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ABSTRACT 

MAPPING THE EPITOPES RECOGNIZED BY MONOCLONAL ANTI-LEWIS X AND 
ANTI-LEWIS A ANTIBODIES 

Sinthuja Jegatheeswaran      Advisor: 
University of Guelph, 2019      Dr. France-Isabelle Auzanneau 

Aberrant glycosylation is a common biochemical phenomenon associated with cancer. The 

aberrations in glycan structure, referred to as Tumor Associated Carbohydrate Antigens (TACAs), 

offer a promising avenue for targeted cancer immunotherapy, specifically for the design of 

epitope-based vaccines. The primary goal of designing such vaccines is to be able to target these 

antigens while avoiding an autoimmune response. Therefore, the understanding of the 

immunogenic potential of the specific antigen is critical in the development of TACA-based 

vaccines. Epitope mapping of monoclonal antibodies (mAbs) is a widely used technique in 

evaluating the immunogenic potential of such target antigens. Two TACAs of particular interest 

to our research group are the dimeric Lewis X (dimLex) and Lewis A Lewis X (LeaLex) 

hexasaccharides. Herein, we describe the characterization of three anti-TACA mAbs: IG5F6, SH2 

and SPM 522.  The work presented here provides valuable insight into identifying promising 

TACA-based therapeutic targets.  
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1.1 Introduction 

Biological macromolecules are important cellular components, making up 80 to 90% of the 

dry weight of most cells.1 The four main classes of biological macromolecules include proteins, 

carbohydrates, lipids, and nucleic acids. For over a century, the areas of proteins, lipids and nucleic 

acids have been of extensive interest for scientists worldwide. However, our knowledge regarding 

the biological roles of carbohydrates has only expanded during recent years.2 Carbohydrates are 

the most abundant group of organic molecules found in nature, and are known for their highly 

diverse and complex nature.2,3 They are widely found on cell membranes, particularly in the 

glycocalyx, a fibrous mesh of proteoglycans and glycoconjugates that surrounds the cell 

membranes of endothelial cells, bacteria, and other cells.4 Glycoconjugates are defined by the 

linkage of the sugar to either a peptide backbone or lipid chain, creating glycoproteins and 

glycolipids respectively.4,5 Given their presence in all cellular compartments, carbohydrates have 

many major biological roles, extending far beyond their well-known role in energy storage. Cell 

surface carbohydrates are involved in many physiological functions including embryonic 

development, cell differentiation, growth, and signaling, as well as cell-cell recognition, host-

pathogen interaction, host immune response and membrane rigidity.6 Variation in carbohydrate 

structures have also been directly implicated in the pathogenesis of many human diseases, 

including cancer as well as viral and bacterial infections.6 The role of carbohydrates in disease and 

infection has opened up the possibility of using carbohydrates as novel targets for drug and vaccine 

development.  
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1.2 Cancer 

Cancer is one of the most prevalent and dangerous diseases, posing a major health threat 

worldwide. It is the second leading cause of death globally, amounting to 9.6 million deaths in 

2018.7 Cancer is a broad term given to a collection of related diseases characterized by the 

uncontrolled growth and division of abnormal cells that can spread to other parts of the body. The 

four most common cancers are lung, prostate, colon and breast cancer.7 According to the Canadian 

Cancer Society, the five year survival rate after being diagnosed with cancer has increased from 

about 25% in the 1940s to 60% today.7 Although an increasing number of Canadians survive past 

the five-year mark, cancer remains difficult to treat and cure.  

The major modalities of cancer therapy are surgery, chemotherapy, and radiation therapy.8 

While there has been significant progress in the advancements of these cancer therapies, they pose 

several drawbacks resulting from their lack of selectivity and development of drug-resistant cancer 

cells.8 Surgery is the first line of treatment for cancer. It is an invasive and localized procedure 

used to remove cancerous tissue. Although surgery is still effective for many cancers, it cannot be 

curative for metastatic diseases. Chemotherapy uses drugs to destroy rapidly proliferating cancer 

cells. Examples of drugs used in chemotherapy include alkylating agents, antimetabolites, anti-

tumor antibiotics, and topoisomerase inhibitors, all of which act by interfering with the cells’ 

deoxyribonucleic acid (DNA).9 Unfortunately, these drugs also kill many healthy cells, leading to 

undesirable side effects.10 Radiation therapy (or radiotherapy) destroys cancer cells using ionizing 

radiation that irreversibly damages the DNA of the cells and therefore blocks their ability to divide 

and proliferate. However oftentimes, radiotherapy is detrimental to nearby healthy cells.10 

Considering the limitations of the existing treatment methods, cancer continues to be a large 
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burden on the healthcare system. The advancement of anticancer therapies is vital. Immunotherapy 

is one of most promising modalities of cancer therapeutics, and has grown tremendously in the 

past two decades.8,11-13   

1.2.1 Cancer Immunotherapy 

Scientists proposed the concept of harnessing the immune system to battle tumors almost 

100 years ago.14 The concept was further elaborated by Burnet and Thomas in the 1950s, who 

proposed the theory of “immune surveillance”, which states that the immune system could 

recognize and eliminate malignant cells in the body.14,15 This concept laid the foundation for cancer 

immunotherapy.  

Cancer immunotherapy is a main focus for many cancer types. It works by training or 

boosting the body’s natural defenses to fight cancer.13 Cancer immunotherapy can be divided into 

two types: passive immunotherapy and active immunotherapy.11,14  Passive cancer immunotherapy 

results in an antigen-specific immune response by supplying the host with high amounts of effector 

molecules or immune components made in vitro, such as tumor-specific monoclonal antibodies 

(mAbs), and cytotoxic T-lymphocytes.11,14 Passive cancer immunotherapy is short-lived and 

dependent on repeated administrations of effector molecules through adoptive cell transfer (ACT) 

or cell-based therapy.16 Thus, in passive immunotherapy, immunological memory is not engaged. 

In contrast, active cancer immunotherapy trains the immune system to recognize and kill tumor 

cells in situ.11,14 An active immunotherapy agent typically produces a long-lasting and durable 

response, by inducing immunological memory.14  

A wide variety of immunotherapies against cancer have been explored, such as the use of 

immunostimulatory cytokines, immunomodulatory mAbs, pattern recognition receptor (PRR) 
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agonists, immune checkpoint inhibitors, and anticancer vaccines.14,17 Among these 

immunotherapies, the Auzanneau group is interested in the advancement of anticancer vaccines. 

Typically, a vaccine exposes the immune system to an antigen, which in turn triggers the immune 

system to recognize and destroy the specific antigen. Thus, antigens serve as valuable tools in the 

development of anticancer vaccines. 

1.2.2 Antigens and Epitopes 

Antigens are macromolecular substances that are recognized by the immune system as 

foreign or non-self.18 These substances can be classified into two types: complete (functional) and 

incomplete antigens.18 Complete antigens are also known as immunogens, whereas incomplete 

antigens are referred to as haptens. An immunogen is a foreign substance that induces a specific 

immune response and can be further defined by two properties – immunogenicity and 

antigenicity.18,19 Immunogenicity is an antigen’s ability to induce an immune response.19 

Antigenicity, on the other hand, is an antigen’s ability to react with effector molecules produced 

from the immune response (i.e. lymphocytes and antibodies).19 All molecules that are 

immunogenic, are also antigenic. However, the reverse is not true. Incomplete antigens or haptens 

are antigenic, but are unable to induce an immune response, lacking immunogenicity.18  

Lymphocytes do not recognize and interact with the entire antigen molecule, but rather 

interacts with discrete, smaller sites on the molecule, referred to as epitopes (Figure 1.1).19,20 

Epitopes, also referred to as antigenic sites or antigenic determinants, are structural features on an 

antigen that bind to antigen-specific receptors on lymphocytes or to antibodies.19 The structure of 

an epitope usually depends on the type of antigen.19 For example, in protein antigens, epitopes are 
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formed by amino acid residues, whereas in polysaccharides, epitopes are formed by 

monosaccharide units. 

 

 
 
Figure 1.1. Structure of a multivalent antigen (containing multiple epitopes). 

 
Epitopes can further be classified as continuous and discontinuous determinants (Figure 

1.2).20 Continuous or linear determinants are defined by a continuous sequence of basic subunits 

in a biomolecule, such as a sequence of connected amino acids in a polypeptide chain, or a 

sequence of monosaccharide units in an oligosaccharide chain.20 Discontinuous or conformational 

determinants are subunits in a biomolecule that are far apart from one another but are close together 

in their three-dimensional shape, such as amino acid residues in different parts of a polypeptide 

chain, that come together in the tertiary structure of the molecule.20 Conformational carbohydrate 

determinants pertain to the flexibility of the glycosidic linkages holding the individual 

monosaccharide units together. For example, in tumors, the chain elongation, fucosylation, and 

sialylation may cause significant conformational changes of the cell surface glycans. Thus, 

antibodies raised against these tumor cells will be specific to the conformational epitope presented 

by the tumor cell.  
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Figure 1.2. Two different types of epitope structures – the linear or continuous epitope and the 
conformational or discontinuous epitope, adapted from The Immune System, 2 ed.20  
 
1.2.2.1 Tumor Antigens – Undefined Versus Defined Antigens 

Tumor antigens can be divided into undefined antigens and defined antigens.21 Many 

therapeutic vaccines use undefined antigens, such as tumor-cell based vaccines which have been 

shown to be efficient in clinical trials.21 These vaccines are produced using intact cells which 

contain antigens shared amongst different tumors.21 The use of numerous antigens is advantageous 

as it induces multiple components of the immune system.21 However, undefined antigen vaccines 

may induce autoimmunity. In contrast, using defined antigens for immunotherapy allows for 

specific immune responses to the desired antigen.21 Autoimmunity can also be avoided by 

modifying the defined-antigen vaccine so that it no longer presents a self-antigen. Thus, it is 

important to characterize antigenic determinants found on tumor cell surfaces, as they may serve 

as potential vaccine candidates against cancer. Of such, tumor-associated carbohydrate antigens 

(TACAs) are defined molecular markers that are uniquely or excessively expressed on cancer cell 
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surfaces. TACAs are desirable targets in the development of carbohydrate-based anticancer 

vaccines.   

1.3 Tumor-Associated Carbohydrate Antigens (TACAs) 

One molecular hallmark of cancer is aberrant or abnormal glycosylation, which may result 

from abnormally expressed glycosyltransferases and glycosidases in tumor cells.22 TACAs can be 

formed by three mechanisms: (i) incomplete or blocked synthesis resulting in precursor 

accumulation; (ii) neosynthesis; and (iii) organizational changes in the cell membrane.23 Cancer 

cells display glycans at different levels and profiles than those on normal cells.23,24 This 

phenomenon was first reported in 1969 by Meezan et al., who characterized healthy and virus-

transformed mouse fibroblasts.25,26 The group observed an increase in membrane glycoproteins on 

the virus-transformed fibroblasts, compared to the healthy fibroblasts.25 Aberrant glycosylation of 

proteins and lipids leads to the overexpression of various antigenic carbohydrate structures.22 

TACAs are one of such antigenic structures abundantly found on tumor cell surfaces, allowing for 

the differentiation between tumor and normal cells.22  

A variety of TACAs have been characterized (Table 1.1).27 TACAs can be divided into 

two main classes, glycolipids and glycoproteins.22,28,29 Examples of glycoproteins include 

Thomsen-nouveau (Tn), Thomsen-Friedenreich (TF) and sialyl-Tn (STn), which are linked to the 

hydroxyl group of serine or threonine in membrane-bound mucin proteins through an α-linkage. 

Glycolipids contain carbohydrate moieties (or TACAs) that are linked to ceramide lipids and 

anchored in the lipid bilayer of the cell surface. Glycolipids are further divided into several families 

including: (i) gangliosides such as GD2, GD3, GM2, GM3, GT1b, RM2, and fucosyl-GM1; (ii) 

globo-series such as Globo-H, Gb3, Gb4, Gb5; (iii) lacto-series (i.e. type 1 blood group 
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determinants) such as Lewis B, (Leb), sialyl Lewis A (SLea), and LeaLeb; and (iv) neolacto-series 

(i.e. type 2 blood group determinants) sialyl Lewis X (SLex), Lewis Y (Ley), and Ley-Lex. TACAs 

are shared amongst many cancer cell types (Table 1.1).30,31 For example, Ley and Globo-H antigens 

are observed on breast, prostate, and ovarian cancers.31  

The overexpression of TACAs on the surface of tumor cells is frequently correlated with 

poor prognosis, allowing TACAs to be diagnostic markers. Mounting evidence demonstrates that 

the overexpression of TACAs correlates with various stages of cancer, and that it plays a biological 

role in cancer proliferation, tumor cell metastasis and invasiveness.5 Thus, TACAs serve as ideal 

targets for the development of therapeutic anticancer vaccines, allowing them to be a promising  

class of epitopes.   

Table 1.1. Major TACAs expressed by various cancers.27 

Cancer Type Antigens 
Melanoma GD2, GD3, GM2 
Neuroblastoma Polysialic acid (PSA), GD2, GD3, GM2 
Sarcoma GD2, GD3, GM2 
B-cell lymphoma GD2, GM2 
Small cell lung SLea, Globo-H, PSA, GM2, fucosyl-GM1, LeaLex 
Breast SLea, STn, Tn, TF, Ley, Globo-H, GM2 
Prostate STn, Tn, TF, Ley, GM2 
Lung SLex, STn, TF, Ley, Globo-H, GM2, LeaLex 
Colon SLea, STn, TF, Ley, GM2, dimeric Lex (dimLex), trimeric Lex (trimLex) 
Ovary STn, TF, Ley, Globo-H, GM2 
Stomach Lex, SLea, Lea, STn, Tn, TF, Ley, Globo-H, GM2 

  

1.3.1 General Overview of the Immune Response to Antigens 

Understanding the immune system and its response to antigens is critical to the 

development of vaccines. The immune system has evolved to protect the host from many different 
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types of pathogens, using innate and adaptive defense mechanisms.32,33 The innate immune 

response is characterized as the first line of defense to an antigen.33 Such responses are rapid and 

non-specific, as the recognition molecules used by the system are expressed widely in a variety of 

cells.33,34  However, the innate immune system does not provide long-lasting immunity against the 

same antigen.33 In contrast, the adaptive immune system is the second set of responses, and is 

highly specific to a particular antigen, providing long-lasting immunity.33 The adaptive immune 

system is activated temporarily in vertebrates, after the innate response.33 It produces long-lived 

cells that remain dormant until the host is re-exposed to the specific antigen.33 Thus, the adaptive 

immune system is said to have “immunological memory” for the antigen.12,33  

 The adaptive immune response is carried out by two types of lymphocytes, the B-

lymphocytes and the T-lymphocytes.33,34 The B-lymphocytes, or B-cells, are responsible for 

humoral immunity, whereas the T-lymphocytes, or T-cells, are responsible for cell-mediated 

immunity.35 A humoral immune response arises when a foreign antigen binds to membrane-bound 

proteins on B-cells, known as B-cell receptors.35 The activation of a B-cell results in its 

transformation into a plasma B-cell, which produces and releases large quantities of low affinity 

immunoglobulin M (IgM) antibodies.34,35 IgMs circulate through the bloodstream, where they bind 

to the foreign antigen, inactivating the pathogens and preventing their ability to bind to host cell 

receptors.32,34,35 IgM binding also marks the pathogen for destruction by phagocytic cells such as 

macrophages and neutrophils.35 The primary humoral response produced by the secretion of IgMs 

is usually weak and short-lived.35 This response is also called the “T-cell independent pathway” 

(Figure 1.3).12,34 For a stronger and longer-lasting response to an antigen, the secretion of high 

affinity antibodies (i.e. immunoglobulin G - IgG) is essential.34,35 This process is known as “class-
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switching”, and is achieved through the interaction of antigen presenting cells (APCs) with T-

cells.35  

 
 
Figure 1.3. Immune response to: (a) a carbohydrate antigen, and (b) its corresponding 
peptide/protein conjugate counterpart, adapted from Pifferi et al.36 

 
The difference in the response induced by T-cells versus B-cells relates to the following 

reasons. T-cells recognize fragments of protein antigens, whereas B-cells recognize only intact 

antigens.35 Moreover, T-cells are activated only when antigens are presented on the surface of 

APCs.35 Such APCs include dendritic cells (DCs), macrophages, and B-cells.37 Antigens are 

internalized by APCs and lysed by proteolytic enzymes.37 These peptide antigenic portions are 

then presented on the surface of the APCs, where they complex with cell membrane-bound 

proteins known as “major histocompatibility complex (MHC)” molecules.34,37 T-cell receptors 

interact with the MHC-bound peptide antigen complexes, resulting in the activation of the T-
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cells.34 There are two different classes of T-cells, the helper T-cells (Th cells) and the cytotoxic T-

cells (Tc cells).34 The Th cells are activated by recognizing epitopes presented by class II MHC 

molecules.34 Activated (effector) Th cells secrete a variety of cytokines, which in turn activate 

macrophages, cytotoxic T-cells and B-cells.34,35 B-cells differentiate into plasma cells and memory 

B-cells.34,35 In contrast, Tc cells are activated by recognizing epitopes presented by class I MHC 

molecules, allowing for differentiation into effector Tc cells.34 These effector cells exhibit 

cytotoxic activity by monitoring the cells within the body and destroying the infected cells.34  Such 

T-cell mediated response releases high-affinity IgGs. This response is referred to as the T-cell 

dependent pathway (Figure 1.3).34  

For the development of an effective vaccine, it is essential to understand the difference 

between T-cell independent and T-cell dependent pathways. The T-cell independent immune 

response is weak and short-lived as low-affinity IgMs are released, and memory cells are not 

produced. In contrast, the T-cell dependent immune response achieves a stronger and long-lasting 

response through isotype switching from low affinity to high affinity antibodies, and 

immunological memory through the production of memory B-cells. Immunological memory 

provides the foundation for the development of vaccines. Hence, an effective anticancer vaccine 

candidate would be one that induces a T-cell dependent immune response (Figure 1.3).  

