.5 mL fractions. Eluted fractions containing hCD33m-Fc 
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were pooled, diluted 10-fold in 20 mM sodium phosphate buffer (pH 7.2), and loaded into a 

Protein-G column (GE healthcare) pre-equilibrated with the same phosphate buffer. hCD33m-Fc 

was eluted with 0.1 M Glycine buffer (pH 2.7) directly in 1 mL fractions into microcentrifuge tubes 

containing 30 μL 1 M Tris-HCl (pH 8). The fractions containing protein were pooled and digested 

with 20 μL of 4 mg/mL His6-tagged TEV protease per 1 mL of 1 mg/mL protein solution at 37 °C 

for 3 h in a shaking incubator (150 rpm). The resultant reaction was put through a 1 mL HisTrap 

column to remove the bound Fc and TEV, while the hCD33m fragment came through in the flow 

through. The purified hCD33m was dialyzed three times into PBS and concentrated to 1 mg/mL 

using a 10 kDa cutoff Amicon ultra centrifugal filter unit (Millipore Sigma). In total, 4 mg of the 

CD33m fragment was prepared. An additional 2 mg of hCD33m-Fc was also saved for screening. 

The 4 mg of hCD33m and 2 mg of hCD33m-Fc were used for mouse immunization and 

monoclonal development (Thermo Fisher Scientific Pierce Proteomics). Supernatant from 

polyclonal hybridomas that were positive by ELISA for hCD33m-Fc were screened against CHO 

cells expressing hCD33M or hCD33m by flow cytometry using a PE-labelled anti-mouse IgG 

secondary antibody. Two hybridoma stocks uniquely stained hCD33m-expressing cells but not 

hCD33M-expressing cells. These two frozen hybridomas were thawed, expanded, and subcloned 

in RPMI media containing 20% FBS and 100 U/mL P/S by diluting to 1 cell per 3 wells in 96-well 

plates containing 220 μL of media. After 10 days, 50 μL of the supernatant from each well was 

screened against hCD33M-expressing, CD33m-expressing, and WT CHO cells by flow cytometry. 

A monoclonal hybridoma, designated S503, that produced antibody specific for hCD33m-

expressing CHO cells was isolated. 
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4.6.2 Expression, labelling, and isotyping of hCD33m-specific antibodies 

For antibody expression, one million hybridoma cells were added to a T175 flask containing 50 mL 

of RPMI containing 10% FBS, 100 U/mL P/S, and 10 mM HEPES and cultured for five days after 

post-confluence. Each supernatant was filtered (0.2 μm pore size) and stored at 4 °C until ready 

for purification. Filtered supernatant (100 mL) was loaded onto a 1 mL Protein G column pre-

equilibrated with 20 mM sodium phosphate buffer (pH 7.4). After washing the column with the 

20 mM sodium phosphate buffer, anti-CD33m was eluted with 0.1 M glycine buffer (pH 2.7) in 

1 mL fractions, directly into tubes containing 30 μL of 1 M Tris-base buffer (pH 8). The eluent was 

dialyzed three times against phosphate buffered saline (pH 7.4) and stored at 4 °C. For fluorophore 

labeling, antibody was concentrated to 0.2 mg/mL. Prior to fluorophore labelling, 50 μL of 

ammonium bicarbonate (1 M) was added to 950 μL of the 0.2 mg/ml solution of antibody solution 

to increase the pH, followed by the addition of 6.64 μL of 2.5 mM NHS-AF647 (Thermo Fisher 

Scientific), dissolved in DMSO, to achieve a 10-fold molar excess. The reaction was gently rocked 

for 1 h at 37 °C and immediately dialyzed three times in PBS. Mouse IgG1 isotype antibody 

(Thermo Fisher Scientific) was pre-dialyzed into the same PBS prior to labeling and then 

fluorophore labeled at the same time in order to achieve the same level of fluorophore 

modification. The ratio of absorption at A280 to A647 confirmed an antibody labelling ratio of 

appropriate 2.5 molecules of AF647 per antibody. 

4.6.3 Isolation of adult mouse microglia 

Adult mice were euthanized under CO2. Media used for the primary microglia consisted of RPMI 

with 10% FBS, 100 U/mL Penicillin and 100 μg/ml Streptomycin. Isolated brain samples were 

homogenized by 5 ml syringe plungers in media through 40 μm corning filter units under sterile 

condition. Homogenized samples were centrifuged at 500 rcf for 5 min and the pellet was treated 
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with 3 ml of red blood cell lysis buffer (150 mM NH4Cl, 9 mM NaHCO3, and 0.1 mM EDTA). 

Following centrifugation at 300 rcf for 5 min, the pellet was dissolved in 3 ml of 30% Percoll 

(Percoll PLUS, GE Healthcare) and carefully layered on top of 70% Percoll and immediately 

centrifuged (650 rcf for 20 min). Immune cells were isolated from the border between the two 

layers, washed (300 rcf, 5 min) and resuspended in media. 

4.6.4 Mutagenesis on C169A for hCD33M and C42A for hCD33m 

DNA templates encoding hCD33M and hCD33m was amplified with a pair of forward primer 

(agcagcgctagcatgccgctgctgctactgctg) and reverse primer (cgggggtgttccctgctctgcggcccagga cacag). 

Subsequently, PCR products were gel-purified, and used for a mega forward primer with a reverse 

primer (AGCAGCACCGGTTCACTGGGTCCTGACCTCTG) to amplify the two DNA templates 

encoding hCD33M and hCD33m. The forward primer at the first PCR and the reverse primer at 

the second PCR were designed for containing 5’ NheI and 3’ AgeI sites, which were used for 

ligation.  

4.6.5 Cloning of RP172 vectors 

CD33 minigene constructs, Construct I, II, and III with C, T, and CD33ex2(flx/flx) were synthesized 

from GeneArt Gene Synthesis (Thermo Fisher Scientific). (Appendix A) The constructs were 

designed to have 5’ NheI and 3’ AgeI sites when they were synthesized in commercial vectors. 

Subsequently, the CD33 minigene constructs, Construct I, III, and III were ligated to a RP172 

vector with 5’ NheI and 3’ AgeI restriction sites. The ligated vectors were transformed to NEB® 

Stable competent E. coli and promising colonies were selected on LB agar plates containing 100 

μg/mL ampicillin. After culturing colonies in LB growth media containing 100 μg/mL Ampicillin, 

cells from each colony were miniprepped, and sent for Sanger Sequencing. 
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4.6.6 Lentivirus production 

Lentivirus was produced and titered with the following changes: 1 million HEK293T cells were) 

plated in a 6-well plate on day 0. On Day 1, a transfection mix was made containing 625 ng RP18, 

625 ng RP19, 1250 ng of transfer vector, 7.5 ul TransIT®-LT1 Reagent (Mirus Bio), and 258 μl 

Opti-MEM media (Gibco) and added to the HEK293T cells. 72 h post transfection, supernatant 

was harvested and concentrated using Lenti-X concentrator reagent (Takara Bio) as per 

manufacturer’s instructions. 