1.4 TACA-Based Anticancer Vaccines  

1.4.1 Challenges 

The development of TACA-based anticancer vaccines poses several challenges. TACAs 

are difficult to isolate from natural sources in sufficient quantities; therefore, to acquire TACAs in 

pure form, synthetic chemistry must be employed.31 The main challenge in developing TACA-
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based vaccines that must be overcome is an immunological obstacle, which lies in the relative 

immunogenicity of carbohydrate antigens.38 Immunogenicity, as mentioned previously, is defined 

as an antigen’s ability to induce an immune response and depends on a number of properties, 

including foreignness, molecular size, chemical composition, and susceptibility to antigen 

processing.18,34 The latter property is critical in determining the immunogenicity of an antigen, as 

its ability to be processed indicates whether the immune response generated is T-cell independent 

or T-cell dependent.18 As mentioned, peptide antigens are processed and presented by the MHC 

complex, thereby mediating the T-cell dependent pathway.18,19 In contrast, carbohydrate antigens 

lack the ability to activate a T-cell dependent immune response, and thus are considered to be 

poorly immunogenic.12,38 TACAs only activate B-cells, generating low affinity IgM antibodies.12 

TACAs are also considered to have low immunogenicity due to their presence on normal, healthy 

cells.38 Although they are overexpressed in tumor cells, the presence of TACAs on normal cells 

reduces their foreignness, resulting in decreased immune responses. The low immunogenicity of 

TACAs makes it challenging to develop carbohydrate-based anticancer vaccines.  

1.4.1.1 Approaches for Enhancing TACA Immunogenicity 

Karl Landsteiner pioneered the conjugation of antigens to immunogenic proteins, such as 

bovine serum albumin (BSA), keyhole limpet hemocyanin (KLH), and tetanus toxoid (TT).39 

Landsteiner worked with various haptens, which on their own are not immunogenic and do not 

induce a T-cell dependent immune response.39 He synthesized hapten-carrier conjugates by 

chemically coupling or conjugating the hapten to protein carriers.39 Since Landsteiner’s 

fundamental studies, the conjugation of poorly immunogenic antigens to carrier proteins has 

become a widespread technique. The carrier proteins contain T-cell epitopes, allowing for the 
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glycoconjugates to be processed by APCs and displayed by MHC class II molecules, inducing T-

cell dependent immune responses.  

The covalent linkage between the carbohydrate and protein is typically achieved by 

targeting the functional groups on common amino acids (e.g. amine group on lysine, the carboxylic 

acid groups on aspartate/glutamate, or the sulfhydryl group on cysteine).40 Conjugation to a protein 

can be achieved by various chemical methods, the most common by far being reductive amination. 

Reductive amination results in a covalent linkage between the aldehyde functional group on the 

reducing end of a carbohydrate and an amino group on the carrier protein (e.g. lysine).41 However, 

this linkage may remove key recognition sites, leading to a decrease or loss in the immune response 

against the TACA.41 To facilitate more efficient methods of conjugation, carbohydrates are 

chemically derivatized by introducing a reactive functional group (e.g. primary amino group or a 

carboxylic acid group) to their reducing end.40 The functional group on the carbohydrate is further 

modified by using a linker molecule, containing a functional group that will react with the carrier 

protein.42 The linker molecules increase the efficiency of the conjugations by decreasing steric 

hindrance and enhancing the exposure of epitopes on the conjugate surfaces. Examples of linker 

molecules include carbodiimide, maleimide, di-(N-succinimidyl) suberate (DSS),  and diethyl 

squarate (DES).43,44  

An alternative means of increasing the efficacy of a vaccine is through the use of adjuvants, 

compounds that amplify the immune response against the antigen.8 Examples of adjuvants include 

aluminum hydroxide and QS-21, a saponin extracted from the bark of Quillaja Saponaria tree.8 

Adjuvants typically increase the innate immune response by activating DCs through stimulation 

of their pattern recognition receptors (PRRs).8  
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Although TACAs conjugated with protein carriers are widely investigated, the major 

drawback to this approach is that the carrier proteins and the linkers used can elicit anti-carrier 

protein and anti-linker antibodies, suppressing the IgG response against the TACAs. For instance, 

Boons et al. found that Ley KLH glycoconjugate, linked by a 4-(maleimidomethyl) cyclohexane-

1-carboxylate linker, suppressed the IgG response against the Ley epitope.45 The researchers 

showed through ELISA analysis that the IgG antibody response produced was elicited against the 

linker region.45 Another drawback is the difficulty of controlling carbohydrate-protein conjugation 

chemistry, leading to batch-to-batch variations of the vaccine.8 Taken together, there is a growing 

need to look for alternative immune-stimulating agents.14  

1.4.2 TACA-based Anticancer Vaccines Studied to Date 

In the recent years, the exploration for novel immune-stimulating agents to replace protein 

carriers has been extensively investigated. Scientists have looked into integrating structurally 

defined synthetic carriers, such as ligands of pattern recognition receptors (PRRs), to achieve a 

more strong and specific response.14 PRRs, such as toll-like receptors (TLRs), C-type lectin 

receptors (CLRs), and NOD-like receptors (NLRs), help dendritic cells (a type of APC) to sense 

“danger signals” and monitor the environment, making them good targets for vaccine design.14,46 

TLR ligands have been explored as carrier molecules. TLR ligands also act as built-in adjuvants, 

forming fully synthetic and self-adjuvanting vaccines.14,46 Monophosphoryl lipid A (MPLA) is an 

example of a TLR ligand, commonly used in vaccine design.47,48 MPLA induces T-cell mediated 

immunity by interacting with TLR4.47,48 Guo et al. demonstrated that the GM3 ganglioside when 

conjugated to MPLA evoked a strong IgG response in mice.49 More recently, Yin et al. synthesized 

a two-component self-adjuvanting synthetic vaccine with sTn and α-galactosylceramide (α-
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GalCer).50 The α-GalCer acted as a built-in adjuvant. The sTn- α-GalCer elicited a strong anti-sTn 

IgG response.50  

Another component involved in improving the immune response by T-cell activation is the 

Th cell epitope. Leclerc et al. synthesized a two-component vaccine using a Th cell epitope: Pan 

HLA DR epitope (PADRE).51-54 PADRE is a synthetic carrier, which binds to the most common 

human leukocyte antigen system, HLA-DR.51-54 HLA is the gene system encoding the MHC 

complex in humans. A glycoconjugate vaccine using the Tn-PADRE glycoconjugate vaccine 

along with alum or QS-21 adjuvants yielded good titers of IgG antibodies in mice, improving their 

survival rates.51-54  

Sucheck et al. investigated the use of multicomponent strategies to improve the immune 

response without a carrier protein.55 The group synthesized a three-component vaccine containing 

the Tn carbohydrate epitope, and the Th cell epitope (YAF), an immune-enhancing domain 

consisting the rhamnose (Rha) carbohydrate epitope (i.e. Rha-YAF-Tn).55 With the knowledge 

that the human serum contains large amounts of naturally occurring anti-Rha antibodies, the group 

mimicked similar conditions in mice models by pre-immunizing mice with Rha-ovalbumin (Rha-

OVA).55 This resulted in an increase in anti-Rha antibodies in the mice. The group subsequently 

challenged these mice with Rha-YAF-Tn. From these preclinical studies, it was demonstrated that 

the anti-Tn titers of Rha-YAF-Tn were higher when the mice were preimmunized with Rha-OVA, 

thus confirming the role of rhamnose in mediating an immune response.55  

Similarly, Toth et al. designed a fully synthetic four-component vaccine construct which 

included a cluster of three Tn antigens, a universal CD4+ Th epitope extracted from polio virus 

(PV), a CD8+ T-cell epitope from OVA, and a TLR2 targeting ligand.56 The vaccine constructs 
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were shown to induce strong antibody responses without the additional use of adjuvants, carrier 

proteins or a special pharmaceutical preparation (e.g. liposomes).56 Although multicomponent 

immune-stimulating constructs allow for defined chemical composition, reproducible purity and 

high antigen density, the successful assembly of the vaccine constructs may pose a challenge.14 

Highly organized display of antigens is important in influencing B-cell responses. It is 

difficult to control the display of antigens on the surfaces of traditional protein carrier such as KLH 

and TT. Recently, nanomaterials have surfaced as an alternative platform for presenting 

carbohydrate antigens.14 Nanoparticles are an emerging class of TACA carrier molecules. Soft-

matter based (non-metal) nanoparticles are of greater interest than metal-based nanoparticles, due 

to the concern about biocompatibility and biodegradability of the latter.57 Thus, Nativi et al. 

explored dextran-based single-chain polymer nanoparticles (DXT-SCPNs).57 SCPNs due to their 

small size and shape are ideal for antigen presentation.57 The researchers conjugated a synthetic 

Tn-mimetic antigen to DXT-SCPNs, which was then used for immunological studies.57 The 

dextran conjugate was shown to mimic the Tn hapten on cancer cells and was also found to activate 

T-cell dependent pathways.57 However, both the nanocarrier and the Tn mimic had to be present 

to activate such a response. These preliminary results suggest that nanocarrier can potentially serve 

as unique immune-stimulating molecule. 

Another alternative to carrier proteins are zwitterionic polysaccharides (ZPSs), made of 

both positive and negative charges on adjacent monosaccharide units. PS-A1 is a ZPS that was 

recently isolated from the capsular polysaccharide membrane of Bacteroides fragilis (B. fragilis) 

strain 9343.12,58,59 Andreana et al. conjugated the Tn TACA to PS-A1.59 The PS-A1 was 

chemically oxidized for site specific conjugation of the Tn antigens, in a linker-free manner.12,58,59 
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When mice were immunized with these conjugates in either the presence or the absence of 

adjuvants, robust Tn-specific immune responses were elicited.59 Firstly, this emphasized that the 

chemical modification of the ZPS did not impact the immunogenicity of PS-A1.14,59 Moreover, the 

immune responses obtained from vaccination in the presence or absence of adjuvants were similar, 

thus implying that PS-A1 acts not only as a carrier, but also as an adjuvant.14,59 Using ZPS-based 

TACA vaccines are promising, as the vaccine could be viewed as “purely carbohydrate”. 

1.5 Towards the Preparation of a Safe Anticancer Vaccine 

Two particular TACAs in which the Auzanneau group is interested in are dimLex and 

LeaLex. DimLex is a carbohydrate antigen expressed in high quantities on colonic and liver 

adenocarcinomas (Figure 1.4a).24,60  DimLex is a hexasaccharide made up of two Lex trisaccharide 

units. Lex belongs to the neolacto-series type 2 chain antigen, with a galactose residue β-linked at 

O-4 of an N-acetylglucosamine unit. Lex is composed of three monosaccharide units: N-acetyl-D-

glucosamine (D-GlcNAc, in black), L-fucose (L-Fuc, in red), and D-galactose (D-Gal, in blue) 

(Figure 1.4a).  

 
Figure 1.4. Tumor-Associated Carbohydrate Antigens (TACAs): (a) Dimeric Lewis X (dimLex), 
and (b) Lewis A Lewis X (LeaLex). 
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The hexasaccharide LeaLex is a TACA expressed specifically on the surface of squamous 

lung carcinoma (SLC) cells.61-63 LeaLex is made up of two trisaccharide units, a Lea moiety at its 

non-reducing end and a Lex moiety at its reducing end (Figure 1.4b). In contrast to Lex, Lea belongs 

to the lacto-series type I chain.23 Although Lea is made up of the same monosaccharide building 

blocks as Lex, it differs from the Lex type II chain, in which the galactose and N-acetylglucosamine 

units are linked through a β-linkage at O-3 of the GlcNAc unit.23  

Both TACAs are tumor specific and could act as potential anticancer vaccine targets. 

However, due to the presence of Lex and Lea on normal cells, it is not possible to use these TACAs 

directly as vaccines. The following sections discuss the specific TACAs in depth, along with 

strategies to design or screen for a safe anticancer vaccine.   

1.5.1 Dimeric Lewis X (dimLex) 

Several papers have reported the accumulation of fucose-containing glycosphingolipids in 

adenocarcinomas.30,64,65 Of particular interest is the glycolipid displaying the dimLex 

hexasaccharide which is reported to accumulate in colonic and liver adenocarcinomas and is 

associated with the progression of colorectal cancer.24,60 It was found that dimLex was present in 

higher quantities than Lex in cancers. In normal tissues, most of the type 2 chains (i.e. Gal-β-

(1→4)-GlcNAc linkage) are branched by β-(1→6)-GlcNAc transferase (Figure 1.5).23 However, 

tumor tissues undergo blocked synthesis of the branched lactosamine, synthesizing unbranched 

type 2 chains.23 These unbranched structures, upon straight chain elongation, undergo increased 

fucosylation and/or sialylation (Figure 1.5).23 The accumulation of dimLex on tumor tissues is a 

result of the enhanced activity of the β-(1→3)-GlcNAc transferase and increased fucosylation.23  
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Figure 1.5. Normal and oncofetal biosynthetic pathways for lacto-series type 2 chain 
carbohydrates, adapted from Singhal and Hakomori.23 

 
There have been a number of mAbs directed towards the Lex determinant exhibiting 

strikingly different specificities (i.e. FH2, FH3, SH1, SH2, FH4, FH5, etc.).66-70 Previous studies 

have illustrated that different oligomeric presentations of the Lex antigen gave rise to the 

production of different groups of anti-Lex mAbs.67-69 The mAbs were divided into three groups 

depending on their binding profile: group I binds mono-, di- and trimeric Lex, group II binds di- 

and trimeric Lex, and group III specifically binds trimeric Lex.67,69 Monoclonal antibodies such as 

FH2, FH3 and 291-2G3-A were shown to recognize mono-, di- and trimeric Lex, whereas mAbs 

FH4 and SH2 were shown to recognize di- and trimeric Lex.24,60,67,70 Recently, de Geus et al. 

identified a murine mAb 54-5C10-A (IgG3 isotype), which binds exclusively to 

trimLex (representing Group III anti-Lex mAbs).69 All the mAbs react strongly with human 

adenocarcinomas; however, since Lex is widely present on normal epithelial cells, many of these 

mAbs (i.e. FH2, FH3, SH1) also react with normal granulocytes, kidney and gastrointestinal 

epithelia. Particularly, some of the mAbs have been of interest due to their selectivity for the 
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internal structures of polymeric Lex structures (i.e. FH4 and SH2). The different specificities 

displayed by these anti-Lex mAbs would be beneficial in differentiating dimLex expressed by 

adenocarcinoma cells from the native Lex antigen, providing valuable information 

for the design of dimLex based anticancer vaccines.  

1.5.2 Lewis A Lewis X (LeaLex) 

As previously mentioned, LeaLex is a TACA expressed specifically on squamous lung 

carcinoma (SLC) cells. SLC is a type of non-small cell lung cancer. In 1984, Olsson et al. 

generated a number of mAbs against SLC-associated antigens, after the immunization of mice with 

biopsied human SLC cells.61-63,71 One such mAb, 43-9F (IgM), was highly specific for SLC 

cells.61-63 The mAb was useful in differentiating between non-small cell and small cell lung 

carcinomas, as the latter showed no reactivity with 43-9F.61 The epitope recognized by 43-9F was 

eventually characterized, by means of inhibition assays in which the affinity of the mAb to 

complex oligosaccharides containing type I and type II chains and glycolipids extracted from 

tumor cells was measured.62 Although the studies did indicate that the mAb 43-9F cross-reacts 

with the Lea antigen (i.e. also found on normal epithelial cells), the LeaLex oligosaccharide was 

found to be the most active inhibitor (i.e. 100-fold more active than Lea).62 Further analysis was 

done in an attempt to find a higher affinity epitope. A mixture of human milk oligosaccharides 

was passed through a 43-9F affinity column, and the oligosaccharide retained was isolated, 

purified and characterized as being the LeaLex hexasaccharide.62 These studies confirmed that 

LeaLex, originally found in the feces of preterm children fed on breast milk, was the epitope 

recognized by mAb 43-9F.62 These findings were confirmed by Hakomori et al. in 1994, 

confirming that the epitope recognized by 43-9F was indeed LeaLex.71  
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Around the same time as the discovery of 43-9F, the LeaLex TACA was proposed as the 

binding epitope of two other mAbs, 115C2 and 11SG3, raised against human milk-fat globule 

membranes, were produced.72 The specificities of the antibodies were determined through 

inhibition radioimmunoassays using various oligosaccharide inhibitors. It was shown that the most 

potent inhibitor was lacto-N-difucohexose II (LNDFH II), followed by lacto-N-fucopentose II 

(LNFP II, Lea pentasaccharide).72 The structures of these oligosaccharides are shown in Table 1.2. 