4.6.7 Lentiviral transduction of U937 cells 

A quarter million U937 cells were plated in a 12 well plate in 500 μl growth media. Lentivirus was 

added to each well at a MOI = 1 and incubated in a tissue culture incubator. 16 h post-transduction, 

media was topped up to 2 ml. 72 h following transduction, 300 μg/ml zeocin was added to each 

well as a selection agent to kill untransduced cells. Cells were monitored daily for cell death, and 

every 2 days the media was changed and re-supplemented with 300 μg/ml zeocin. After 1 week, 

cells were assayed on a flow cytometer to assess the purity of the selected population via the 

fluorescent marker mAmetrine. Cells were found to be > 97% mAmetrine positive after 1 week of 

zeocin selection. Phagocytosis assays were done 3 days after removing zeocin from the media. 

4.6.8 Flow cytometry 

All flow cytometry data was collected on a 5-laser Fortessa X-20 (BD Bioscience) and analyzed 

using FlowJo software (BD Biosciences). Cell sorting took place on an Aria III (BD Bioscience). 

4.6.9 Phagocytosis assessment in U937 cells 

U937 cells were grown up to ~ 1 × 106 cells/mL density in a T75 flask and subsequently 100,000 

cells were added to 96-well U-bottom plates in 100 μl of media/well. To initiate the phagocytosis 



 124 

assay, 100 μL of media containing fluorescent Aβ1–42 (400 nM) or polystyrene beads (1200 

dilution from the vendor stock) was added to the cells and incubated for 30 min at 37 °C. After 

incubation period cells were washed with media twice and resuspended in flow buffer containing 

1 μg/mL propidium iodide. Samples were analyzed by flow cytometry. Median fluorescence 

intensity (MFI) was used to assess extent of phagocytosis in Aβ1–42 treated samples while % of 

cells taking up at least one bead was counted for polystyrene beads. Cytochalasin-D (10 μM) pre-

treated samples were also carried out in parallel and subtract for fluorescence not associated with 

phagocytosis. 

4.6.10 Intracellular staining 

U937 cells were plated into a 96-well U-bottom plate and washed twice with PBS (300 rcf, 5 min, 

4 °C). The cells were labelled with Zombie Red™ Fixable Viability Dye in PBS (1:3000 dilution, 

Biolegend) at RT for 20 min in a dark room. After washing with PBS containing 5% FBS twice 

(300 rcf, 5 min, 4 °C), permeabilization and fixation were done together using a commercial 

Fixation/Permeabilization Solution Kit (BD Bioscience) on ice for 20 min. The fixed and 

permeabilized cells were washed twice with 1x BD Perm/Wash™ Buffer (2,500 rcf, 5 min, 4 °C) 

and stained with 200-fold diluted anti-FLAG tag antibody (Clone: M2) in flow buffer at 4 °C for 

20 min. After washing twice with flow buffer, the cells were stained with secondary anti-mouse 

IgG1 antibody with AF647 on ice for 20 min. Before the flow assay, each well was washed with 

flow buffer two times (2,500 rcf, 5 min, 4 °C) and transferred to flow tubes.  

4.6.11 Nano-Glo® Luciferase Assay for Construct I 

C4 U937 cells expressing Construct I_C or T were plated onto a white opaque 96-well microplate 

in 100 μL media, which contained 100,000 cells per well. While the cells were incubated at RT 

for 5 mins, 20 μL of Nano-Glo® Luciferase Assay Substrate (Promega) was added to 1 mL Nano-
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Glo® Luciferase Assay Buffer (Promega). Subsequently, 100 μL of Nano-Glo® Luciferase Assay 

Buffer containing bioluminescence substrates was added to each well. After incubation for 10 min, 

the plate was loaded onto SpectraMax® ID5 plate reader and bioluminescence signal per well was 

recorded. 

4.6.12 Nano-Glo® Dual-Luciferase Assay for Construct II 

C4 U937 cells expressing Construct I_C or T were plated onto a white opaque 96-well microplate 

in 80 μL media, which contained 100,000 cells per well. Subsequently, ONE-Glo™ EX Reagent 

(Promega) was added to each well with equal volume to media and incubated on an orbital shaker 

(300 rpm) for minimum 3 min at RT. The plate was loaded onto SpectraMax® ID5 plate reader and 

firefly bioluminescence signal per well was recorded. Next, 80 μL NanoDLR™ Stop & Glo® 

Reagent (Promega) was added to each well and the reagents were incubated on an orbital shaker 

(600 rpm) for at least 3 min at RT. After additional 7-minute incubation on a bench, Nanoluc 

bioluminescence signal was measured. 

4.6.13 Statistical analyses 

For experiments with only two groups, a two-tailed Student’s t-test was used to access statistical 

significance. When experiments were carried out in competition, a paired Student’s t-test was 

used, while an unpaired Student’s t-test was used in cases where experiments groups were 

analyzed independently. For experiments with more than two groups, a one-way ANOVA was 

carried out to determine if there were differences between the means. If applicable, the Tukey 

multiple comparisons post-test was then used to indicate significance between groups. N.S. means 

no statistical significance (P > 0.05). 
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Chapter 5  

Conclusions and Future Directions 
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CD33 encodes two protein isoforms mediated by alternative splicing.70,79,81 rs12459419 is 

a SNP in CD33 influencing the ratio of both CD33 isoforms, which influences LOAD 

susceptibility.151 In this thesis, to better understand roles of hCD33M in the brain, the glycan 

ligands of hCD33M were identified through ESI-MS and flow cytometry-based approaches. 

Furthermore, through developing biochemical tools, we discovered how major and minor alleles 

of rs12459419 affect the expression level of the two CD33 isoforms, which can affect cellular 

phagocytosis. 

 In Chapter 2, a new generation of CD33-Fc was developed and validated with flow 

cytometry and ESI-MS-based approaches in collaboration with the Klassen group.106 For flow 

cytometry applications, a C-terminal Strep-tag II in CD33-Fc helped to form octameric 

presentation to facilitate high avidity. Through increasing the avidity, it was discovered that both 

α2-3 and α2-6 sialosides can be trans ligands for CD33 on U937 cells. For ESI-MS-based binding 

assay to determine Kd values, an Endo H sensitive glycoform of CD33-Fc was expressed Lec-1 

CHO cells, which enabled a fragment of CD33 to be generated with a minimal number of 

glycoforms. In addition, an internal TEV recognition site was used to separate the CD33 fragments 

from the Siglec-Fc fusion protein scaffold. These two enzymatic reactions made the CD33 

fragments suitable for determining dissociation constants by ESI-MS. Subsequently, the Kd values 

of the CD33 fragments towards 3’SLN and 6’SLN were determined. Of note, Kd values of CD33 

for 3’SLN and 6’SLN were similar to each other, which indicates CD33 recognizes both α2-3 and 

α2-6 linkages. This was consistent with the results from the cell-based assay. For the CaR-ESI-

MS application, a natural N-glycan library from U937 cells was generated for library screening 

with CD33-Fc. CaR-ESI-MS screening with CD33-Fc and the natural N-glycan library yielded 6 

N-glycan compositions. Of note, composition representing disialylated biantennary N-glycans 
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were the most abundant ligand candidates for CD33-Fc. Consequently, through this novel CD33-

Fc scaffold, ligands for CD33 were characterized. CD33 interacts with both α2-3 and α2-6 linked 

sialosides, which was supported by both ESI-MS and flow cytometry-based applications. In the 

future, cell-derived O-glycan or ganglioside libraries can be screened to complement the screening 

we performed on N-glycans. Ultimately, it will be of great interest to screen, through CaR-ESI-

MS, N- or O-glycans from healthy and AD human brains. 

 In Chapter 3, U937 cells overexpressing eight members of CHSTs were generated through 

lentiviral transduction and assessed for binding against all human and mouse Siglec-Fc chimeric 

constructs. Of note, 6-O-sulfation on Gal, mediated by CHST1, greatly enhanced binding of CD33, 

Siglec-5, -7, -8, and -15 for human and Siglec-F, Siglec-E, and Siglec-15 for mouse. On the other 

hand, 6-O-sulfation on GlcNAc significantly strengthened the binding of CD22, Siglec-7, and -9 

for human, and CD22 and Siglec-E for mouse. To dissect what types of glycosylation affected the 

binding of each Siglec-Fc construct, the biosynthesis of N-glycosylation or mucin type O-

glycosylation were pharmaceutically perturbed. It was consistent that CD22 was sensitive to 

kifunensine treatment while Siglec-7 binding was abrogated by benzyl-α-GalNAc. CD33, Siglec-

5/14, Siglec-8 and Siglec-15 showed sensitivity to both kifunensine and benzyl-α-GalNAc, which 

may indicate that these Siglecs can recognize sulfated N- and O-glycans. CMAS-/- U937 cells 

overexpressing CHST1 or CHST2 were tested with Siglec-Fc and it was demonstrated that sialic 

acid is still essential for Siglec binding even though sulfation can enhance the interactions between 

Siglecs and sulfated sialosides. A novel O-glycosylation site on CD33 was discovered and mutated 

to facilitate ESI-MS-based Kd determination. Of note, disulfated 3’SLN was the highest affinity 

ligand for CD33, whose binding affinity was 28-fold stronger than 3’SLN. Consistent with these 

results, U937 cells expressing both CHST1 and CHST2 were shown to upregulate disulfated 
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3’SLN leading to more enhanced binding of CD33, Siglec-5/14, Siglec-7, Siglec-8, and Siglec-15 

than U937 cells overexpressing CHST1 only. Sodium chlorate as an endogenous sulfation inhibitor 

was validated and was used for testing the effects of endogenous sulfation on several breast cancer 

and glioma cell lines. Notably, it was found that Siglec binding was affected by NaClO3 treatments 

in several cancer cell lines, which supports that cancer cells can also take advantage of 

carbohydrate sulfation to enhance interactions with Siglecs. Consequently, this chapter supports 

carbohydrate sulfation as important biosynthetic mechanisms fine-tuning glycan ligands for 

Siglecs. Most recently, receptor protein tyrosine phosphatase zeta (RTPTζ) carrying sialylated 

keratan sulfates was identified as a CD33 ligand in the brain.148 In the future, CHST1 U937 cells 

additionally expressing CHST2, CHST4, CHST5, or CHST6 will be assessed with several anti-

keratan sulfate antibodies to confirm keratan sulfate expression levels. Subsequently, CD33 

binding to those cell lines will be evaluated in conjunction with keratanase treatment to determine 

if sialylated keratan sulfates on the surface accounts for a majority of CD33 binding. 

 In Chapter 4, a developed anti-hCD33m monoclonal antibody (S503) helped to 

characterize levels of hCD33m expression in cells expressing a rs12459419C and T CD33 allele. 

To test the difference between the C and T allele, a CD33 minigene constructs were made and 

validated. Higher expression of hCD33m were observed in the T allele, which was first 

demonstrated at the protein level. Furthermore, phagocytosis assays supported that U937 cells 

expressing the CD33 minigene with T allele were more phagocytic toward Aβ1-42 aggregates 

compared to cells expressing the CD33 minigene with C allele. This finding supports a growing 

body of research showing that hCD33m is a gain-of-function protein.135,153 As hCD33m appears 

to prefer an intracellular localization, the effect of Cys42 on hCD33m localization was 

investigated. It was found that C42A hCD33m had higher cell-surface expression levels than WT 
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hCD33m, supporting the concept that Cys42 on hCD33m might be important in retaining hCD33m 

intracellularly. Given the beneficial roles of hCD33m, a version of CD33, called CD33ex2(flx/flx), 

was devised to turn hCD33M into hCD33m by Cre recombination. In the future, this CD33ex2(flx/flx) 

construct can be applied in transgenic mice to induce isoform switching of hCD33M to hCD33m 

at specific timepoints within an AD mouse model, which can help to investigate different roles of 

both isoforms in AD pathology. Finally, to discover small molecules that can induce exon-2 

skipping, three CD33 splicing reporter systems were developed and validated. These culminated 

in Construct III that leverages a dual luciferase system where one signal goes up and another goes 

down upon induction of exon-2 exclusion. In the future, such a ratiometric reporter should prove 

valuable in screening for small molecules capable of inducing exon-2 exlusion, which will have 

potential to treat AD.  
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DNA sequences of all constructs used in this thesis 
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A.1 CD33 

atgccgctgctgctactgctgcccctgctgtgggcaggggccctggctatggatccaaatttctggctgcaagtgcaggagtcagtgacggt

acaggagggtttgtgcgtcctcgtgccctgcactttcttccatcccataccctactacgacaagaactccccagttcatggttactggttccgg

gaaggagccattatatccagggactctccagtggccacaaacaagctagatcaagaagtacaggaggagactcagggcagattccgcctc

cttggggatcccagtaggaacaactgctccctgagcatcgtagacgccaggaggagggataatggttcatacttctttcggatggagagag

gaagtaccaaatacagttacaaatctccccagctctctgtgcatgtgacagacttgacccacaggcccaaaatcctcatccctggcactctag

aacccggccactccaaaaacctgacctgctctgtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgccccc

acctccctgggccccaggactactcactcctcggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtg

aagttcgctggagctggtgtgactacggagagaaccatccagctcaacgtcacctatgttccacagaacccaacaactggtatctttccagg

agatggctcagggaaacaagagaccagagcaggagtggttcatggggccattggaggagctggtgttacagccctgctcgctctttgtctc

tgcctcatcttcttcatagtgaagacccacaggaggaaagcagccaggacagcagtgggcaggaatgacacccaccctaccacagggtc

agcctccccgaaacaccagaagaagtccaagttacatggccccactgaaacctcaagctgttcaggtgccgcccctactgtggagatggat

gaggagctgcattatgcttccctcaactttcatgggatgaatccttccaaggacacctccaccgaatactcagaggtcaggacccagtga 