LNDFH II was two times more active binder than LNFP II.72 It was proposed that the mAbs 

recognize an internal structure to the LeaLex structure, as the mAbs react with the non-fucosylated 

LeaLex backbone (i.e. lacto-N-tetraose, LNT) (Table 1.2).72  

Table 1.2. Structure of type 1 chain oligosaccharides. 

 
Such findings suggest that the LeaLex TACA displays internal epitopes that do not involve 

the Lea trisaccharide, and if identified, may be used for the development of LeaLex-based 

anticancer vaccines.  

1.5.3 Preparation of a Safe Anticancer Vaccine 

As described above, although the hexasaccharides dimLex and LeaLex are tumor specific, 

the Lex and Lea antigenic determinants found on the non-reducing end of the hexasaccharides are 

also present on many normal cells and tissues.24,60,66,73 Therefore, directly using dimLex or LeaLex 

Compound Structure 
Lacto-N-tetrose (LNT) Galβ1-3GlcNAcβ1-3Galβ1-4Glc 
Lacto-N-fucopentose (LNFP II) Galβ1-3GlcNAcβ1-3Galβ1-4Glc 

              | 1,4  
             Fucα 

Lacto-N-difucohexose (LNDFH II) Galβ1-3GlcNAcβ1-3Galβ1-4Glc 
              | 1,4                            | 1,3 
             Fucα                          Fucα 
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as a therapeutic agent in a vaccine is not possible. When the TACAs are exposed to the immune 

system, they would trigger a polyclonal antibody response containing not only anti-dimLex and 

anti-LeaLex antibodies, but also anti-Lex and anti-Lea antibodies, resulting in an autoimmune 

response. Thus, an ideal vaccine candidate would be a molecule that does not display the Lex and 

Lea structures, but maintains the internal epitope, such as those recognized by mAb FH4 and 43-

9F. When the vaccine candidate is injected into the body, it should produce a polyclonal response 

containing antibodies that recognize the dimLex and LeaLex antigens, but not the Lex and Lea 

motifs.  The goal is that the antibodies would cause the destruction of tumor cells displaying the 

hexasaccharide antigens, without targeting the normal cells.  

In this context, the Auzanneau group aims to identify TACA analogues or fragments that 

do not display the Lex and Lea self-antigens. For this reason, the goal of this research project is to 

characterize the epitopes recognized by monoclonal anti-Lex and anti-Lea antibodies. The 

characterization of the mAbs through binding studies will help identify the smallest fragments of 

dimLex and LeaLex that no longer present the self-antigens (i.e. Lex and Lea), however remaining 

to be recognized by the antibodies. Our group will use the information from the binding analyses 

to further evaluate the fragments as potential therapeutic targets.  

1.6 Immunochemistry 

Immunochemistry is a branch of chemistry that involves the study of components and 

molecular mechanisms of the immune system, including the nature of antibodies, antigens and 

their interactions. The field of immunochemistry dates back to 1790 when Edward Jenner 

discovered the vaccination against smallpox.74 From there on, many researchers have contributed 
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extensively to the field. This section provides an overview of some of the basic knowledge in 

immunochemistry required for the characterization of the mAbs and antigen-antibody interactions. 

1.6.1 Overview of Antibodies 

The earliest reference to antibodies dates back to the development of the diphtheria-

therapeutic serum by Emil von Behring and Shibasabura Kitasato in 1890.75 Antibodies, also 

known as immunoglobulins (Igs), are very useful tools in various fields, including medicine, 

biomedical research, and therapy, as they have the exquisite ability to selectively recognize and 

bind an antigen. The discrete unit or area of the antigen recognized by an antibody is known as the 

antigenic determinant or epitope (discussed in Section 1.2.2).  The specificity of each individual 

antibody differs, as individually they bind specifically with a unique epitope. Upon binding to an 

epitope, antibodies play a crucial part in physiological functions of the immune response.   

 

Figure 1.6. Three-dimensional diagram of Immunoglobulin G (IgG), depicting a Y-shaped 
molecule, containing two light chains (in shades of blue) and two heavy chains (in gray and 
white), reproduced from Lugade.76  

The basic structure of an antibody is Y-shaped and consists of three equally sized globular 

regions which are connected by a flexible tether or a polypeptide chain known as the hinge 
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region.77,78 IgG antibodies consist of four polypeptide chains, two identical heavy chains and two 

identical light chains (Figure 1.6).77,78 One heavy chain is paired to one light chain by disulfide 

bonds and a combination of non-covalent interactions including salt bridges, hydrogen bonds (H-

bonds) and hydrophobic bonds.77,78 The two heavy-light chain pairs are linked together by similar 

interactions, to form the Y-shaped dimer. In essence, each arm of the antibody is formed by the 

pairing of a light chain with the amino-terminal half of the heavy chain, whereas the trunk of the 

antibody is formed by the pairing of a the carboxy-terminal of the two heavy chains.77,78 The light 

chain can be one of two classes: kappa (κ) or lambda (λ).78 In contrast, the heavy chain can be any 

one of the five isotypes and this determined the antibody class: gamma (γ, IgG), mu (μ, IgM), delta 

(δ, IgD), alpha (α, IgA) or epsilon (ε, IgE).78  

An antibody is known to have two regions: the variable (V) region and constant (C) region 

(Figure 1.6). The V region is the end or tip of the two arms of the Y-shaped molecule and is known 

to vary between different antibody molecules. The V region is made up of the first 110 amino acids 

of the amino-terminal of the heavy (VH) and light (VL) chain.77,78 Within the V region, the greatest 

sequence variabilities are seen in the hypervariable (HV) regions.77,78  These regions form the 

antigen-binding site or paratope of the antibody molecule. These regions are also referred to as the 

complementarity-determining regions (CDRs), as the antigen-binding site is complementary to the 

structure of the epitope.77,78 The CDRs determine the overall shape of the binding site, either 

cavity-shaped or groove-shaped. The shape of the binding site correlates with the type of antigen 

for which the antibody is specific. Specifically, Borden and Kabat studied the binding properties 

of two anti-dextran (i.e. a homopolymer of glucose) mAbs exhibiting different specificities. One 

mAb recognizes the internal epitopes of the dextran molecule, while the other binds to the terminal 
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non-reducing ends. Cloning and sequencing studies demonstrated that the former mAb has a 

groove-shaped antigen binding site, whereas the latter has a cavity-shaped antigen binding site.  

Beyond the V regions, the remaining domains of the antibody are relatively constant, and 

are referred to as the C region. The C region is also made up of both heavy (CH) and light (CL) 

chains.77,78 Receptors, particularly the Fc receptors found on effector cells bind to the C region of 

an antibody bound to a pathogen. This helps bring the pathogen closer to the effector cells, 

producing an effective immune response.77,78 Further understanding of the structure of antibodies 

can be gained through proteolytic cleavage. Partial digestion with papain, a protease, cleaves an 

antibody into three pieces: two identical fragments containing antigen-binding activity (Fab), and 

one crystallizable fragment with no antigen-binding potential (Fc).77,78  

1.6.1.1 Monoclonal Antibodies (mAbs) and Polyclonal Antibodies (pAbs) 

The terms “polyclonal” and “monoclonal” derive from the different ways antibodies are 

generated by the immune system. Monoclonal antibodies are those secreted by a single clone of 

B-lymphocytes, whereas polyclonal antibodies are those secreted by a mixture of various clones 

of B-lymphocytes.79 The major difference between the two antibodies pertains to its specificity. 

Monoclonal antibodies bind to the same epitope on a target antigen, whereas polyclonal antibodies 

can bind to different epitopes on the same antigen. Both classes are essential tools in 

immunological research. The following section will elaborate on the production and significance 

of mAbs.  

1.6.1.2 Monoclonal Antibodies and its Significance 

The most widely used method for the preparation of monoclonal antibodies, known as 

hybridoma technology, was devised by Georges Köhler and Cesar Milstein in 1975.79,80 The basis 
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of hybridoma technology involves the fusion of myeloma cells or tumor cells into normal 

antibody-producing B lymphocytes.79,80 This produces a hybrid cell or hybridoma, which 

possesses properties of both the tumor and normal parent cells.79,80 The individual hybridoma cells 

are then cloned to produce daughter cells. Once antibody-producing hybridomas are selected, they 

are screened for desired antigenic specificity by screening assays or immunoassays. These clones 

can then be cultured and frozen, for later use. Overall, monoclonal antibodies have specificity for 

a single epitope on a target antigen.79,80  

 Monoclonal antibodies have been prepared against viruses, bacteria, surface cell antigens, 

receptors, glycoproteins, glycolipids, tumor antigens, etc.81 For this reason, monoclonal antibodies 

can be used in diverse fields including immunology, biochemistry, molecular biology, genetics 

and clinical medicine. These antibodies serve as great clinical tools, being useful as diagnostic, 

imaging and therapeutic reagents. The ability of monoclonal antibodies to bind to one specific 

epitope on an antigen allows them to be of favorable use in immunoanalytical techniques including 

radioimmunoassay (RIA) and enzyme-linked immunosorbent assay (ELISA).81 Due to their 

widespread use, it is important to study and characterize antibodies, as the understanding gained 

stands to be beneficial in vaccine development.  

1.6.1.3 Stability of Antibodies 

The main challenge in using an antibody for in vitro studies is the difficulty in retaining 

their molecular structure.82 An antibody’s function and quality are dependent on its structure. Like 

proteins, antibodies quickly become unstable when removed from their original environments. 

Thus, storage conditions can impact the molecular structure of such antibodies, leading to 

instability. Instability can be caused by chemical and physical stress shocks.82 Chemical stress 
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shocks are a result of loss or breakage of chemical bonds.82 The most common form of chemical 

stress shock is deamidation, a chemical reaction in which the amide functional group of asparagine 

or glutamine amino acids is removed or replaced.82  

Within the laboratory environment, physical stress shocks are more common. This causes 

structural or physical instability, while maintaining stable chemical composition of the antibody.82 

Examples of physical stress shock include temperature, pH, and inappropriate buffer conditions.82 

Deviations of these factors from the antibody’s favored or optimal conditions results in the 

denaturation and aggregation of the various domains, causing the antibody to be physically 

unstable.82  Studies have shown that an antibody loses its activity when stored at room 

temperature.82 This may result from disruption of non-covalent bonds (e.g. hydrogen bonds) at 

higher temperatures, resulting in unfolding of the antibody, thereby altering the configuration of 

its binding site.82 Due to the wide use of monoclonal antibodies in research, it is critical to preserve 

an antibody’s function through suitable long-term storage conditions.  

1.6.2 Antigen-Antibody Interactions 

1.6.2.1 Forces of Antigen-Antibody Recognition 

Antibodies serve two critical functions, the recognition and effector functions.83,84 The 

recognition function of an antibody involves recognizing and binding with a specific 

complementary epitope.83 Upon binding, antibodies serve an effector function by producing an 

immune response against the bound antigen.  

 Antigens react with antibodies in vivo and in vitro. The in vivo reactions produce an 

immune response, which can be either beneficial or harmful to the organism.83 Understanding of 

the in vitro reactions is fundamental for immunochemical methods, including ELISA, RIA and 



 

 

29 

 

western blotting. These methods are critical in detecting either antibody or antigen. More 

importantly, in vitro studies can help define the epitopes recognized by antibodies, which can be 

valuable in identifying potential molecules of medical interest.  

The interaction between an antibody and antigen involves various molecular forces 

between an antigenic determinant and the CDRs of the antibody.18,19 Immune complexes (or 

antigen-antibody complexes), are stabilized by non-covalent interactions between various 

functional groups of the antigen and antibody.19  Such interactions include H-bonds, ionic bonds, 

hydrophobic interactions and van der Waals forces.18 Since these interactions are relatively weak, 

a large number of interactions are needed to form a strong antigen-antibody complex. Moreover, 

these interactions occur over a very small distance, generally 1 angstrom (Å).19 The basis of a 

strong antigen-antibody interaction results from high degree of complementarity between the 

antigenic determinant and CDRs of the antibody, allowing for its high specificity.83,84 These 

attractive forces forming the antigen-antibody complex must overcome steric repulsive forces. The 

higher the complementarity between the antigenic determinant and the CDRs of the antibody, the 

smaller the repulsive forces. The attractive forces or non-covalent interactions predominate, 

resulting in an antibody with high affinity for the antigen.83,84  

1.6.2.2 Strength of Antigen-Antibody Interactions 

Affinity and avidity are two distinct critical concepts, which define the strength of the 

antigen-antibody complex. Affinity is described as the intensity or strength of the interaction 

between a single antigen-binding site on an antibody and a single epitope.19,85 Low-affinity 

antibodies bind an antigen weakly, and are readily dissociated, whereas high-affinity antibodies 

bind tightly to their respective antigens and do not dissociate as easily.19,85 Affinity is defined by 



 

 

30 

 

the rate at which the bound antigen leaves the antigen-binding site, referred to as the dissociation 

constant (Kd).85 The smaller the Kd, the more stable the complex, and the greater affinity an 

antibody has for an antigen.  

Affinity alone does not fully reflect the strength of the antigen-antibody complex. Antigens 

usually contain more than one epitope. The number of epitopes found on a specific antigen is 

defined as its valency.18 In similar terms, an antibody’s valency is defined by the number of 

antigen-binding sites available to bind to the epitopes.18 Complex antigens containing multiple, 

repeating epitopes can be mixed with antibodies containing multiple antigen-binding sites (i.e. 

multivalent antibodies). In such a case, the interaction between the antigen and antibody of one 

site will increase the probability of it binding to the other sites. This combined strength resulting 

from the multiple interactions is defined as avidity.18,85 High avidity, as a result of multivalency, 

can compensate for low affinity of an antibody.19 For example, a pentameric IgM (i.e. containing 

five equivalents of IgG or 10 binding sites), although of lower affinity than IgG, has higher avidity,  

thereby binding antigens effectively.  

1.6.2.3 Specificity of Antigen-Antibody Interactions 

Antigen-antibody reactions are highly specific and are influenced by the degree of 

complementarity between the two binding partners. However, in some cases, the antibody 

produced by one antigen may cross-react with an unrelated antigen. Cross-reactivity results when 

two different antigens share an identical epitope.19 It can also occur when an antibody that is 

specific to one epitope binds to an unrelated epitope with similar chemical properties, in which 

case the antibody’s affinity for the unrelated epitope is typically less than its affinity for the original 

epitope.19 In such a case, the original epitope is immunodominant. Cross-reactivity is an important  
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concept that must be considered when constructing vaccines.  

1.6.3 Protein-Carbohydrate Interactions 

Over the past years, the basic features of protein-carbohydrate interactions have been 

explored using a variety of techniques including surface plasmon resonance (SPR), NMR 

spectroscopy and X-ray crystallography. Carbohydrates can form a variety of non-covalent bonds 

with protein amino acid residues. Of such, carbohydrate-protein interactions are mainly stabilized 

by H-bonds.86,87 Three types of hydrogen bonds can be formed within these complexes: 

cooperative hydrogen bonds, bidentate hydrogen bonds, and networked hydrogen bonds.86,87 H-

bonds contribute to the specificity and affinity of the protein-carbohydrate interactions. 

Cooperative H-bonds are a result of the simultaneous participation of the sugar hydroxyl group as 

both a H-bond donor and acceptor (Figure 1.7a).86 These bonds are formed between the sugar 

hydroxyl group and a donor (e.g. NH group) and acceptor (e.g. O group) of protein side chains.86  

 
 
Figure 1.7. Schematic diagram of (a) cooperative hydrogen bonds, and (b) bidentate hydrogen 
bonds.86 

 
Bidentate H-bonds are formed when two adjacent sugar hydroxyl groups interact with 

different atoms on the same side chains of polar residues such as aspartic acid, asparagine, glutamic 

acid, glutamine, and arginine (Figure 1.7b).86 The formation of the cooperative and bidentate 

hydrogen bonds between the carbohydrate and protein creates intricate networks of H-bonds, 
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holding the carbohydrate in place.86 This network of H-bonds results in further involvement of 

amino acid side chains in hydrogen bonding interactions with other polar groups, resulting in 

highly stable protein-carbohydrate complexes. 