A.2 CD33-Fc 

atgccgctgctgctactgctgcccctgctgtgggcaggggccctggctatggatccaaatttctggctgcaagtgcaggagtcagtgacggt

acaggagggtttgtgcgtcctcgtgccctgcactttcttccatcccataccctactacgacaagaactccccagttcatggttactggttccgg

gaaggagccattatatccagggactctccagtggccacaaacaagctagatcaagaagtacaggaggagactcagggcagattccgcctc

cttggggatcccagtaggaacaactgctccctgagcatcgtagacgccaggaggagggataatggttcatacttctttcggatggagagag

gaagtaccaaatacagttacaaatctccccagctctctgtgcatgtgacagacttgacccacaggcccaaaatcctcatccctggcactctag

aacccggccactccaaaaacctgacctgctctgtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgccccc

acctccctgggccccaggactactcactcctcggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtg

aagttcgctggagctggtgtgactacggagagaaccatccagctcaacgtcacctatgttccacagaacccaacaactggtatctttccagg
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agatggctcagggaaacaagagaccagagcaggagtggttcataccggtgagaacctgtacttccagggggacaaaactcacacatgcc

caccgtgcccagcacctgaagccgccggggcctcctcagtcttcctcttccccccaaaacccaaggacaccctcatgatctcccggacccc

tgaggtcacatgcgtggtggtggacgtgagcgccgaagaccctgaggtcaagttcaactggtacgtggacggcgtggaggtgcataatgc

caagacaaagccgcgggaggagcagtacaacagcacgtaccgtgtggtcagcgtcctcaccgtcctgcaccaggactggctgaatggc

aaggagtacaagtgcaaggtctccaacaaagccctcccatcctccatcgagaaaaccatctccaaagccaaagggcagccccgcgaacc

acaggtgtacaccctgcccccatcacgggaggagatgaccaagaaccaggtcagcctgacctgcctggtcaaaggcttctatcccagcga

catcgccgtggagtgggagagcaatgggcagccggagaacaactacaagaccacgcctcccgtgctggactccgacggctccttcttcct

ctacagcaagctcaccgtggacaagagcaggtggcagcaggggaacgtcttctcatgctccgtgatgcacgaggctctgcacaaccacta

cacgcagaagagcctctccctgtctccgggtaaacaccatcaccatcaccattggtcccacccccagttcgagaagtga 

A.3 CD33 minigene (C allele) 

atgccgctgctgctactgctgcccctgctgtgggcaggtgagtggctgtggggagaggggttgtcgggctgggccgagctgaccctcgttt

ccccacaggggccctggctatggatccaaatttctggctgcaagtgcaggagtcagtgacggtacaggagggtttgtgcgtcctcgtgccc

tgcactttcttccatcccataccctactacgacaagaactccccagttcatggttactggttccgggaaggagccattatatccagggactctcc

agtggccacaaacaagctagatcaagaagtacaggaggagactcagggcagattccgcctccttggggatcccagtaggaacaactgct

ccctgagcatcgtagacgccaggaggagggataatggttcatacttctttcggatggagagaggaagtaccaaatacagttacaaatctccc

cagctctctgtgcatgtgacaggtgaggcacaggcttcagaagtggccgcaagggaagttcatgggtactgcagggcagggctgggatg

ggaccctggtactgggaggggtttaggggtaaagcctgtcgtgcttagcgggggagcttgaccagaggttgatcttctctcaggccctcac

ctggaccctccctcctgattctgcatcccctctttctcctcactagacttgacccacaggcccaaaatcctcatccctggcactctagaacccg

gccactccaaaaacctgacctgctctgtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgcccccacctcc

ctgggccccaggactactcactcctcggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtgaagttc

gctggagctggtgtgactacggagagaaccatccagctcaacgtcacctatgttccacagaacccaacaactggtatctttccaggagatgg

ctcagggaaacaagagaccagagcaggagtggttcatggggccattggaggagctggtgttacagccctgctcgctctttgtctctgcctca

tcttcttcatagtgaagacccacaggaggaaagcagccaggacagcagtgggcaggaatgacacccaccctaccacagggtcagcctcc
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ccgaaacaccagaagaagtccaagttacatggccccactgaaacctcaagctgttcaggtgccgcccctactgtggagatggatgaggag

ctgcattatgcttccctcaactttcatgggatga 

A.4 CD33 minigene (T allele) 

atgccgctgctgctactgctgcccctgctgtgggcaggtgagtggctgtggggagaggggttgtcgggctgggccgagctgaccctcgttt

ccccacaggggtcctggctatggatccaaatttctggctgcaagtgcaggagtcagtgacggtacaggagggtttgtgcgtcctcgtgccct

gcactttcttccatcccataccctactacgacaagaactccccagttcatggttactggttccgggaaggagccattatatccagggactctcc

agtggccacaaacaagctagatcaagaagtacaggaggagactcagggcagattccgcctccttggggatcccagtaggaacaactgct

ccctgagcatcgtagacgccaggaggagggataatggttcatacttctttcggatggagagaggaagtaccaaatacagttacaaatctccc

cagctctctgtgcatgtgacaggtgaggcacaggcttcagaagtggccgcaagggaagttcatgggtactgcagggcagggctgggatg

ggaccctggtactgggaggggtttaggggtaaagcctgtcgtgcttagcgggggagcttgaccagaggttgatcttctctcaggccctcac

ctggaccctccctcctgattctgcatcccctctttctcctcactagacttgacccacaggcccaaaatcctcatccctggcactctagaacccg

gccactccaaaaacctgacctgctctgtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgcccccacctcc

ctgggccccaggactactcactcctcggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtgaagttc

gctggagctggtgtgactacggagagaaccatccagctcaacgtcacctatgttccacagaacccaacaactggtatctttccaggagatgg

ctcagggaaacaagagaccagagcaggagtggttcatggggccattggaggagctggtgttacagccctgctcgctctttgtctctgcctca

tcttcttcatagtgaagacccacaggaggaaagcagccaggacagcagtgggcaggaatgacacccaccctaccacagggtcagcctcc

ccgaaacaccagaagaagtccaagttacatggccccactgaaacctcaagctgttcaggtgccgcccctactgtggagatggatgaggag

ctgcattatgcttccctcaactttcatgggatgaatccttccaaggacacctccaccgaatactcagaggtcaggacccagtga 

A.5 CD33ex2(flx/flx) minigene 

gctagcatgccgctgctgctactgctgcccctgctgtgggcaggtgagtggctgtggggagaggggttgtcggataacttcgtatagcatac

attatacgaagttatgctgggccgagctgaccctcgtttccccacaggggccctggctatggatccaaatttctggctgcaagtgcaggagtc

agtgacggtacaggagggtttgtgcgtcctcgtgccctgcactttcttccatcccataccctactacgacaagaactccccagttcatggttact
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ggttccgggaaggagccattatatccagggactctccagtggccacaaacaagctagatcaagaagtacaggaggagactcagggcaga

ttccgcctccttggggatcccagtaggaacaactgctccctgagcatcgtagacgccaggaggagggataatggttcatacttctttcggatg

gagagaggaagtaccaaatacagttacaaatctccccagctctctgtgcatgtgacaggtgaggcacaggcttcagaagtggccgcaagg

gaagttcatgggtactgcagggcagggctgggatgggaccctggtactgggaggggtttaggggtaaagcctataacttcgtatagcatac

attatacgaagttatgtcgtgcttagcgggggagcttgaccagaggttgatcttctctcaggccctcacctggaccctccctcctgattctgcat

cccctctttctcctcactagacttgacccacaggcccaaaatcctcatccctggcactctagaacccggccactccaaaaacctgacctgctc

tgtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgcccccacctccctgggccccaggactactcactcct

cggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtgaagttcgctggagctggtgtgactacggaga

gaaccatccagctcaacgtcacctatgttccacagaacccaacaactggtatctttccaggagatggctcagggaaacaagagaccagagc

aggagtggttcatggggccattggaggagctggtgttacagccctgctcgctctttgtctctgcctcatcttcttcatagtgaagacccacagg

aggaaagcagccaggacagcagtgggcaggaatgacacccaccctaccacagggtcagcctccccgaaacaccagaagaagtccaag

ttacatggccccactgaaacctcaagctgttcaggtgccgcccctactgtggagatggatgaggagctgcattatgcttccctcaactttcatg

ggatgaatccttccaaggacacctccaccgaatactcagaggtcaggacccagtgaaccggt 

A.6 Construct I (C allele) 

atgccgctgctgctactgctgcccctgctgtgggcaggtgagtggctgtggggagaggggttgtcgggctgggccgagctgaccctcgttt

ccccacaggggccctggctatggatccaaatttctggctgcaagtgcaggagtcagtgacggtacaggagggtttgtgcgtcctcgtgccc

tgcactttctgatgattccatcccataccctactacgacaagaactccccagttcatggttactggttccgggaaggagccattatatccaggg

actctccagtggccacaaacaagctagatcaagaagtacaggaggagactcagggcagattccgcctccttggggatcccagtaggaaca

actgctccctgagcatcgtagacgccaggaggagggataatggttcatacttctttcggatggagagaggaagtaccaaatacagttacaaa

tctccccagctctctgtgcatgtgacaggtgaggcacaggcttcagaagtggccgcaagggaagttcatgggtactgcagggcagggctg

ggatgggaccctggtactgggaggggtttaggggtaaagcctgtcgtgcttagcgggggagcttgaccagaggttgatcttctctcaggcc

ctcacctggaccctccctcctgattctgcatcccctctttctcctcactagacttgacccacaggcccaaaatcctcatccctggcactctagaa

cccggccactccaaaaacctgacctgctctgtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgcccccac
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ctccctgggccccaggactactcactcctcggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtgaa

gttcgctggagctggtgtgactacggagagaaccatccagctcaacgtcaccgccaccaacttctccctgctgaagcaggccggcgacgt

ggaggagaaccccggccccgtcttcacactcgaagatttcgttggggactggcgacagacagccggctacaacctggaccaagtccttga

acagggaggtgtgtccagtttgtttcagaatctcggggtgtccgtaactccgatccaaaggattgtcctgagcggtgaaaatgggctgaagat

cgacatccatgtcatcatcccgtatgaaggtctgagcggcgaccaaatgggccagatcgaaaaaatttttaaggtggtgtaccctgtggatg

atcatcactttaaggtgatcctgcactatggcacactggtaatcgacggggttacgccgaacatgatcgactatttcggacggccgtatgaag

gcatcgccgtgttcgacggcaaaaagatcactgtaacagggaccctgtggaacggcaacaaaattatcgacgagcgcctgatcaaccccg

acggctccctgctgttccgagtaaccatcaacggagtgaccggctggcggctgtgcgaacgcattctggcgtaa 

A.7 Construct I (T allele) 

atgccgctgctgctactgctgcccctgctgtgggcaggtgagtggctgtggggagaggggttgtcgggctgggccgagctgaccctcgttt

ccccacaggggtcctggctatggatccaaatttctggctgcaagtgcaggagtcagtgacggtacaggagggtttgtgcgtcctcgtgccct

gcactttctgatgattccatcccataccctactacgacaagaactccccagttcatggttactggttccgggaaggagccattatatccaggga

ctctccagtggccacaaacaagctagatcaagaagtacaggaggagactcagggcagattccgcctccttggggatcccagtaggaacaa

ctgctccctgagcatcgtagacgccaggaggagggataatggttcatacttctttcggatggagagaggaagtaccaaatacagttacaaat

ctccccagctctctgtgcatgtgacaggtgaggcacaggcttcagaagtggccgcaagggaagttcatgggtactgcagggcagggctgg

gatgggaccctggtactgggaggggtttaggggtaaagcctgtcgtgcttagcgggggagcttgaccagaggttgatcttctctcaggccct

cacctggaccctccctcctgattctgcatcccctctttctcctcactagacttgacccacaggcccaaaatcctcatccctggcactctagaacc

cggccactccaaaaacctgacctgctctgtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgcccccacct

ccctgggccccaggactactcactcctcggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtgaagt

tcgctggagctggtgtgactacggagagaaccatccagctcaacgtcaccgccaccaacttctccctgctgaagcaggccggcgacgtgg

aggagaaccccggccccgtcttcacactcgaagatttcgttggggactggcgacagacagccggctacaacctggaccaagtccttgaac

agggaggtgtgtccagtttgtttcagaatctcggggtgtccgtaactccgatccaaaggattgtcctgagcggtgaaaatgggctgaagatc

gacatccatgtcatcatcccgtatgaaggtctgagcggcgaccaaatgggccagatcgaaaaaatttttaaggtggtgtaccctgtggatgat
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catcactttaaggtgatcctgcactatggcacactggtaatcgacggggttacgccgaacatgatcgactatttcggacggccgtatgaagg