In addition to the involvement of H-bonds, van der Waals or dispersion forces contribute 

greatly to the stability of the protein-carbohydrate interactions. There are two sources of the 

formation of van der Waals contacts. The first source results from H-bonding interactions, which 

result in atoms of the residues and sugars to come within van der Waals distance of each other.86,87 

Other van der Waals contacts come from the stacking of aromatic residues such as tryptophan 

(Trp), phenylalanine (Phe), and tyrosine (Tyr) against the hydrophobic patches of pyranosides.86,87  

In theory, a pyranose ring displays two distinct faces, the α (bottom) and β (top) faces 

(Figure 1.8a).88-90 The CH groups exposed from both α- and β-faces of the pyranose rings 

aggregate into clusters known as “hydrophobic patches”, which in turn interact with the π-system 

of aromatic residues forming CH-π interactions.86,87  

 
Figure 1.8. Carbohydrate-aromatic stacking interactions. (a) Two well-defined faces of 
pyranosides: α (bottom) and β (top) faces of a pyranoside; (b) Stacking interaction for β-D-
galactose; (c) Stacking interaction for α-D-galactose; (d) Stacking interaction for β-D-glucose; 
and (e) Stacking interaction for α-D-glucose.  
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Carbohydrate-aromatic stacking interaction are strictly dependent on type of sugars and sugar 

configurations.88 For example, the stacking interactions for both α- and β-galacto-type sugars occur 

through the α-face (Figure 1.8b and c).88-90 In contrast, for β-gluco-type sugars, the stacking can 

take place through both faces, while for the α-anomers, the binding occurs only through the β-face 

(Figure 1.8d and e).88-90  

Along with the contribution of aromatic stacking interactions to the stability of the protein-

carbohydrate complexes, these interactions are thought to be vital in conferring specificity because 

of their ability to distinguish between different carbohydrate epimers.86,87,91 For example, Quiocho 

and Vyas investigated the sugar-protein interactions involved in the L-arabinose binding protein 

(L-ABP). The researchers demonstrated that L-arabinose was the most potent binding ligand of L-

ABP, followed by D-galactose and D-fucose.91 Due to the very close association of the Trp16 

residue with the β-face of the bound monopyranosides, the C4 epimers of the mentioned ligands 

did not bind to the L-ABP, demonstrating that the placement or position of the aromatic residues 

could disfavor binding of particular sugar epimers through steric hinderance.91  

 Finally, water molecules also play a role in the stabilization of protein-carbohydrate 

complexes. Water molecules contribute to binding affinity by establishing extra H-bonds, which 

bridge between the carbohydrate and protein binding site.87 Moreover, upon protein-carbohydrate 

complex formation, there is typically a favorable displacement of high-energy water molecules 

from the combining site.87 Collectively, the aforementioned interactions are crucial for defining 

the specificity and stability of the protein-carbohydrate complexes. The basic understanding of 

antigen-antibody interactions is essential when using immunochemical techniques to study the 

binding properties of antibodies. 
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1.6.4 Epitope Mapping 

Antibodies are highly specific for epitopes; therefore, it is important to characterize the 

binding sites of the antibodies that bind potential therapeutic targets. Studying and characterizing 

the binding sites of antibodies can provide significant advancement into the discovery and 

development of new therapeutics, vaccines, and diagnostics.92 This process is referred to as 

“epitope mapping”, the process of locating epitopes of a specific antibody.92 A number of different 

methods are used to map the epitopes and interactions between an epitope and an antibody, such 

as immunoassays (e.g. enzyme-linked immunosorbent assay - ELISA), X-ray crystallography, 

nuclear magnetic spectroscopy (NMR), and other peptide-based approaches.93 This section will 

focus on ELISA, as it is the main technique used throughout this research project.  

1.6.4.1 Enzyme-Linked Immunosorbent Assays (ELISA) 

Enzyme-linked immunosorbent assay (ELISA) is a widely used form of immunoassay. 

This method was developed based on the principle of radioimmunoassay (RIA). RIA was 

introduced in the early 1960s by Yalow and Berson, as a new quantitative tool to detect minute 

amounts of biological substances and protein complexes using a radioactive label.94,95 In 1977, 

Rosalyn Yalow became the second woman to win a Nobel Prize in medicine for co-developing the 

RIA technique.96 Since the discovery of RIAs, several alternative approaches using different 

markers or labels have been explored. Of such, enzyme immunoassays in which the radioactive 

label is replaced by enzyme markers are of extensive and preferred use.  

 Enzyme immunoassays were first devised in 1971, for the quantitation of antigens and the 

titration of antibodies, by three groups of scientists: S. Avrameas and B. Guilbert in France, E. 

Engvall and P. Perlmann in Sweden, and B. van Weemen and H. Schuurs in Holland.97-99 The 
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overall principle of such assays requires the immobilization of biomolecules (e.g. antigen or 

antibody) to a solid surface, by passive or covalent interactions.98,100 Such solid-phase enzyme 

immunoassays are classified as ELISA. This assay is used in many applications of clinical 

diagnosis and in research for detection and quantification of antigens, antibodies, hormones and 

other biological molecules.100 It is also a valuable tool in studying antigen-antibody interactions, 

particularly mapping the specific epitopes recognized by antibodies.  

 The basic ELISA protocol involves the coating of a microtiter plate with an analyte, 

blocking, washing and signal generation.100,101 Several forms of ELISA have been developed, for 

both qualitative and quantitative measurements. Depending on the purpose of the analysis or study, 

the plate is coated either with an antibody or an antigen. ELISA plates are made of polystyrene, a 

long carbon chain polymer with pendant benzene rings on every other carbon, which is 

hydrophobic in nature.102 Therefore, plate coating occurs through passive adsorption and 

hydrophobic interactions of the protein to the polystyrene wells.101,103 Some plates are chemically 

modified through radiation, by breaking the benzene ring and incorporating carboxylic acids on 

accessible carbons.102 This modification allows for hydrophobic and ionic interactions, increasing 

the binding capacity of biomolecules onto the wells.102  

Coating is done using an alkaline buffer, and the plate is left to incubate overnight at 

4°C.18,103 Upon coating of the plate, the remaining uncoated areas of the wells are saturated with a 

blocking reagent, such as detergent blockers and protein blockers (e.g. BSA, skim milk, gelatin), 

to prevent any non-specific binding of the reagents to the wells.18,103  Non-specific binding can 

also be influenced by various other factors, such as protein-protein interactions and interactions 

between ELISA reagents.104 Depending on the coated molecule and purpose of analysis, an analyte 
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of interest is added.18,103 The reaction is quantified using a specific enzyme-conjugated antibody 

which then reacts with a colorless substrate, resulting in a chromogenic change.18,103 Common 

enzyme labels include horseradish peroxidase (HRP), β-D-galactosidase, and alkaline phosphatase 

(AP).18,103 The enzymes used in ELISA should be of low molecular weight, high stability, and 

should be able to bind covalently to antibodies. The chromogenic change is then detected by a 

plate reader, and the absorbance is measured.  

There are two detection methods in ELISA, the end-point detection and the kinetic 

detection.105 In end-point detection, the substrate reaction is quenched with a stop solution such as 

sulfuric acid, after an optimized time (e.g. 10 minutes to an hour).103,105 The substrate reaction time 

varies depending on the enzyme used. For example, HRP substrates typically react for 10-20 

minutes, beyond that point, more signal will not be generated.98 Thus, when using the end-point 

detection method, the time before quenching must be optimized. In kinetic detection, the 

absorbance is continuously monitored for a period of time.98,105  

The key feature of ELISA is the build-up of layers as the assay progresses, with the analyte 

of interest being held between the plate surface and enzyme-conjugated antibodies. For such 

reason, washing must be performed after every step of ELISA, until the addition of the substrate.103 

Washing is done using a physiological buffer such as phosphate-buffered saline (PBS) or Tris-

buffered solution (TBS), with a detergent such as 0.05% Tween-20. This step decreases 

background noise by separating free and bound components and thereby increases the signal to 

noise ratio.103  

Due to ELISA’s highly sensitive nature, it is important to design, develop and optimize the 

method based on its particular use in research. ELISA is also classified based on detection method 



 

 

37 

 

– the direct and the indirect method. The direct detection method uses tagged primary antibody 

which directly interacts with the antigen, whereas the indirect detection method uses a tagged 

secondary antibody for detection.18 The secondary antibody is specific for the primary antibody, 

binding to the Fc fragment of the primary antibody.18 This is achieved by using primary and 

secondary antibodies from different host species. Furthermore, ELISA can be optimized based on 

the desired analysis. There are various different ELISA protocols, including competitive, non-

competitive, direct, indirect and sandwich ELISA. In this project, we will be using indirect titration 

ELISA and competitive ELISA. 

1.6.4.2 Competitive ELISA 

Competitive ELISA, also referred to as inhibition ELISA, makes use of two antigens. It 

relies on competition between an antigen of interest (the immobilized antigen) and a sample or 

soluble antigen.98 The soluble antigen is added in a solution containing a limited amount of the 

primary antibody. The antigen-antibody complexed solution is then added into the wells, in which 

the immobilized and soluble antigen competes for the antibody’s binding site. The antigen-

antibody complex made with the soluble antigen is unbound and is washed away. The soluble 

antigen is added in varying concentrations. If the soluble antigen is a good competitor of the 

immobilized antigen, then an inverse relationship is depicted. In other words, an increase in soluble 

antigen results in the decrease in antibody binding to the immobilized antigen. The lower the 

concentration of antibody bound to the plate, the weaker the absorbance signal. Similarly, as the 

concentration of the soluble antigen decreases, more antibody will be free to bind to the 

immobilized antigen and a stronger signal is detected.  
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In competitive ELISA, it is important to use primary antibody concentrations that are most 

sensitive to changes in the concentration of the soluble antigen. If the primary antibody 

concentration is too high, then there will be enough antibody to bind both soluble and coated 

antigens. The presence of potential inhibition will thus be hard to detect. In contrast, if the primary 

antibody concentration is too low, then the addition of soluble antigen will prevent the binding of 

the antibody to the coated antigen. Accordingly, a small amount or dilution of the primary antibody 

should be used to depict competition and to obtain both reliable and valid data. This dilution is 

retrieved from the midpoint of the dynamic range (or the linear range) on the titration curves 

generated from indirect titration ELISA experiments.  

1.7 Scope of Thesis 

 This thesis is divided into three chapters based on the anti-TACA mAb studied. The 

majority of this project will work towards characterizing anti-Lex mAbs. In Chapter 2, the attempt 

to characterize the anti-Lex mAb IG5F6 will be discussed. Chapter 3 will focus on the mapping of 

the epitope recognized by an anti-dimLex mAb SH2. The findings discussed in these two chapters 

allow us to compare the different specificities of the two anti-Lex mAbs. Finally, Chapter 4 will 

outline the binding studies conducted with a commercially available anti-Lea mAb, SPM 522. Our 

group hopes to use this information for the design of dimLex and LeaLex based anticancer vaccines. 
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       CHAPTER 2 

2 Mapping the Epitopes Recognized by anti-Lex                          
mAb IG5F6 
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2.1 Introduction 

As previously mentioned (Chapter 1), there have been a number of mAbs directed towards 

the Lex determinant, displaying different specificities. Of particular interest is an anti-Lex murine 

mAb IG5F6 (obtained from Dr. E. Altman, NRCC) raised against Helicobacter pylori O:3 cells 

containing polymeric Lex structures.106 H. pylori is a Gram-negative bacterial pathogen found in 

humans worldwide and is a major cause of chronic gastritis, ulcers and gastric cancer.106 The cell 

envelope of H. pylori contains lipopolysaccharide (LPS) O-specific antigen (O-chain), which is 

highly variable in structure, thus serving as targets for antibodies.107,108 The composition of the O-

chain varies in different strains of bacteria.107 More specifically, the H. pylori O:3 LPS O-chains 

were shown to be abundant in both Lex and Ley blood group epitopes.109,110 The mAb IG5F6 (IgG3 

isotype) was found to be highly specific for the Lex antigen, and exhibited higher affinity for Lex 

than a commercially available anti-Lex IgM.106 In addition, the dissociation constants for the Lex 

pentasaccharide (LNFP III), dimLex and trimLex were measured by surface plasmon resonance 

(SPR) studies to be 55, 42 and 28 μM, respectively.106 This demonstrates that IG5F6 recognizes 

polymeric Lex structures with greater affinity than monomeric Lex, suggesting that the mAb 

recognizes epitopes that are either extended from the terminal non-reducing end Lex or internal to 

dimLex. Thus, the Auzanneau group is interested in mapping the epitope recognized by IG5F6, as 

its unique specificity allows the mAb to be a valuable molecular tool in screening for the smallest 

fragment of dimLex that no longer displays the non-reducing end Lex self-antigen. We first 

embarked on establishing the specificity and stability of IG5F6. To gain insight into the interaction 

between monomeric Lex and IG5F6, we then examined the binding affinity of a panel of Lex 

analogues, synthesized by past Auzanneau group members, for the mAb. With this established, we 



 

 

41 

 

used a panel of dimLex fragments to gain a better understanding of the epitope recognized by the 

mAb.  

2.2 Specificity of the Purified mAb IG5F6 and Ascites 

The specificity of IG5F6 for Lex containing structures was demonstrated by indirect ELISA 

experiments. Detailed experimental procedures are outlined in Chapter 5. Purified mAb and ascites 

were titrated against Lex-BSA 1, Lex-TT 2, dimLex-BSA 3, and dimLex-TT 4 (Figure 2.1).  

 

Figure 2.1. Lex and dimLex Glycoconjugates. 
The absorbance at 450 nm was plotted against varying dilutions of purified mAb and 

ascites, and the results were fitted to a four-parameter logistics sigmoidal equation (Figure 2.2).   
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Figure 2.2. Titration curves for (a) purified mAb IG5F6, and (b) ascites of IG5F6. Each data point 
represents the arithmetic averages of three technical replicates (±SD). 
 

As can be seen from these results, the mAb IG5F6 showed higher affinity for dimLex (▲ 

and▼), suggesting that dimLex is immunodominant over the monomeric Lex. It is also important 

to note that the mAb displayed significantly lower binding to Lex-TT glycoconjugate 2 (i.e. little 

to no binding) than the BSA glycoconjugate 1 (Figure 2.2, compare x and ■). This may be 

attributed to the size of TT (150 kDa) relative to BSA (65 kDa). In glycoconjugate 2, the TT carrier 

protein may be hiding or masking the carbohydrate epitopes from being recognized and bound by 

IG5F6. This potential masking effect by TT is also dependent on the size of the carbohydrate, as 

binding to dimLex-TT 4 (▼) is retained. When comparing dimLex-BSA 3 and dimLex-TT 4, which 

differ in terms of the hapten density (3: 16 dimLex per BSA; 4: 6 dimLex per BSA), we observed 

that the binding to glycoconjugate 3 is stronger than to 4 (compare ▲ and▼). This enhanced 
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binding to (dimLex)16-BSA 3 is a result of the multivalency effect, in which a greater hapten to 

carrier ratio resulted in increased avidity and strengthened binding.111 This is consistent with the 

initial SPR studies by Altman et al.106 

2.3 Stability of the Purified mAb IG5F6 and Ascites  

As mentioned in Section 1.6.1, monoclonal antibodies have specificity for a unique epitope 

and therefore contain identical antigen binding sites.112,113 Interestingly, our indirect ELISA 

experiments demonstrated the binding of the purified mAb and ascites to BSA (Figure 2.2, ●). In 

contrast, other proteins including skim milk, TT, ovalbumin and HSA displayed no binding to the 

purified mAb and ascites. This suggests that the binding of the mAb to BSA is specific, although 

it is considered non-specific in relation to its intended target antigen (i.e. Lex).  The specificity of 

the mAb to BSA was further confirmed by a competitive ELISA experiment using BSA as the 

immobilized competing ligand (Figure 2.3, in black), and BSA (●) and dimLex-TT conjugate 4 

(▲) as soluble competitors.  

 

Figure 2.3. Competitive inhibition curves with BSA (in black) and dimLex-TT (in red) as 
immobilized antigens, and BSA (●) and dimLex-TT (▲) soluble competitors. Each data point 
represents the arithmetic averages of three technical replicates (±SD). 
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Figure 2.3 demonstrates the ability of BSA to inhibit itself (●), with a measured IC50 of 7.5 

μg/mL, while the dimLex-TT conjugate showed no inhibition of the BSA binding to IG5F6 (▲). 