catcgccgtgttcgacggcaaaaagatcactgtaacagggaccctgtggaacggcaacaaaattatcgacgagcgcctgatcaaccccga

cggctccctgctgttccgagtaaccatcaacggagtgaccggctggcggctgtgcgaacgcattctggcgtaa 

A.8 Construct I (CD33ex2(flx/flx)) 

atgccgctgctgctactgctgcccctgctgtgggcaggtgagtggctgtggggagaggggttgtcggataacttcgtatagcatacattatac

gaagttatgctgggccgagctgaccctcgtttccccacaggggccctggctatggatccaaatttctggctgcaagtgcaggagtcagtgac

ggtacaggagggtttgtgcgtcctcgtgccctgcactttctgatgattccatcccataccctactacgacaagaactccccagttcatggttact

ggttccgggaaggagccattatatccagggactctccagtggccacaaacaagctagatcaagaagtacaggaggagactcagggcaga

ttccgcctccttggggatcccagtaggaacaactgctccctgagcatcgtagacgccaggaggagggataatggttcatacttctttcggatg

gagagaggaagtaccaaatacagttacaaatctccccagctctctgtgcatgtgacaggtgaggcacaggcttcagaagtggccgcaagg

gaagttcatgggtactgcagggcagggctgggatgggaccctggtactgggaggggtttaggggtaaagcctataacttcgtatagcatac

attatacgaagttatgtcgtgcttagcgggggagcttgaccagaggttgatcttctctcaggccctcacctggaccctccctcctgattctgcat

cccctctttctcctcactagacttgacccacaggcccaaaatcctcatccctggcactctagaacccggccactccaaaaacctgacctgctc

tgtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgcccccacctccctgggccccaggactactcactcct

cggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtgaagttcgctggagctggtgtgactacggaga

gaaccatccagctcaacgtcaccgccaccaacttctccctgctgaagcaggccggcgacgtggaggagaaccccggccccgtcttcaca

ctcgaagatttcgttggggactggcgacagacagccggctacaacctggaccaagtccttgaacagggaggtgtgtccagtttgtttcagaa

tctcggggtgtccgtaactccgatccaaaggattgtcctgagcggtgaaaatgggctgaagatcgacatccatgtcatcatcccgtatgaag

gtctgagcggcgaccaaatgggccagatcgaaaaaatttttaaggtggtgtaccctgtggatgatcatcactttaaggtgatcctgcactatg

gcacactggtaatcgacggggttacgccgaacatgatcgactatttcggacggccgtatgaaggcatcgccgtgttcgacggcaaaaagat

cactgtaacagggaccctgtggaacggcaacaaaattatcgacgagcgcctgatcaaccccgacggctccctgctgttccgagtaaccatc

aacggagtgaccggctggcggctgtgcgaacgcattctggcgtaa 
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A.9 Construct II (C allele) 

gctagcatgccgctgctgctactgctgcccctgctgtgggcaggtgagtggctgtggggagaggggttgtcgggctgggccgagctgacc

ctcgtttccccacaggggccctggctatggatccaaatttctggctgcaagtgcaggagtcagtgacggtacaggagggtttgtgcgtcctc

gtgccctgcactttctgatgattccatcccataccctactacgacaagaactccccagttcatggttactggttccgggaaggagccattatatc

cagggactctccagtggccacaaacaagctagatcaagaagtacaggaggagactcagggcagattccgcctccttggggatcccagta

ggaacaactgctccctgagcatcgtagacgccaggaggagggataatggttcatacttctttcggatggagagaggaagtaccaaatacag

ttacaaatctccccagctctctgtgcatgtgacaggtgaggcacaggcttcagaagtggccgcaagggaagttcatgggtactgcagggca

gggctgggatgggaccctggtactgggaggggtttaggggtaaagcctgtcgtgcttagcgggggagcttgaccagaggttgatcttctct

caggccctcacctggaccctccctcctgattctgcatcccctctttctcctcactagacttgacccacaggcccaaaatcctcatccctggcac

tctagaacccggccactccaaaaacctgacctgctctgtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctg

cccccacctccctgggccccaggactactcactcctcggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtc

aggtgaagttcgctggagctggtgtgactacggagagaaccatccagctcaacgtcaccccgctgctgctactgctgcccctgctgtgggc

aggtgagtggctgtggggagaggggttgtcgggctgggccgagctgaccctcgtttccccacaggggccctggctatggatccaaatttct

ggctgcaagtgcaggagtcagtgacggtacaggagggtttgtgcgtcctcgtgccctgcactttctgatgattccatcccataccctactacg

acaagaactccccagttcatggttactggttccgggaaggagccattatatccagggactctccagtggccacaaacaagctagatcaaga

agtacaggaggagactcagggcagattccgcctccttggggatcccagtaggaacaactgctccctgagcatcgtagacgccaggagga

gggataatggttcatacttctttcggatggagagaggaagtaccaaatacagttacaaatctccccagctctctgtgcatgtgacaggtgagg

cacaggcttcagaagtggccgcaagggaagttcatgggtactgcagggcagggctgggatgggaccctggtactgggaggggtttagg

ggtaaagcctgtcgtgcttagcgggggagcttgaccagaggttgatcttctctcaggccctcacctggaccctccctcctgattctgcatccc

ctctttctcctcactagacttgacccacaggcccaaaatcctcatccctggcactctagaacccggccactccaaaaacctgacctgctctgtg

tcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgcccccacctccctgggccccaggactactcactcctcggt

gctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtgaagttcgctggagctggtgtgactacggagagaa

ccatccagctcaacgtcaccgccaccaacttctccctgctgaagcaggccggcgacgtggaggagaaccccggccccgtcttcacactcg
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aagatttcgttggggactggcgacagacagccggctacaacctggaccaagtccttgaacagggaggtgtgtccagtttgtttcagaatctc

ggggtgtccgtaactccgatccaaaggattgtcctgagcggtgaaaatgggctgaagatcgacatccatgtcatcatcccgtatgaaggtct

gagcggcgaccaaatgggccagatcgaaaaaatttttaaggtggtgtaccctgtggatgatcatcactttaaggtgatcctgcactatggcac

actggtaatcgacggggttacgccgaacatgatcgactatttcggacggccgtatgaaggcatcgccgtgttcgacggcaaaaagatcact

gtaacagggaccctgtggaacggcaacaaaattatcgacgagcgcctgatcaaccccgacggctccctgctgttccgagtaaccatcaac

ggagtgaccggctggcggctgtgcgaacgcattctggcgtaaaccggt 

A.10 Construct III (C allele) 

atgccgctgctgctactgctgcccctgctgtgggcaggtgagtggctgtggggagaggggttgtcgggctgggccgagctgaccctcgttt