These results suggest that the mAb specifically binds to BSA, in a region distal to the binding 

pocket of the carbohydrate epitope. The latter finding was confirmed by an inhibition experiment 

with dimLex-TT conjugate (4) as the immobilized ligand (Figure 2.3, in red) and BSA as the 

soluble competitor. BSA was not able to displace the carbohydrate binding to the mAb, as no 

inhibition of dimLex-TT binding to IG5F6 was observed (●). Together, these results confirm that 

the carbohydrate epitope and BSA bind to different sites of the antibody.  

When comparing the titration curves, it is observed that the binding of the purified mAb to 

BSA was stronger than that displayed by the ascites (Figure 2.2, ●). The stronger binding displayed 

by the purified mAb to BSA suggested that the physical stability of the mAb may have been further 

compromised by the purification processes in which harsh conditions are used.114 Numerous 

studies have shown that the low pH and high ionic strength conditions during purification may 

result in protein denaturation and aggregation.115-118 The stability and structure are highly 

dependent on the individual protein, and mAbs are no exception.115  

We then decided to investigate whether the binding to BSA observed from our titrations 

was due to a contaminated aliquot of the purified mAb. The binding of three different aliquots of 

the purified mAb was tested against immobilized BSA. The aliquots differed in terms of the date 

when they were first opened for use (2014, 2017 and 2018). All aliquots of the purified mAb bind 

to BSA, confirming that the binding observed did not result from a contaminated vial. However, 

we observed that binding to BSA increased with usage of the aliquot. Indeed, aliquot 1 (Figure 

2.4, red curve ▼), which had been used most, showed greater binding to BSA than the freshly 
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opened aliquots 2 and 3 (Figure 2.4, blue and black curves). As with all proteins, mAbs are 

susceptible to various physical and chemical degradation pathways, including temperature 

changes, light, pH and ionic content.112,119  

 

Figure 2.4. Titration curves for three different aliquots (1: red, 2: blue, 3: black) of purified mAb 
IG5F6 using BSA as the immobilized antigen. Increased binding to BSA of aliquot 1 was observed 
upon exposure at room temperature for:  0 (▼), 24 (▲),48 (■) hours. Each data point represents 
the arithmetic averages of three technical replicates (±SD). 
 

The differential binding to BSA by the three aliquots suggested that the physical stability 

of the mAb had been compromised with repeated uses and increased exposure to room 

temperature. Thus, the effect of temperature on the stability of the purified mAb was further 

assessed by performing a 48-hour temperature-dependent study, using aliquot 1 (Figure 2.4, red 

curves). Binding to BSA increased substantially when the aliquot was kept at room temperature 

for 24 hours and then plateaued. We propose that over time, the purified mAb is denaturing, 

exposing hydrophobic patches with increased affinity for BSA.  

A similar study with the ascites was also carried out (Figure 2.5a). Binding of the ascites 

to BSA (Figure 2.5a, red curves) and Lex-BSA (Figure 2.5a, black curves) was titrated after 0, 24, 
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and 48 hours of exposure at room temperature. We observed a decrease in binding to both BSA 

(■) and Lex-BSA conjugate 1 (■), after being left at room temperature for 24 hours. Since ascites 

are abdominal fluid containing mAbs as well as proteases and other proteins and lipids, we 

speculate that over time (a) the exposed hydrophobic patches in the mAb binds to lipids and 

proteins within the solution or (b) the mAb loses activity due to the presence of proteases, resulting 

in decreased binding to both BSA and the carbohydrate antigen. Since it has been established that 

the binding to BSA by mAb IG5F6 is specific (Figure 2.2 and 2.3), we speculate that the latter is 

true. These binding experiments indicate that both the purified mAb and ascites are prone to 

denaturation and/or degradation at room temperature. 

 

Figure 2.5. Titration curves using BSA (in red) and Lex-BSA (in black) as the immobilized 
antigens: (a) the temperature dependent binding, after the ascites were left at room temperature: 
0 (▼), 24(▲), and 48 (■); and (b) the binding of the ascites after 1 (●), 10 (▲), 20 (■), and 30 
(◆) freeze-thaw cycles. Each data point represents the arithmetic averages of three technical 
replicates (±SD). 

As temperature is a key factor impacting the physical stability of antibodies, we set out to 

determine the effect of repeated freeze-thaw cycles on the binding capability of the ascites to BSA, 

and Lex-BSA. After 10, 20 and 30 freeze thaw cycles, binding to BSA remains unchanged (Figure 

2.5b, red curves). In contrast, a slight drop in binding to the carbohydrate epitope is observed after 
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10 freeze thaw cycles (Figure 2.5b, black curves). The stability of antibodies upon freeze-thaw 

varies from one antibody to another.120 Repeated freeze-thaw cycles typically results in the 

formation of aggregates, which reduces the binding ability of the mAb to its target antigen.120 Here, 

we illustrate that the ascites of IG5F6 are stable for up to 10 freeze-thaw cycles, before a slight 

reduction in binding to Lex is observed. The stability of the ascites and its lower binding affinity 

to BSA compared to the purified mAb (Figure 2.2 ● and 2.5) prompted us to use the ascites for 

further characterization studies of the antigen binding site. 

2.4 Competitive Inhibition Binding Studies with Lex Analogues and dimLex 
Fragments 

2.4.1 Binding Studies with Lex Analogues and mAb IG5F6  

In order to characterize the epitope recognized by the mAb IG5F6, we began by exploring 

the recognition of the monomeric Lex antigen by the mAb. Competitive ELISA experiments using 

Lex-BSA conjugate 1 as the immobilized ligand and Lex analogues 5-13121-123 as soluble 

competitors were performed. Percent inhibition was plotted against inhibitor concentrations and 

was fitted to a four-parameter logistics equation (Figures 2.6 and 2.7). Ascites dilution of 1:1000 

was used throughout all experiments. It is important to note that at this dilution, binding to BSA 

was still expected. Based on our titrations (Figure 2.2b, compare ● and ■), we expect that about 

34 ± 2 % of the mAbs will bind to BSA. This was confirmed in the inhibition curves as maximum 

inhibition was reached between 75 to 80% (Figures 2.6 and 2.7).  

Figure 2.6 shows our competitive binding results for the analogues 6-9121,123. Analogues 6-

9 differed from the native Lex antigen 5, in which one or more of the sugar units were replaced by 

another sugar residue (Figure 2.6, shown in red). In analogue 6 N-acetylglucosamine is replaced 
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by glucose; in analogue 7 galactose is replaced by glucose; in analogue 8 fucose is replaced by 

rhamnose and in analogue 9 N-acetylglucosamine and fucose are replaced with glucose and 

rhamnose, respectively. Table 2.1 provides the concentration of each analogue required for 50% 

inhibition (IC50) of Lex-IG5F6 binding and the corresponding changes in free energy Δ(ΔG) of 

binding using Lex 5 as the reference. Both a large IC50 value and a large Δ(ΔG) value depict the 

loss of key binding interactions and weaker antigen-antibody binding relative to the reference or 

native antigen.  

     
Figure 2.6. Competitive ELISA inhibition curves for the ascites of IG5F6 using Lex-BSA as 
immobilized antigen and Lex analogues 5-9 as soluble competitive inhibitors. Each data point 
represents the arithmetic averages of three technical replicates (±SD). 

All analogues 6-9 were weaker inhibitors than the native Lex antigen (5, ○) (Figure 2.6). 

Substitution of the β-D-GlcNAc unit by a β-D-Glc residue (6, ▼) reduced the binding by ~ 2.5 

kcal mol–1 (Table 2.1, entry 2), suggesting that the acyl and/or amide group participates in an 

essential antibody-carbohydrate interaction.86,124 Replacing the fucose unit by a rhamnose residue 

8 (●)  resulted in a Δ(ΔG)  value which is consistent with the loss of a key polar interaction (Table 

2.1, entry 4). This interaction likely occurs between either Fuc 2-OH or 4-OH with an amino acid 
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side chain in the binding site.86 Furthermore, a cumulative effect was observed when the N-

acetylglucosamine and fucose units were substituted by glucose and rhamnose residues (9, ■) 

respectively (Table 2.1, entry 5).  

Table 2.1. Inhibition data for mAb IG5F6 and Lex analogues 5-13. 

Entry Inhibitor IC50a (μM) ∆(∆G)b (kcal mol–1) 
1 Lex (5) 20 0 
2 LacLex (6) 1500 2.5 
3 GlcLex (7) 1900 2.7 
4 RhaLex (8) 290 1.6 
5 RhaLac (9) 5000 3.2 
6 4”-methoxyLex (10) ---c ---c 
7 4”-deoxyLex (11) 32 0.3 
8 4”-deoxychloroLex (12) 36 0.3 
9 4”-deoxyfluoroLex (13) 16 -0.1 
a Concentration of inhibitor required for 50% inhibition using Lex-BSA conjugate 1 as 

immobilized antigen. 

b Values determined from the expression Δ(ΔG) = RT ln([I1]/[I2] where [I2] is the IC50 

measured for the reference inhibitor Lex 5 and [I1] is the IC50 measured for each analogue 

5-13 with R = 1.98 cal•K–1 and T = 296 K. 

c No inhibition observed at 560 μM. 

Analogue 7 (△) in which the galactose unit was replaced by a glucose residue displayed a 

loss in free energy of binding of 2.7 kcal mol–1 (Table 2.1, entry 3). This weaker binding cannot 

be explained only by the loss of a H-bond, which would result in only 1 kcal mol–1 energy 

difference.86 Thus, it is likely that the loss of key aromatic stacking interactions due to the presence 

of Glc 4”-OH within the α-face of what used to be an exposed hydrophobic patch in the β-Gal 

residue contributes to this result.125 Taken together, these results illustrate that all three units are 

involved in the recognition of Lex by the mAb IG5F6.  

Seeing that the substitution of galactose by glucose (7) resulted in a decrease in binding, 

we investigated the potential involvement of the 4”-OH group to the binding of the native antigen 
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(5) to IG5F6. The affinity of the mAb IG5F6 for Lex was compared to its affinity for the 4”-OH 

modified Lex analogues 10-13 (Figure 2.7).122 The 4”-methoxyLex analogue 10 (●) showed no 

inhibition of the Lex binding to IG5F6, even at high concentrations (>>500 μM), suggesting that 

the methyl group led to unfavorable steric interactions within the binding site (Table 2.1, entry 

6).86,126 Replacing a hydroxyl group with a hydrogen abolishes both the hydrogen bond donor and 

acceptor roles. However, the 4”-deoxyLex analogue 11 (▽) resulted in a loss of only 0.3 kcal mol–

1 (Table 2.1, entry 7) binding energy, indicating that the 4”-OH does not participate into a H-bond 

formation with the binding site of the mAb IG5F6.86 Thus, we conclude that the 4”-OH is only 

involved in a weak polar contact.86 This is consistent with past studies which have demonstrated 

that a change in differential energy of binding between 0.25 to 0.5 kcal mol–1 is equivalent to the 

loss of weak polar contacts.86  

    

Figure 2.7. Competitive ELISA inhibition curves for the ascites of IG5F6 using Lex-BSA as 
immobilized antigen and 4”-OH modified Lex analogues 10-13 as soluble competitive inhibitors. 
Each data point represents the arithmetic averages of three technical replicates (±SD). 

In addition, comparing the binding characteristics of the 4”-methoxyLex analogue 10 and 

4”-deoxyLex analogue 11, suggests that the 4”-OH is located at the periphery of the binding site 
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(Table 2.1, compare entries 6 and 7). This correlates with past work from Professor Lemieux’s 

group, in which mono-O-methyl and mono-deoxy analogues of Leb-OMe were used to identify 

and differentiate solvent exposed hydroxyl groups from those located at the periphery.86,126 The 

group showed that hydroxyl groups present and interacting at the periphery of the protein binding 

site can be deoxygenated without significant loss in binding, while their methylation leads to a 

strong decrease in the stability of the complex, causing complete loss in binding.86,126  

The inhibition results obtained with the 4”-deoxyhalo analogues 12 and 13 allow us to 

further elucidate the role of the 4”-OH in binding to the mAb.86,127 The 4”-deoxychloro analogue 

12 (■) exhibited a similar change in binding potency as deoxy analogue 11 (▽) (Table 2.1, entries 

7 and 8). In contrast, the 4”-deoxyfluoro analogue 13 (▲) exhibited essentially similar binding to 

the mAb as the native Lex antigen 5 (Δ(ΔG) = -0.1 kcal mol–1). Given that the chlorine atom is 

larger than fluorine, we postulate that it generated unfavorable steric repulsion within the binding 

site.128 Collectively, these results suggests that the axial 4”-OH in Lex is involved in a weak polar 

contact.86 However, since the significant change in binding potency observed when the galactose 

unit was replaced by a glucose residue (7) cannot be explained solely by the loss of a weak polar 

contact, we conclude that the galactose residue is predominantly involved in hydrophobic stacking 

interactions with an aromatic residue such as tyrosine or tryptophan.  These interactions are 

disturbed by the equatorial hydroxyl group pointing at the hydrophobic galactosyl α face in GlcLex 

7.125  

These interactions have been previously proposed by us and others when studying the anti- 

Lex mAbs, SH1 and 291-2G3-A.67,129 The mAb 291-2G3A (an IgG3) was generated from mice 

with a schistosome infection. Similar to IG5F6, this mAb binds to oligomeric Lex with greater 
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affinity than LNFP III.67,130 As an attempt to understand the specificity of the antibody for Lex, 

van Roon et al. performed X-ray crystallographic analysis of the Fab fragment of mAb 291-2G3-

A in complex with the Lex trisaccharide.67,130 The 4”-OH of galactose does not participate in a H-

bond with the antigen binding site (Figure 2.8a, yellow arrow).67 However, a tryptophan residue 

(W33, in purple) within the binding site forms favorable aromatic stacking interactions with the 

hydrophobic patch of the galactosyl α face (Figure 2.8b).67 

 

Figure 2.8. Structure of PDB entry 1UZ8: binding site of Fab of mAb 291-2G3-A with Lex.67,130 (a) 
H-bond contacts. The yellow arrow highlights that the 4”-OH of galactose is not involved in 
forming an H-bond. (b) Favourable hydrophobic stacking interaction between Trp 33 (W33, in 
purple) and the Lex galactosyl hydrophobic α face.  

Similarly, we have suggested such stacking interactions between Lex and anti-Lex mAb 

SH1.129 The mAb SH1 is a murine IgG3 raised against the purified LNFP III, reacting strongly 

with the Lex antigen, regardless of chain length.24 Our previous inhibition studies with mAb SH1 

and the Lex analogues 6-9 and 4”-OH modified Lex analogues 10-13 illustrated that the galactose 

residue was likely involved in aromatic stacking interactions.129 However, analogue 7 displayed 
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no binding to mAb SH1, while here we report that mAb IG5F6 retains some binding.131 We have 

also shown that the 4”-OH of galactose behaves as a H-bond donor in the SH1 binding site, though 

this is not observed with mAbs IG5F6 and 291-2G3-A.67,132  

These results taken collectively clearly demonstrate that different groups of antibodies are 

produced depending on the presentation of Lex to the immune system. Since SH1 was raised 

against the Lex ceramide pentasaccharide (LNFP III), it recognizes an epitope more localized to 

the non-reducing end Lex trisaccharide. In contrast, although our titrations demonstrate that IG5F6 

recognizes the Lex conjugate, its binding affinity for dimLex conjugate is higher, suggesting that 

dimLex is immunodominant over the terminal non-reducing end Lex. We conclude that IG5F6, 

which was raised against epitopes displayed by polymeric Lex structures, recognizes epitopes that 

are either extended from the terminal Lex or internal to dimLex.  

2.4.2 Binding Studies with dimLex Fragments and mAb IG5F6  

With a better understanding of the recognition of monomeric Lex by IG5F6, in this section 

we set out to investigate the binding characteristics of the mAb to a panel of dimLex fragments 14-

19 (Figure 2.9).133-136 These fragments differed from the dimLex antigen 20137, as they were 

synthesized without one or more sugar units, forming tetra- or pentasaccharide fragments of 

dimLex.  

Competitive ELISA experiments using both Lex-BSA 1 and dimLex-BSA 3 as immobilized 

antigens and dimLex fragments 14-20 as soluble competitors were performed. As presented in 

Section 2.2, for the inhibition studies with Lex-BSA as the immobilized antigen, an ascites dilution 

of 1:1000 was used. In contrast, for the experiments with dimLex-BSA as the immobilized antigen, 
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an ascites dilution of 1:50,000 was used. At this dilution, there was no observable binding to BSA 

(Figure 2.4b, ●).  