ccccacaggggccctggctatggatccaaatgtcttcacactcgaagatttcgttggggactggcgacagacagccggctacaacctggac

caagtccttgaacagggaggtgtgtccagtttgtttcagaatctcggggtgtccgtaactccgatccaaaggattgtcctgagcggtgaaaat

gggctgaagatcgacatccatgtcatcatcccgtatgaaggtctgagcggcgaccaaatgggccagatcgaaaaaatttttaaggtggtgta

ccctgtggatgatcatcactttaaggtgatcctgcactatggcacactggtaatcgacggggttacgccgaacatgatcgactatttcggacg

gccgtatgaaggcatcgccgtgttcgacggcaaaaagatcactgtaacagggaccctgtggaacggcaacaaaattatcgacgagcgcct

gatcaaccccgacggctccctgctgttccgagtaaccatcaacggagtgaccggctggcggctgtgcgaacgcattctggcgtgatgaca

gctctctgtgcatgtgacaggtgaggcacaggcttcagaagtggccgcaagggaagttcatgggtactgcagggcagggctgggatggg

accctggtactgggaggggtttaggggtaaagcctgtcgtgcttagcgggggagcttgaccagaggttgatcttctctcaggccctcacctg

gaccctccctcctgattctgcatcccctctttctcctcactagacttgacccacaggcccaaaatcctcatccctggcactctagaacccggcc

actccaaaaacctgacctgctctgtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgcccccacctccctgg

gccccaggactactcactcctcggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtgaagttcgctg

gagctggtgtgactacggagagaaccatccagctcaacgtcaccgaagacgccaaaaacataaagaaaggcccggcgccattctatccg

ctggaagatggaaccgctggagagcaactgcataaggctatgaagagatacgccctggttcctggaacaattgcttttacagatgcacatat

cgaggtggacatcacttacgctgagtacttcgaaatgtccgttcggttggcagaagctatgaaacgatatgggctgaatacaaatcacagaat

cgtcgtatgcagtgaaaactctcttcaattctttatgccggtgttgggcgcgttatttatcggagttgcagttgcgcccgcgaacgacatttataa
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tgaacgtgaattgctcaacagtatgggcatttcgcagcctaccgtggtgttcgtttccaaaaaggggttgcaaaaaattttgaacgtgcaaaaa

aagctcccaatcatccaaaaaattattatcatggattctaaaacggattaccagggatttcagtcgatgtacacgttcgtcacatctcatctacct

cccggttttaatgaatacgattttgtgccagagtccttcgatagggacaagacaattgcactgatcatgaactcctctggatctactggtctgcct

aaaggtgtcgctctgcctcatagaactgcctgcgtgagattctcgcatgccagagatcctatttttggcaatcaaatcattccggatactgcgat

tttaagtgttgttccattccatcacggttttggaatgtttactacactcggatatttgatatgtggatttcgagtcgtcttaatgtatagatttgaagaa

gagctgtttctgaggagccttcaggattacaagattcaaagtgcgctgctggtgccaaccctattctccttcttcgccaaaagcactctgattga

caaatacgatttatctaatttacacgaaattgcttctggtggcgctcccctctctaaggaagtcggggaagcggttgccaagaggttccatctg

ccaggtatcaggcaaggatatgggctcactgagactacatcagctattctgattacacccgagggggatgataaaccgggcgcggtcggta

aagttgttccattttttgaagcgaaggttgtggatctggataccgggaaaacgctgggcgttaatcaaagaggcgaactgtgtgtgagaggtc

ctatgattatgtccggttatgtaaacaatccggaagcgaccaacgccttgattgacaaggatggatggctacattctggagacatagcttactg

ggacgaagacgaacacttcttcatcgttgaccgcctgaagtctctgattaagtacaaaggctatcaggtggctcccgctgaattggaatccat

cttgctccaacaccccaacatcttcgacgcaggtgtcgcaggtcttcccgacgatgacgccggtgaacttcccgccgccgttgttgttttgga

gcacggaaagacgatgacggaaaaagagatcgtggattacgtcgccagtcaagtaacaaccgcgaaaaagttgcgcggaggagttgtgt

ttgtggacgaagtaccgaaaggtcttaccggaaaactcgacgcaagaaaaatcagagagatcctcataaaggccaagaagggcggaaag

atcgccgtgtga 

A.11 Construct III (T allele) 

atgccgctgctgctactgctgcccctgctgtgggcaggtgagtggctgtggggagaggggttgtcgggctgggccgagctgaccctcgttt

ccccacaggggtcctggctatggatccaaatgtcttcacactcgaagatttcgttggggactggcgacagacagccggctacaacctggac

caagtccttgaacagggaggtgtgtccagtttgtttcagaatctcggggtgtccgtaactccgatccaaaggattgtcctgagcggtgaaaat

gggctgaagatcgacatccatgtcatcatcccgtatgaaggtctgagcggcgaccaaatgggccagatcgaaaaaatttttaaggtggtgta

ccctgtggatgatcatcactttaaggtgatcctgcactatggcacactggtaatcgacggggttacgccgaacatgatcgactatttcggacg

gccgtatgaaggcatcgccgtgttcgacggcaaaaagatcactgtaacagggaccctgtggaacggcaacaaaattatcgacgagcgcct

gatcaaccccgacggctccctgctgttccgagtaaccatcaacggagtgaccggctggcggctgtgcgaacgcattctggcgtgatgaca
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gctctctgtgcatgtgacaggtgaggcacaggcttcagaagtggccgcaagggaagttcatgggtactgcagggcagggctgggatggg

accctggtactgggaggggtttaggggtaaagcctgtcgtgcttagcgggggagcttgaccagaggttgatcttctctcaggccctcacctg

gaccctccctcctgattctgcatcccctctttctcctcactagacttgacccacaggcccaaaatcctcatccctggcactctagaacccggcc

actccaaaaacctgacctgctctgtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgcccccacctccctgg

gccccaggactactcactcctcggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtgaagttcgctg

gagctggtgtgactacggagagaaccatccagctcaacgtcaccgaagacgccaaaaacataaagaaaggcccggcgccattctatccg

ctggaagatggaaccgctggagagcaactgcataaggctatgaagagatacgccctggttcctggaacaattgcttttacagatgcacatat

cgaggtggacatcacttacgctgagtacttcgaaatgtccgttcggttggcagaagctatgaaacgatatgggctgaatacaaatcacagaat

cgtcgtatgcagtgaaaactctcttcaattctttatgccggtgttgggcgcgttatttatcggagttgcagttgcgcccgcgaacgacatttataa

tgaacgtgaattgctcaacagtatgggcatttcgcagcctaccgtggtgttcgtttccaaaaaggggttgcaaaaaattttgaacgtgcaaaaa