 

Figure 2.9. Structures of dimLex fragments 14-20.133-137 

Figure 2.10 and Table 2.2 depicts the competitive binding results for the studies performed 

with both Lex-BSA 1 (Figure 2.10a) and dimLex-BSA 3 (Figure 2.10b) as the immobilized antigens 

and dimLex fragments 14-20. Comparing the two sets of IC50 values, it can be seen that the IC50 

values for the Lex-BSA immobilized studies are larger than those for the dimLex-BSA immobilized 

studies.  If we recall, at the ascites dilution used for the competitive inhibition studies with Lex-

BSA immobilized (i.e. 1:1000), binding to BSA remains. This was confirmed in the inhibition 

curves (Figure 2.10a) as maximum inhibition was reach between 75 to 80%. Thus, the larger IC50 
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values for the Lex-BSA immobilized studies can be attributed to any residual binding to BSA that 

interferes with inhibition. From these values it is important to emphasize that the immobilized 

antigen had no impact on the inhibition pattern presented by fragments 14-20, as the overall trend 

is the same, allowing us to move forward in drawing conclusions.  

 

 
 
Figure 2.10. Competitive ELISA inhibition curves for the ascites of IG5F6 using: (a) Lex-BSA 1, 
and (b) dimLex-BSA 3, as the immobilized antigens and dimLex fragments 14-20 as soluble 
competitive inhibitors. Each data point represents the arithmetic averages of three technical 
replicates (±SD). 
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Table 2.2. Inhibition data for mAb IG5F6 and dimLex fragments 14-20. 

 
a Values determined from the expression Δ(ΔG) = RT ln([I1]/[I2] where [I2] is the IC50 measured 

for the reference inhibitor Lex 5 (shaded in yellow) and [I1] is the IC50 measured for each fragment 

with R = 1.98 cal•K–1and T = 296 K.  

b Values determined from the expression Δ(ΔG) = RT ln([I1]/[I2] where [I2] is the IC50 measured 

for the reference inhibitor dimLex 20 (shaded in yellow) and [I1] is the IC50 measured for each 

fragment with R = 1.98 cal•K–1and T = 296 K. 

c Inhibition test using dimLex 20 as soluble inhibitor was not performed for (Lex)10 immobilized 

studies.  
 
d No inhibition observed at >>1200 μM. 

e No inhibition observed at >>3300 μM. 

Of the seven fragments tested, three of the fragments (14, 15, 18) and the native dimLex 

antigen 20 inhibited dimLex-IG5F6 binding. A common structural feature among these fragments 

is the presence of the Lex unit, despite its location (e.g. Figure 2.10, 15, 18, 20: reducing end, 

shown in red box versus 14, 20: non-reducing end, shown in blue box). GlcNAc[1,3”]Lex fragment 

15 (▼) is of particular interest as it displays a binding strength similar to the mAb, as the native 

dimLex 20 (Table 2.2, compare entries 2 and 4). The remaining three fragments (16, 17, 19) 

showed no binding to IG5F6 at all. With the exception of fragment 19, the remaining two 

  (Lex)10-BSA 
immobilized 

(dimLex)16-BSA 
immobilized 

Entry Inhibitor IC50 
(μM) 

∆(∆G)a 
(kcal mol–1) 

IC50 
(μM) 

∆(∆G)b 
(kcal mol–1) 

1 Lex (5) 20 0 11 -1.8 
2 dimLex (20) --- ---c 240 0 
3 Lex[1,3]Gal (14) 62 0.6 46 -1.0 
4 GlcNAc[1,3”]Lex (15) 300 1.6 280 0.07 
5 LacNAc[1,3”]LacNAc (16) --- ---d --- ---e 

6 Fuc[1,3]GlcNAc[1,3”]LacNAc (17) --- ---e --- ---e 

7 LacNAc[1,3”]Lex (18) 5800 3.3 6200 1.9 
8 Fuc[1,3]GlcNAc[1,3”]Lex (19) --- ---e --- ---e 
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fragments lack a Lex unit in their structures. When comparing fragment 18 (LacNAc[1,3”]Lex) and 

fragment 19 (Fuc[1,3]GlcNAc[1,3”]Lex), we can see that 18 has a terminal galactose unit on the 

non-reducing end Lex (Figure 2.10, shown in green), whereas in 19 the galactose is not present. 

The lack of recognition of fragment 19 coincides with our results in Section 2.4.1, where we 

observed that analogue 7 (Gal replaced by Glc) was a weaker inhibitor than analogue 8 (Fuc 

replaced by Rha). Piecing together the binding results for our Lex analogues 7 and 8, and fragments 

18 and 19, we can propose that both fucose and galactose are essential monosaccharide units in 

the mAb epitope recognition; however, galactose is more important. Hence, the lack of a terminal 

galactose in 19, despite the presence of a Lex unit, probably results in its loss of binding to the 

mAb.   

Although we discovered three dimLex fragments that retained binding to the mAb IG5F6, 

all fragments, including the native dimLex antigen 20, were weaker inhibitors than the native Lex 

antigen 5. The native Lex antigen 5 is shown to be the strongest competitor amongst the panel of 

tested fragments, and was shown to have greater binding affinity than the dimLex antigen with a 

Δ(ΔG) of -1.8 kcal mol–1, contradicting our preliminary titrations (Figure 2.2).  We investigated 

whether the greater affinity to dimLex observed in our titrations could be attributed to a higher 

avidity of the antibody to the dimLex-BSA conjugate 3 (16 dimLex per BSA) over the Lex-BSA 

conjugate 1 (10 Lex per BSA).  

Competitive inhibition ELISA using dimLex-BSA 3 as the immobilized antigen and 

(dimLex)16-BSA 3, (dimLex)6-TT 4, (Lex)10-BSA 1, and (Lex)35-BSA 21 (Figure 2.11) as soluble 

inhibitors was conducted with the expectation that the (Lex)35-BSA conjugate (i.e. greater 
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hapten:carrier protein ratio of 35 Lex per BSA) should inhibit better than the dimLex-BSA 3 and 

dimLex-TT 4 conjugates.   

 
Figure 2.11. Structure of (Lex)35-BSA glycoconjugate. 

However, this was not the case (Figure 2.12). The inhibition curves depict that the mAb 

has a greater affinity for dimLex glycoconjugates (● and △), despite the greater hapten to carrier 

ratio presented by (Lex)35-BSA 21 (☐). Moreover, avidity (or the multivalency effect) is seen to 

play a role in distinguishing the inhibiting strength of the two different Lex conjugates and the two 

different dimLex conjugates, in which (Lex)35-BSA 21 (☐) and (dimLex)16-BSA 3 (●) were slightly 

better inhibitors than (Lex)10-BSA 1 (▼) and (dimLex)6-TT 4 (△), respectively. 

 

Figure 2.12. Competitive ELISA inhibition curves for the ascites of IG5F6 using dimLex-BSA as 
the immobilized antigen and dimLex and Lex glycoconjugates as soluble inhibitors. Each data point 
represents the arithmetic averages of three technical replicates (±SD). 
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Taken together, our experiments suggest that the carrier protein plays an essential role in 

dimLex epitope presentation. Results from our inhibition studies using dimLex BSA conjugates as 

immobilized antigens, and our glycoconjugates as competitors paralleled our preliminary titrations 

(Figure 2.13a). In contrast, the opposite effect was observed when the corresponding free 

saccharides 5 (●) and 20 (▲) were used as competitors (Figure 2.13b).  

2.4.2.1 Carrier Protein Influences Carbohydrate Presentation - Proposed Explanation  

The results presented thus far, particularly the significantly less efficient inhibition of 

binding by the free dimLex 20 hexasaccharide, indicate the importance of the carrier protein in 

influencing the mode of presentation of the carbohydrate antigen.  

 

Figure 2.13. Comparison of the inhibitory potential of (a) Lex and dimLex glycoconjugates, and 
(b) corresponding free Lex and dimLex carbohydrates, using dimLex-BSA as the immobilized 
antigen. Each data point represents the arithmetic averages of three technical replicates (±SD). 

Studies have suggested the role of fatty acids within the lipoidal moiety of 

lipooligosaccharides (LOSs) in expressing a certain conformation of the oligosaccharide 

moiety.138-141 Yamasaki et al. investigated the epitope expression of Neisseria gonorrhoeae (N. 
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gonorrhoeae) strain F62 by using a murine mAb 3F11 (IgM).138,139 The F62 LOS was chemically 

modified in various ways to understand its structural requirements for the expression of the epitope 

recognized by 3F11.139 Upon periodate oxidation of the LOSs, the group demonstrated that the 

carbohydrate moiety is essential for the epitope recognized by the mAb.139 However, removal of 

some fatty acids on the LOS by sodium hydroxide and hydrazine treatment, greatly reduced the 

binding of the mAb to the LOS, suggesting that the fatty acids play a role in influencing a specific 

and desired conformation of the carbohydrate moiety.139 The group performed circular dichroism 

spectroscopy analysis of both the intact and partially deacylated LOSs, confirming the 

conformational changes to F62 LOS as a result of the loss of fatty acids in the lipoidal moiety.139  

In this context, we propose that the carrier proteins BSA and TT in the dimLex 

glycoconjugates 3 and 4 respectively, may induce a specific immunodominant conformation of the 

hexasaccharide antigen. Interestingly, in a previous paper, we established that the TACA dimLex 

20 adopted two conformations in solution about the β-D-GlcNAc-(1→3)-D-Gal glycosidic bond, 

which links the two Lex trisaccharide units (Figure 2.14).142  

 

Figure 2.14. (a) Conformation I (50%), and (b) Conformation II (49%), for dimLex in solution.142 

These conformations differ by the value of the torsion angle (ψ, defined as C1-O1-Cx-Cx+1) for 

this glycosidic bond.142 In fact, the two orientations of the torsion angle (Conformation I - 86°; 



 

 

61 

 

Conformation II - 143°) are consistent with the orientations identified in the past for smaller milk 

oligosaccharides (e.g. LNFP I, LNFP II and LNFP III) about the same glycosidic bond.143-145  

As one may recall, the hydrophobic patch of the β-galactosyl α face is a key recognition 

feature of Lex, due to its involvement in stacking interactions with the binding site. In conformation 

I, the hydrophobic patch is extended by the hydrophobic surface in the GlcNAc (A’) residue, 

whereas in conformation II the hydrophobic patch of GlcNAc (A’) is hidden (Figure 2.14, regions 

shown in purple).142 Similarly, the GlcNAc[1,3”]Lex fragment 15 was also shown to adopt these 

two conformations.142  

Thus, we can conclude that the two conformations of the free dimLex hexasaccharide in 

solution is presenting different internal epitopes to the mAb IG5F6. In contrast, when dimLex is 

presented on a carrier protein in glycoconjugate, as in 3 and 4, perhaps only one immunodominant 

conformation of dimLex is presented. This conformational presentation most likely resembles the 

native chemical structure of the TACA as displayed on cancer cell surfaces.  

2.5 Conclusions  

 In conclusion, we propose that the mAb IG5F6 recognizes a carrier protein-induced 

conformational epitope of dimLex. It is interesting to note that the β-D-GlcNAc-(1→3)-D-Gal 

glycosidic bond (Figure 2.9, shown in red) is present not only in dimLex 20, but all the dimLex 

fragments 14-19 used in our studies. This suggests that these fragments also adopt two 

conformations in solution, similar to that of dimLex 20. Thus, the binding strength of dimLex 20 

and fragments 14-19 to mAb IG5F6 presented here is most probably influenced by the two unique 

conformations of the carbohydrates in solution, as they present different internal epitopes to the 

mAb.  
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It is of great interest to follow up the present findings with structural and NMR studies. 

These studies will aim at determining the immunodominant conformation of the dimLex presented 

on the glycoconjugate, and recognized by the mAb. In addition, our results showed that 

GlcNAc[1,3”]Lex 15 exhibited essentially similar binding to the mAb as the native dimLex antigen 

20 (Δ(ΔG) = 0.07 kcal mol–1). The similar binding exhibited by fragment 15, suggests that the 

fragment displays key internal epitopes that are also present on dimLex and needed for mAb 

recognition. This fragment serves as the smallest fragment of dimLex no longer displaying the non-

reducing end Lex self-antigen. Future studies will aim to further explore the binding strength of 

this fragment with different anti-Lex mAbs, as it will allow us to gain further insight of its potential 

as a target for dimLex-based vaccines.   
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CHAPTER 3 

3 Mapping the Epitopes Recognized by anti-dimLex mAb SH2 
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3.1 Introduction 

Similar to IG5F6, a few other mAbs have been shown to recognize polymeric Lex over 

monomeric Lex. An example of such mAb is SH2 which was produced by Singhal et al. The group 

produced two murine mAbs of IgG3 isotype: SH1 and SH2.24 The mAb SH1 was raised against 

purified Lex ceramide pentasaccharide (LNFP III) coated on acid-treated Salmonella minnesota.24 

It was shown to exhibit high affinity for monomeric and multimeric Lex structures.24 The 

recognition of monomeric Lex by SH1 was previously explored by past Auzanneau group 

members.129,146 The binding affinity of analogues 6-13 for the mAb SH1 was compared with the 

native Lex 5, by competitive ELISA experiments (Table 3.1).  

All tested analogues were weaker inhibitors than the native Lex.129,146 We discovered that 

the galactose unit was essential in preserving Lex-SH1 binding, as when the galactose unit was 

replaced by a glucose residue (7) there was a complete loss in binding to the mAb (Table 3.1, entry 

3).146 The abolished binding was further explored by our group using the 4”-OH modified Lex 

analogues.129 Our results demonstrated that galactose residue is vital in conserving the recognition 

of Lex by SH1. More specifically, the axial 4”-OH group was shown to participate as a H-bond 

donor in the formation of a H-bond in the SH1 binding site (Table 3.1, compare entries 1 and 8). 

In addition, the complete loss in binding of the GlcLex analogue 7, suggested that the galactosyl α 

hydrophobic patch in Lex was another main feature driving the binding of Lex to SH1.129 The 

equatorial 4”-OH in the glucose analogue disturbed what used to be a hydrophobic patch in the β-

galactosyl α face, creating unfavourable electrostatic interactions in the antibody binding site and 

thus a loss in recognition.129 Moreover, our results also highlighted that the N-acetyl group of the 

GlcNAc unit only has a minor role in  Lex-SH1 binding (Table 3.1, entry 2), while the fucose 
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residue in Lex is involved in a strong interaction with the binding site (Table 3.1, entry 4).146 

Together the data presented for SH1 suggests that although all three units of Lex
 play a role in Lex-

SH1 binding, the contribution of the galactose unit alone was much more significant.     

Table 3.1. Inhibition data for mAb SH1 and Lex analogues 5-13.129,147 

In this section, we shift our focus on to the second murine mAb SH2. The mAb was raised 

against purified dimLex glycolipid, and was shown to selectively recognize dimLex and trimLex.24 

The group also showed that SH2 did not bind to monomeric Lex ceramide pentasaccharide (LNFP 

III, Figure 3.1a), while some binding to LacNAc[1,3”]LNFP III ceramide (III3FucnLc6, Figure 

3.1b) was observed.24 

 
Figure 3.1. Lex ceramide structures: (a) Lacto-N-fucopentose (LNFP III) and (b) 
LacNAc[1,3”]LNFP III (III3FucnLc6).  

Entry Inhibitor IC50a (μM) ∆(∆G)b (kcal mol–1) 
1 Lex (5) 156 0 
2 LacLex (6) 204 0.2 
3 GlcLex (7) >>5800 (no inhibition) 
4 RhaLex (8)  1068 1.1 
5 RhaLac (9) 2037 1.5 
6 Lex (5) 337 0 
7 4”-methoxyLex (10)  >>18000 (no inhibition) 
8 4”-deoxyLex (11) 2933 1.3 
9 4”-deoxychloroLex (12) 4838 1.6 
10 4”-deoxyfluoroLex (13)  11685 2.1 
a Concentration of inhibitor required for 50% inhibition using Lex-BSA conjugate 21 

as immobilized antigen.  
b Values determined from the expression Δ(ΔG) = RT ln([I1]/[I2] where [I2] is the IC50 
measured for the reference inhibitor Lex 5 and [I1] is the IC50 measured for each 
analogue 5-13 with R = 1.98 cal•K–1and T = 296 K.  
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The preliminary studies by Singhal et al. suggest that SH2 is a group II anti-Lex mAb, as it is 

specific for dimeric and trimeric Lex structures.  For this reason, it is of interest to characterize the 

mAb, as this will provide us with insight into the internal epitopes displayed on dimLex. This 

chapter outlines our progress in characterizing the epitope recognized by SH2, using our panel of 

Lex analogues and dimLex fragments. 

3.2 Specificity of the mAb SH2 Ascites 

The ascites of SH2 were titrated against (Lex)10-BSA 1, (Lex)35-BSA 21, (dimLex)16-BSA 

3, and dimLex-TT 4 (Figure 2.1 and 2.10). All glycoconjugates were coated at a concentration of 

10 μg/mL, with the exception of glycoconjugate 3, which was coated at both 10 μg/mL (Figure 

3.2a, ●) and 5 μg/mL (Figure 3.2a, ●). Titration curves were generated by plotting the absorbance 

at 450 nm against varying dilutions of SH2 (Figure 3.2). The curves were fitted to a four-parameter 

logistics sigmoidal equation, as described previously.  