aagctcccaatcatccaaaaaattattatcatggattctaaaacggattaccagggatttcagtcgatgtacacgttcgtcacatctcatctacct

cccggttttaatgaatacgattttgtgccagagtccttcgatagggacaagacaattgcactgatcatgaactcctctggatctactggtctgcct

aaaggtgtcgctctgcctcatagaactgcctgcgtgagattctcgcatgccagagatcctatttttggcaatcaaatcattccggatactgcgat

tttaagtgttgttccattccatcacggttttggaatgtttactacactcggatatttgatatgtggatttcgagtcgtcttaatgtatagatttgaagaa

gagctgtttctgaggagccttcaggattacaagattcaaagtgcgctgctggtgccaaccctattctccttcttcgccaaaagcactctgattga

caaatacgatttatctaatttacacgaaattgcttctggtggcgctcccctctctaaggaagtcggggaagcggttgccaagaggttccatctg

ccaggtatcaggcaaggatatgggctcactgagactacatcagctattctgattacacccgagggggatgataaaccgggcgcggtcggta

aagttgttccattttttgaagcgaaggttgtggatctggataccgggaaaacgctgggcgttaatcaaagaggcgaactgtgtgtgagaggtc

ctatgattatgtccggttatgtaaacaatccggaagcgaccaacgccttgattgacaaggatggatggctacattctggagacatagcttactg

ggacgaagacgaacacttcttcatcgttgaccgcctgaagtctctgattaagtacaaaggctatcaggtggctcccgctgaattggaatccat

cttgctccaacaccccaacatcttcgacgcaggtgtcgcaggtcttcccgacgatgacgccggtgaacttcccgccgccgttgttgttttgga

gcacggaaagacgatgacggaaaaagagatcgtggattacgtcgccagtcaagtaacaaccgcgaaaaagttgcgcggaggagttgtgt
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ttgtggacgaagtaccgaaaggtcttaccggaaaactcgacgcaagaaaaatcagagagatcctcataaaggccaagaagggcggaaag

atcgccgtgtga 

A.12 Construct III (CD33ex2(flx/flx)) 

gctagcatgccgctgctgctactgctgcccctgctgtgggcaggtgagtggctgtggggagaggggttgtcggataacttcgtatagcatac

attatacgaagttatgctgggccgagctgaccctcgtttccccacaggggccctggctatggatccaaatgtcttcacactcgaagatttcgtt

ggggactggcgacagacagccggctacaacctggaccaagtccttgaacagggaggtgtgtccagtttgtttcagaatctcggggtgtccg

taactccgatccaaaggattgtcctgagcggtgaaaatgggctgaagatcgacatccatgtcatcatcccgtatgaaggtctgagcggcgac

caaatgggccagatcgaaaaaatttttaaggtggtgtaccctgtggatgatcatcactttaaggtgatcctgcactatggcacactggtaatcg

acggggttacgccgaacatgatcgactatttcggacggccgtatgaaggcatcgccgtgttcgacggcaaaaagatcactgtaacaggga

ccctgtggaacggcaacaaaattatcgacgagcgcctgatcaaccccgacggctccctgctgttccgagtaaccatcaacggagtgaccg

gctggcggctgtgcgaacgcattctggcgtgatgacagctctctgtgcatgtgacaggtgaggcacaggcttcagaagtggccgcaaggg

aagttcatgggtactgcagggcagggctgggatgggaccctggtactgggaggggtttaggggtaaagcctataacttcgtatagcataca

ttatacgaagttatgtcgtgcttagcgggggagcttgaccagaggttgatcttctctcaggccctcacctggaccctccctcctgattctgcatc

ccctctttctcctcactagacttgacccacaggcccaaaatcctcatccctggcactctagaacccggccactccaaaaacctgacctgctct

gtgtcctgggcctgtgagcagggaacacccccgatcttctcctggttgtcagctgcccccacctccctgggccccaggactactcactcctc

ggtgctcataatcaccccacggccccaggaccacggcaccaacctgacctgtcaggtgaagttcgctggagctggtgtgactacggagag

aaccatccagctcaacgtcagaagacgccaaaaacataaagaaaggcccggcgccattctatccgctggaagatggaaccgctggagag

caactgcataaggctatgaagagatacgccctggttcctggaacaattgcttttacagatgcacatatcgaggtggacatcacttacgctgagt

acttcgaaatgtccgttcggttggcagaagctatgaaacgatatgggctgaatacaaatcacagaatcgtcgtatgcagtgaaaactctcttca

attctttatgccggtgttgggcgcgttatttatcggagttgcagttgcgcccgcgaacgacatttataatgaacgtgaattgctcaacagtatgg

gcatttcgcagcctaccgtggtgttcgtttccaaaaaggggttgcaaaaaattttgaacgtgcaaaaaaagctcccaatcatccaaaaaattatt

atcatggattctaaaacggattaccagggatttcagtcgatgtacacgttcgtcacatctcatctacctcccggttttaatgaatacgattttgtgc

cagagtccttcgatagggacaagacaattgcactgatcatgaactcctctggatctactggtctgcctaaaggtgtcgctctgcctcatagaac
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tgcctgcgtgagattctcgcatgccagagatcctatttttggcaatcaaatcattccggatactgcgattttaagtgttgttccattccatcacggtt

ttggaatgtttactacactcggatatttgatatgtggatttcgagtcgtcttaatgtatagatttgaagaagagctgtttctgaggagccttcaggat

tacaagattcaaagtgcgctgctggtgccaaccctattctccttcttcgccaaaagcactctgattgacaaatacgatttatctaatttacacgaa

attgcttctggtggcgctcccctctctaaggaagtcggggaagcggttgccaagaggttccatctgccaggtatcaggcaaggatatgggct

cactgagactacatcagctattctgattacacccgagggggatgataaaccgggcgcggtcggtaaagttgttccattttttgaagcgaaggt

tgtggatctggataccgggaaaacgctgggcgttaatcaaagaggcgaactgtgtgtgagaggtcctatgattatgtccggttatgtaaacaa

tccggaagcgaccaacgccttgattgacaaggatggatggctacattctggagacatagcttactgggacgaagacgaacacttcttcatcg

ttgaccgcctgaagtctctgattaagtacaaaggctatcaggtggctcccgctgaattggaatccatcttgctccaacaccccaacatcttcga

cgcaggtgtcgcaggtcttcccgacgatgacgccggtgaacttcccgccgccgttgttgttttggagcacggaaagacgatgacggaaaa

agagatcgtggattacgtcgccagtcaagtaacaaccgcgaaaaagttgcgcggaggagttgtgtttgtggacgaagtaccgaaaggtctt

accggaaaactcgacgcaagaaaaatcagagagatcctcataaaggccaagaagggcggaaagatcgccgtgtgaaccggt 
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