 
Figure 3.2. Titration curves for mAb SH2: (a) overall representation of titrations against all 
antigens, and (b) enhanced representation of titrations against BSA, skim milk and 
glycoconjugates 1, 21 and 4. Each data point represents the arithmetic averages of three technical 
replicates (±SD). 
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As can be seen from these results, the mAb SH2 showed specificity for dimLex, confirming 

that the mAb is indeed an anti-dimLex mAb (Figure 3.2). The binding curve for dimLex-BSA 3 

was similar for both coating concentrations (Figure 3.2a, ● and ●). This allowed us to use a coating 

concentration of 5 μg/mL of dimLex-BSA for the remaining binding studies.  Interestingly, the 

mAb displayed little to no binding to dimLex-TT 4 (Figure 3.2, ▲). This binding to the two 

dimLex glycoconjugates is different from that observed with the mAb IG5F6, in which the mAb 

bound to the two conjugates in a manner that was characteristic of the multivalency effect (refer 

to Section 2.2). Studies in the past have shown that the presentation of oligosaccharides on proteins 

vary from context to context.148-150  

For example, Solis et al. worked with conglutinin, a serum lectin which binds to high 

mannose (Man) N-glycans.149 The group compared the binding of conglutinin to Man8
 when 

presented on ribonuclease B (RNaseB), in the native and denatured states.149 They demonstrated 

that the lectin bound strongly to the Man8 glycan when presented on the denatured RNaseB, as 

opposed to the native protein.149 The recognition of oligosaccharides by lectins, enzymes and 

antibodies is influenced by the different geometries of presentation of the carbohydrate within the 

glycan-carrier protein system (i.e. glycoconjugates or glycoproteins).148-150 Thus, the two different 

carrier proteins BSA and TT may present the desired epitopes of dimLex in a different manner. 

Both proteins are capable of presenting the target antigen to the mAb IG5F6. However, this is not 

the case for the mAb SH2. 

Moreover, SH2 displayed no binding to the Lex-BSA conjugate 1 (■), BSA (◆) and skim 

milk (x) (Figure 3.2). We tested whether the lack of recognition to glycoconjugate 1 may be a 

result of avidity, by immobilizing the Lex glycoconjugate (21) which has a higher hapten to carrier 
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ratio (35 Lex
 per BSA). From Figure 3.2b, it can be seen that the mAb weakly recognizes and binds 

to glycoconjugate 21 (▼), portraying a binding curve similar to dimLex-TT 4 (▲). This weak 

recognition of the Lex conjugate 21 and high specificity for dimLex suggests that SH2 recognizes 

an internal epitope of dimLex. This is in accordance with the initial  double determinant assay 

experiments conducted by Singhal et al.24 The binding specificity displayed by SH2 is different 

from that presented with IG5F6, as the latter mAb can recognize and bind to the Lex conjugates 

sufficiently, although with lower affinity than dimLex.  

On the basis of our previous findings with the mAb SH1, we postulated that an ideal 

dimLex-based vaccine candidate may be the glucose analogue of dimLex, in which the terminal 

galactose unit is replaced by glucose. We titrated SH2 against immobilized (GlcdimLex)16-BSA 

22 (Figure 3.3) with the hopes that the mAb retains binding to the hexasaccharide analogue. 

 
Figure 3.3. Glucose DimLex BSA Glycoconjugate.  

However, this was not the case, even at a higher coating concentration (20 μg/mL, ●) of 

the glycoconjugate (Figure 3.4). 

 
Figure 3.4. Titration curves for mAb SH2 and glycoconjugates 21 and 22. Each data point 
represents the arithmetic averages of three technical replicates (±SD). 
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The weak recognition of Lex-BSA 21 (▼) and the loss of recognition of GlcdimLex-BSA 

22 (● and ●) together, suggest that SH2 binds an internal epitope of dimLex displaying the terminal 

galactose unit found on the non-reducing end Lex. The highly specific and selective recognition of 

dimLex by SH2, inspired us to explore the recognition of dimLex fragments by the mAb. 

3.3 Stability Studies of the mAb SH2 Ascites 

Before proceeding further into characterizing the mAb SH2, the effect of room temperature 

and repeated freeze-thaw cycles on the stability of the mAb was examined. Although the indirect 

ELISA studies displayed no binding of the mAb to proteins including BSA and skim milk (Figure 

3.2, ◆ and x), we still decided to perform the stability studies with BSA as an immobilized antigen, 

in addition to dimLex-BSA. This would give us an idea of whether increased exposure to room 

temperature or repeated freeze-thaw cycles influence any changes in the physical structure, and 

thereby the specificity of the mAb (Figure 3.5).  

 
Figure 3.5. Titration curves using BSA (in red) and dimLex-BSA (in black) as the immobilized 
antigens: (a) the temperature dependent binding, after the mAb SH2 was left at room temperature: 
0 (●), and 24(▲); and (b) the binding of SH2 after 1 (●), 10 (▲), 20 (▼), and 30 (■) freeze-thaw 
(FT) cycles. Each data point represents the arithmetic averages of three technical replicates 
(±SD).  
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The binding to dimLex-BSA 3 remained the same, both after the ascites of SH2 were 

exposed to room temperature for 24 hours (Figure 3.5a, in black), and after being subjected to 30 

freeze-thaw cycles (Figure 3.5b, in black). The slight drop in binding observed in Figure 3.5 (black 

curves, ● and ▲) was calculated to be within one standard deviation (Figure 3.5a: ± 0.2 OD, and 

Figure 3.5b: ± 0.14 OD). Similarly, under the same conditions, there was no binding to BSA 

observed (Figure 3.5, in red). Collectively, the stability studies demonstrate that SH2 is stable for 

at least up to 24 hours at room temperature and 30 freeze-thaw cycles. Furthermore, the absence 

in binding to BSA confirmed that the specificity of the mAb is not being affected due to changes 

in temperature and environment. 

3.4 Competitive Inhibition Binding Studies  

3.4.1 Binding Studies with dimLex Fragments and mAb SH2  

 In this section, the affinity of the mAb SH2 for dimLex (20) was compared to its affinity 

for a panel of dimLex fragments 14-19. Competitive ELISA experiments using dimLex-BSA 3 (5 

μg/mL) as immobilized antigens and dimLex fragments 14-20 as soluble competitors were 

performed. Ascites dilution of 1:500 was used throughout all experiments. Figure 3.6 shows our 

competitive binding results for the dimLex fragments and the native Lex and dimLex antigens. 

Table 3.2 provides the IC50 and Δ(ΔG) for each fragment. The changes in free energy of binding 

was calculated using dimLex 20 as the reference.  

 Of the eight fragments tested, two of the fragments (14, 15) and the native dimLex antigen 

20 were shown to inhibit dimLex-SH2 binding. Both fragment 14 (Lex[1,3]Gal) and dimLex 20 

contain the terminal non-reducing end Lex (Figure 3.6, blue box), which is absent in fragments 

(16-19). The absence of the terminal non-reducing end Lex unit and thus galactose (Figure 3.6, 
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shown in green) resulted in the relatively weak recognition of fragment 15 (GlcNAc[1,3”]Lex) by 

SH2. If one recalls, the significance of the terminal galactose unit was highlighted in our titration 

studies by the complete loss in binding to GlcdimLex-BSA 22 (Figure 3.4, ●).  

 

 
Figure 3.6. Competitive ELISA inhibition curves for the ascites of SH2 using dimLex-BSA as 
immobilized antigen, and Lex 5, dimLex 20 and dimLex fragments 14-19 as soluble competitive 
inhibitors. Each data point represents the arithmetic averages of three technical replicates (±SD). 
 
Table 3.2. Inhibition data for mAb SH2 and Lex 5, dimLex 20 and dimLex fragments 14-19. 
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Entry Inhibitor IC50a (μM) ∆(∆G)b (kcal mol–1) 
1 dimLex (20) 595 0 
2 Lex[1,3]Gal (14) 530 -0.07 
3 GlcNAc[1,3”]Lex (15) 19,000 2.0 
4 LacNAc[1,3”]LacNAc (16) --- ---c 
5 Fuc[1,3]GlcNAc[1,3”]LacNAc (17) --- ---c 
6 LacNAc[1,3”]Lex (18) --- ---c 
7 Fuc[1,3]GlcNAc[1,3”]Lex (19) --- ---c 
8 Lex (5) 47 -1.5 
a Concentration of inhibitor required for 50% inhibition using dimLex-BSA conjugate 3 as 

immobilized antigen.  

b Values determined from the expression Δ(ΔG) = RT ln([I1]/[I2] where [I2] is the IC50 
measured for the reference inhibitor dimLex 20 (shaded in yellow) and [I1] is the IC50 
measured for each Lex 5 and fragments 14-20 with R = 1.98 cal•K–1and T = 296 K.  
c No inhibition observed at >>1200μM. 
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 Interestingly, our inhibition results demonstrated that all fragments including the native 

dimLex antigen were weaker inhibitors than Lex (5) (Table 3.2). In fact, the Lex antigen had greater 

binding affinity than the dimLex antigen with a Δ(ΔG) of -1.5 kcal mol–1 (Table 3.2, entry 8). 

Although we reported a similar finding for the mAb IG5F6, these results are striking for SH2, 

since little to no binding was observed to the Lex glycoconjugates in our indirect ELISA studies 

(Figure 3.2, ■ and ▼). Thus, despite the minimal binding observed to the Lex glycoconjugates, 

these inhibition results prompted us to explore the recognition of monomeric Lex by SH2. 

3.4.2 Binding Studies with Lex Analogues and mAb SH2 

3.4.2.1 Binding Studies with Lex Analogues 5-9 

Competitive ELISA experiments using dimLex-BSA conjugate 3 (5 μg/mL coating 

concentration) as the immobilized ligand and Lex analogues 5-9121-123  as soluble competitors were 

performed (Figure 3.7, Table 3.3).  

         
 
Figure 3.7. Competitive ELISA inhibition curves for the ascites of SH2 using dimLex-BSA as 
immobilized antigen, and Lex 5 and analogues 6-9 as soluble competitive inhibitors. Each data 
point represents the arithmetic averages of three technical replicates (±SD). 
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Table 3.3 provides the IC50 and Δ(ΔG) for each analogue. To draw conclusions regarding 

the recognition of Lex by SH2, the changes in free energy of binding was calculated using Lex 5 

as the reference inhibitor.  

Table 3.3. Inhibition data for mAb SH2, and Lex 5 and analogues 6-9. 

 
Of the five analogues tested, only the Lex antigen 5 and analogue 8 (RhaLex) retained 

binding to SH2. Substitution of the fucose unit by a rhamnose residue (8) resulted in a 1.7 kcal 

mol–1 decrease in free energy of binding compared to the Lex antigen 5 (Table 3.3, entries 1 and 

4). As mentioned previously, this value correlates with the loss of a key polar interaction, occurring 

between either Fuc 2-OH or 4-OH and an amino acid side chain in the binding site.86 Furthermore, 

the recognition of RhaLex by SH2, suggests that both Gal and GlcNAc take part in carbohydrate-

protein interactions that may be essential for Lex-SH2 recognition.  

Indeed, the substitution of the GlcNAc residue by Glc (6, LacLex), and Fuc and GlcNAc 

by Rha and Glc, respectively (9, RhaLac), resulted in a complete loss in binding. This highlights 

the importance of the N-acetylglucosamine residue, suggesting that the acyl and/or amide group 

participates in an essential antibody-carbohydrate interaction (Table 3.3, entries 2 and 5). 

Entry Inhibitor IC50a (μM) ∆(∆G)b (kcal mol–1) 
1 Lex (5) 47 0 
2 LacLex (6) --- ---c 
3 GlcLex (7) --- ---c 
4 RhaLex (8)  830 1.7 
5 RhaLac (9) --- ---c 
a Concentration of inhibitor required for 50% inhibition using dimLex-BSA conjugate 

3 as immobilized antigen.  
b Values determined from the expression Δ(ΔG) = RT ln([I1]/[I2] where [I2] is the IC50 
measured for the reference inhibitor Lex 5 (shaded in yellow) and [I1] is the IC50 
measured for each analogue 5-9 with R = 1.98 cal•K–1and T = 296 K. 
c No inhibition observed at 1800 μM. 
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Moreover, replacing the galactose unit by a glucose residue (7, GlcLex) also resulted in a complete 

loss in binding (Table 3.3, entry 3), stressing that the galactose unit is crucial in epitope recognition 

by the mAb. As described in the previous chapter, it is likely that the loss of key aromatic stacking 

interactions and hydrogen bonds contributes to this result.125 Together, these results illustrate that 

both β-D-galactose and N-acetyl-β-D-glucosamine are important in preserving the Lex-SH2 

binding interaction.   

3.4.2.1.1 Comparing the Recognition of Monomeric Lex and Analogues 6-9 by mAbs SH1, 
IG5F6 and SH2 

For the three mAbs SH1, IG5F6 and SH2, all analogues 6-9 were shown to be weaker 

inhibitors than the native Lex 5 antigen, suggesting that all three sugar units in Lex play a role in 

forming essential carbohydrate-protein interactions. However, the extent to which these units are 

vital differs from one mAb to the other. As presented in the previous section, both β-D-galactose 

and N-acetyl-β-D-glucosamine are essential for the recognition of Lex by SH2. The absence of 

these individual units resulted in a complete loss in binding (Table 3.3, entries 2, 3, and 5).  

As observed with SH2, our binding studies with the mAb SH1 demonstrated the loss in 

recognition of GlcLex analogue (7), placing a similar importance for the galactose unit in retaining 

Lex-SH1 interaction (Table 3.1, entry 3).146 The GlcNAc unit was only shown to have a minor role 

in binding of Lex by SH1 (Table 3.1, entry 2), in contrast to SH2.146 Both mAbs SH1 and SH2 

exhibited that although the fucose unit is involved in forming key polar interactions with their 

binding sites, it is not required for maintaining Lex binding (Table 3.1 and 3.3, entry 4).  

Finally, although the mAb IG5F6 recognized all Lex analogues 6-9, the Δ(ΔG) values for 

each analogue suggests that the GlcNAc (Δ(ΔG) = 2.5 kcal mol–1) and Gal (Δ(ΔG) = 2.7 kcal mol–
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1) units make a greater contribution than the Fuc unit (Δ(ΔG) = 1.6 kcal mol–1) in the Lex-IG5F6 

interaction (Table 2.1, entries 2-5). However, in contrast to the binding patterns depicted by SH1 

and SH2, neither the GlcNAc or Gal units were required in maintaining the recognition of Lex by 

IG5F6, as all analogues still displayed binding to the mAb. Collectively, the differential 

recognition of the Lex analogues 6-9 by the three mAbs suggests that the individual 

monosaccharide units of Lex interact with the mAbs SH1, IG5F6 and SH2 in unique manners.  

3.4.2.2 Binding Studies with 4”-OH Modified Lex Analogues 5 and 10-13 

As an attempt to gain a better understanding of how SH2 recognizes and binds Lex, the 

affinity of the mAb SH2 for Lex was compared to its affinity for the 4”-OH modified Lex analogues 

10-13 (Figure 3.8).122 As previously mentioned, the change in free energy of binding for each 

analogue was calculated using Lex 5 as the reference inhibitor (Table 3.4). 

 

Figure 3.8. Competitive ELISA inhibition curves for the ascites of SH2 using dimLex-BSA as 
immobilized antigen and 4”-OH modified Lex analogues 10-13 and Lex 5 as soluble competitive 
inhibitors. Each data point represents the arithmetic averages of three technical replicates (±SD). 
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Table 3.4. Inhibition data for mAb SH2, and Lex 5 and 4”-OH modified analogues 10-13. 
 

Compared to Lex 5, the 4”-methoxy Lex analogue 10 resulted in a 0.7 kcal mol–1 decrease 

in free energy of binding, suggesting that the hydroxyl group is involved in a carbohydrate-protein 

interaction (Table 3.4, entry 2). This interaction is most likely a weak polar contact, as the 4”-

deoxy analogue 7 only resulted in a loss of 0.3 kcal mol–1 binding energy (Table 3.4, entry 3).86  

Studies in the past have used methylated analogues of carbohydrates to distinguish between 

hydroxyl groups located at the periphery of the mAb binding site from those that are solvent 

exposed. Partially solvent exposed hydroxyl groups can be replaced by a methoxy group with only 

a minor change in binding energy (Figure 3.9).86,126 Meanwhile, hydroxyl groups that are exposed 

to bulk solvent can be methylated without any change in binding activity (Figure 3.9).86,126 Indeed, 

this correlates with past work from Professor Bundle’s group, in which a panel of antigen 

fragments and monodeoxy trisaccharide derivatives were used to map the binding site of a 

Salmonella anti-serogroup B mAb Se155.4.151 The group showed that the replacement of the 

galactose unit in the trisaccharide antigen fragment (Gal[Abe]Man) with a methoxy group (2-

OCH3[Abe]Man) resulted in a Δ(ΔG) value of only 0.6 kcal mol–1, inferring that the galactose 

residue was partially solvent-exposed.151  

Entry Inhibitor IC50a (μM) ∆(∆G)b (kcal mol–1) 
1 Lex (5) 47 0 
2 4”-methoxyLex (10)  150 0.7 
3 4”-deoxyLex (11) 74 0.3 
4 4”-deoxychloroLex (12) 19 -0.5 
5 4”-deoxyfluoroLex (13)  17 -0.6 
a Concentration of inhibitor required for 50% inhibition using dimLex-BSA conjugate 

3 as immobilized antigen.  
  
b Values determined from the expression Δ(ΔG) = RT ln([I1]/[I2] where [I2] is the 
IC50 measured for the reference inhibitor Lex 5 (shaded in yellow) and [I1] is the IC50 
measured for each analogue 10-13 and Lex 5 with R = 1.98 cal•K–1and T = 296 K. 
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Figure 3.9. The use of O-methyl ethers to distinguish between hydroxyl groups that are located at 
the periphery of the mAb binding site or solvent-exposed. (a) The methylation of hydroxyl groups 
at the periphery of binding site, results in inactive binders. (b) Partially solvent-exposed hydroxyl 
groups when methylated experience a large decrease in activity. (c) Solvent-exposed hydroxyl 
groups when methylated show no decrease in binding strength.86 

On this basis, we propose that the 4”-OH of galactose is involved in weak polar contacts, 

such as van der Waals interactions, with SH2 while remaining partially solvent-exposed. Indeed, 

our binding results with the 4”-deoxyhalo analogues 12 and 13 confirm that the 4”-OH is involved 

in van der Waals interactions. Both analogues 12 and 13 were shown to bind SH2 with higher 

affinity than the native Lex 5 (Table 3.4, entries 4 and 5). This enhanced binding reflects the ability 

of the halogens (Cl and F) to produce stronger van der Waals forces than the hydroxyl group.151 

However, since the complete abolishment in binding observed when the galactose unit was 

replaced by a glucose residue (7) cannot be explained only by the loss of van der Waals 

interactions, we conclude that the galactose residue is predominantly involved in aromatic stacking 

interactions, as described with the mAbs SH1, 291-2G3A and IG5F6.125  

3.4.2.2.1 Comparing the Recognition of Monomeric Lex and 4”-OH Modified Lex 
Analogues by mAbs SH1, IG5F6 and SH2 

The 4”-OH was shown to have unique roles in Lex recognition for the three mAbs SH1, 

IG5F6 and SH2. It is important to address that the 4”-OH was demonstrated to be partially solvent 

exposed in the case of SH2 (Table 3.4, entry 2). However, the complete loss in binding to 4”-
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methoxyLex by both mAbs SH1 (Table 3.1, entry 7)146 and IG5F6 (Table 2.1, entry 6), suggested 

that the 4”-OH is located in the periphery of the mAbs’ binding sites.    

Moreover, the 4”-OH of Lex was shown to participate in only a weak polar contact with 

amino acids in the binding site of both IG5F6 and SH2 (Table 2.1 and 3.4, Δ(ΔG) = 0.3 kcal mol–

1). In sharp contrast, our binding studies with SH1 demonstrated that the 4”-OH acts as a H-bond 

donor for the formation of a H-bond within the SH1 binding site (Table 3.1, entries 8, 9 and 10).129 

Collectively, these results emphasize the differential role of galactose in the recognition of Lex by 

the three mAbs. In SH1, the galactose participates in both hydrogen bond formation and 

hydrophobic stacking interactions. In contrast in both SH2 and IG5F6, the galactose predominantly 

participates via stacking interactions. 

3.5 Competitive Inhibition Binding Studies with Lex and dimLex 
Glycoconjugates 

 The binding results up until now have demonstrated that the free soluble Lex antigen 5 was 

the most active binder of mAb SH2. Despite the minimal binding to the Lex glycoconjugates 

displayed by our titration curves (Figure 3.2), the soluble Lex antigen is shown to have greater 

binding affinity the native dimLex antigen. Since we have already observed a carrier-protein 

induced conformational effect with the mAb IG5F6, we confirmed our titration results (Figure 3.2) 

by performing competitive inhibition ELISA using dimLex-BSA 3 as the immobilized antigen and 

(dimLex)16-BSA 3, (Lex)10-BSA 1, (Lex)35-BSA 21 and (dimLex)6-TT 4 as soluble inhibitors. In 

accordance with our preliminary titrations, only dimLex-BSA 3 was able to inhibit the dimLex-

SH2 binding (Figure 3.10).  



 

 

79 

 

 
Figure 3.10. Competitive ELISA inhibition curves for the ascites of SH2 using dimLex-BSA as the 
immobilized antigen and dimLex and Lex glycoconjugates as soluble inhibitors. Each data point 
represents the arithmetic averages of three technical replicates (±SD). 

 Taken together, these results suggest that the mAb SH2 recognizes a carrier-protein 

induced conformational epitope of dimLex. Along with dimLex 20, all fragments 14-19 may 

present two conformations in solution about the flexible β-D-GlcNAc-(1→3)-D-Gal glycosidic 

bond in solution (Figure 2.8 and Figure 3.6, in red).142 This may explain why the pentasaccharide  

LacNAc[1,3”]Lex
 (18) is not recognized by SH2, despite the binding reported by Singhal et al. of 

SH2 to the heptasaccharide LacNAc[1,3”]LNFP III (Figure 3.1b), which displays the same 

pentasaccharide at its non-reducing end.24  

3.6 The Bigger Picture: Piecing Together the Binding Data for the mAbs -
SH1, IG5F6 and SH2  

As mentioned in the introduction, diverse oligomeric presentations of the Lex antigen result 

in the production of anti-Lex mAbs with unique specificities. Collectively, our binding studies with 

the three mAbs SH1, IG5F6 and SH2 demonstrated that each mAb binds to Lex in a different way, 

although there were few similarities. SH1 was raised against monomeric Lex pentasaccharide 

(LNFP III), while both SH2 and IG5F6 were raised against polymeric Lex structures.24,106 Since 
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the latter two mAbs were raised against polymeric Lex, it is most probable that the mAbs 

recognizes an epitope internal to dimLex. 

For this reason, throughout this project we attempted to characterize both SH2 and IG5F6 

mAbs. As mentioned in Chapter 1, our goal was to identify dimLex analogues or fragments that 

no longer present the terminal Lex self-antigen recognized by anti-Lex mAbs, but instead retain the 

internal epitopes recognized by anti-dimLex mAbs. In other words, the discovery of a dimLex 

analogue or fragment that is recognized by mAbs SH2 and IG5F6, but no longer recognized by 

SH1, would be promising. Piecing together the data presented here, it can be seen that the dimLex 

fragment 15 (GlcNAc[1,3”]Lex) is a common fragment recognized by both SH2 and IG5F6. Thus, 

we explored whether the mAb SH1 can recognize GlcNAc[1,3”]Lex (15). We performed 

competitive ELISA experiments using Lex-BSA 1 (5 μg/mL) as immobilized antigens and dimLex 

fragment 15 (GlcNAc[1,3”]Lex) as the soluble competitor (Figure 3.11), with the hopes that SH1 

would not recognize fragment 15.  

                                
Figure 3.11. Comparison of the competitive ELISA inhibition curves for mAbs SH1 (in red), IG5F6 
(in blue) and SH2 (in green) and GlcNAc[1,3”]Lex fragment 15 as soluble competitive inhibitors. 
Each data point represents the arithmetic averages of three technical replicates (±SD). 
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 Indeed, we demonstrate that GlcNAc[1,3”]Lex (15) was not recognized by SH1 (Figure 

3.11, in red). Thus, this fragment is promising as it serves as the smallest fragment of dimLex 

recognized by anti-dimLex mAbs SH2 and IG5F6, but not anti-Lex mAb SH1.   

3.7 Conclusions  

In conclusion, we propose that the mAb SH2 recognizes a conformational epitope of 

dimLex. This desired conformation is seen to be modulated by the BSA carrier-protein. The 

flexible β-D-GlcNAc-(1→3)-D-Gal glycosidic bond (Figure 2.9 and Figure 3.4, shown in red) is 

present not only in dimLex 20, but all the dimLex fragments 14-19 used in our studies. Thus, the 

binding strength of dimLex and the fragments to SH2 presented here is most probably influenced 

by the two unique conformations of the carbohydrates in solution, presenting different internal 

epitopes to the mAb. These binding results are similar to the data presented in Chapter 2 for IG5F6. 

Thus, it is possible that the carrier protein favours one of the two conformations that the antigen 

can adopt, in turn displaying the correct family of epitopes recognized by both mAbs IG5F6 and 

SH2. We also conclude that although Lex is required by both mAbs for binding, SH2 and IG5F6 

recognize different epitopes displayed on dimLex.  

As concluded in Chapter 2, structural and NMR studies must be performed to follow up 

the present findings. This will help us determine the immunodominant conformation of the dimLex 

presented on the carrier protein, and recognized by the mAbs. Finally, we have also reported here 

the discovery of a dimLex fragment 15 (GlcNAc[1,3”]Lex) that no longer displays the non-reducing 

end Lex self-antigen. We demonstrated that this fragment is promising, as it is recognized by mAbs 

SH2 and IG5F6, but not the anti-Lex mAb SH1. Future studies will further explore the binding 
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strength of this fragment with different groups of anti-Lex mAbs and its potential as a target for 

dimLex-based vaccines.   
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CHAPTER 4 

4 Mapping the Epitopes Recognized by an “anti-Lea”                 
mAb SPM 522  
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4.1 Introduction 

For the final section of this research project, we shift our focus to the TACA LeaLex. Since 

this hexasaccharide antigen is selectively prevalent in SLC cells, we are interested in using similar 

approaches as described above in Chapters 2 and 3 to screen for a promising anticancer vaccine 

target. Monoclonal antibodies, including 43-9F, have been shown to recognize the LeaLex antigen, 

while weakly binding to the Lea antigen.61 In this chapter, we aim to characterize the epitope 

recognized by a mouse monoclonal anti-Lea antibody, SPM 522 (purchased from Abcam).152 SPM 

522 (IgG1 isotype) is a commercially available purified monoclonal antibody raised against mucin 

isolated from human ovarian cyst.152 Mucin glycoproteins have been implicated in the 

pathogenesis of carcinomas.153,154 Mucins are heavily glycosylated extracellular proteins which 

act as a protective sheath to the epithelial tissues.153,154 All mucins have common features. For 

example, their protein backbones are made of repetitive domains of peptides rich in proline, serine 

and threonine.153,154 These domains serve as key sites for O-linked glycosylation. In addition, about 

50-80% of the mucin mass is made up of a heterogeneous composure of O-linked 

oligosaccharides.154 There are twenty known mucins in humans.153 These mucins are classified 

into two types: secreted mucins and membrane bound mucins.153 The expression of mucins in 

ovarian cell lines has been investigated. Several different types of mucins were shown to be 

overexpressed including MUC1-4, MUC5AC, and MUC16.153  Thus, the specificity of the mAb 

that is produced is dependent on the mucin type used as the immunogen. Since the exact identity 

of the mucin type and the glycan composition used to produce SPM 522 is unknown, the 

characterization of the mAb as an anti-Lea is of question.  
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 However, with the belief that the mAb is indeed an anti-Lea mAb, we are interested in using 

the antibody to aid in the discovery of a LeaLex based anticancer vaccine which no longer displays 

the non-reducing end Lea trisaccharide. We will begin by using the antibody to discover an 

analogue of Lea that does not cross-react with the Lea trisaccharide, as found with the Lex analogue 

(i.e. GlcLex 7) which does not bind to the anti-Lex mAb SH1. If such an analogue be discovered, 

the corresponding hexasaccharide analogue of LeaLex can be prepared and assessed. In this 

chapter, we first embarked on establishing the specificity of SPM 522. To gain insight of the 

interaction between Lea and SPM 522, we examined the binding affinity of a panel of Lea 

analogues, synthesized by past Auzanneau group members, for the mAb. We then used a panel of 

LeaLex fragments to gain a better understanding of the epitope recognized by the mAb, and to 

potentially screen for the smallest fragment that remains to be recognized by the mAb.   

4.2 Specificity of the Purified mAb SPM 522  

The specificity of SPM 522 for LeaLex was demonstrated by indirect ELISA experiments. 

Since the exact identity and glycan composition of the mucin used to immunize the mice are 

unknown, we first embarked on confirming the specificity of the mAb for the type I Lea antigen 

over the type II Lex antigen. Thus, the purified mAb was titrated not only against Lea-BSA 23 and 

LeaLex-BSA 24 (Figure 4.1), but also Lex-BSA 1 and dimLex-BSA 3 (Figure 2.1). All 

glycoconjugates were coated at a concentration of 5 μg/mL, with the exception of LeaLex-BSA 

glycoconjugate 24, which was coated at 5 μg/mL (Figure 4.2a, ●) and 3 μg/mL (Figure 4.2a, ●). 

The absorbance measured at 450 nm was plotted against varying dilutions of purified mAb, and 

was fitted to a four-parameter logistics sigmoidal equation (Figure 4.2).   
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Figure 4.1. Lea and LeaLex glycoconjugates. 
 

 
 
Figure 4.2. Titration curves for mAb SPM 522: (a) overall representation of titrations against all 
antigens, and (b) enhanced representation of titrations against BSA, skim milk and 
glycoconjugates 1, 3 and 23. Each data point represents the arithmetic averages of three technical 
replicates (±SD). 
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As can be seen from these results, the mAb SPM 522 exhibited specificity for LeaLex-BSA 

24 (Figure 4.2, ● and ●). The binding curve for LeaLex-BSA 24 was similar for both coating 

concentrations (Figure 4.2a, ● and ●). This allowed us to use a coating concentration of 3 μg/mL 

of LeaLex-BSA for the remaining binding studies.  Although the mAb is commercially described 

as an anti-Lea mAb, interestingly our preliminary titrations indicated little to no binding to the Lea-

BSA glycoconjugate 23 (Figure 4.2, ▲). Moreover, the Lex (■) and dimLex (▼) glycoconjugates, 

and proteins including skim milk (x) and BSA (◆) displayed no binding to the mAb (Figure 4.2b). 

Collectively, the binding data is indicative of the specificity of SPM 522 for the LeaLex 

hexasaccharide, similar to that of the previously described mAb 43-9F. This suggests that SPM 

522 recognizes an internal epitope of LeaLex, highlighting the need to evaluate the recognition of 

the LeaLex fragments by the mAb. 

4.3 Stability Studies of the Purified mAb SPM 522 

Prior to evaluating the binding of SPM 522 to the panel of Lea analogues and 

LeaLex fragments, the stability of the mAb was examined. As with the mAbs discussed in Chapters 

2 and 3, temperature dependent studies and freeze-thaw studies were conducted using LeaLex-BSA 

24 as the immobilized antigen (Figure 4.3). Moreover, although the indirect titration binding 

studies illustrated no binding of the mAb to BSA (Figure 4.2, ◆), we still decided to perform the 

stability studies with BSA as an immobilized antigen. This would serve as an additional test of the 

stability of the mAb.  

The effect of temperature on the stability of the mAb was assessed by performing a 48-

hour temperature-dependent study (Figure 4.3a). We observed no change in binding to LeaLex-

BSA conjugate 24 (red curves), and an absence of binding to BSA was retained (black curves), 
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even after being kept at room temperature for 48 hours. We then set out to determine the effect of 

repeated freeze-thaw cycles on the binding of the mAb SPM 522 to both LeaLex-BSA (Figure 4.3b, 

in red) and BSA (Figure 4.3b, in black). After 5, 10 and 20 freeze thaw cycles, there was still no 

binding to BSA. In contrast, a slight drop in binding to the carbohydrate epitope was observed 

after 5 freeze thaw cycles.  

 
Figure 4.3. Titration curves using BSA (in black) and LeaLex-BSA (in red) as the immobilized 
antigens: (a) the temperature dependent binding, after the mAb SPM 522 was left at room 
temperature: 0 (●), 24(▲), and 48 (▼); and (b) the binding of SPM 522 after 1 (●), 5 (▲), 10 
(▼), and 20 (■) freeze-thaw cycles. Each data point represents the arithmetic averages of three 
technical replicates (±SD). 
 

As aforementioned, the stability of antibodies upon freeze-thaw varies from one antibody 

to another.120 Comparing the mAbs IG5F6, SH2 and SPM 522, all three antibodies were shown to 

lose binding to their corresponding carbohydrate antigens. However, the decrease in binding was 

evident after varying number of freeze-thaw cycles. For example, IG5F6 was shown to lose 

binding to Lex after 10 freeze-thaw cycles, whereas, here we illustrate that SPM 522 is stable for 

up to 5 freeze-thaw cycles, before a reduction in binding to LeaLex is observed. Overall, these 

studies demonstrate that SPM 522 is stable under varying temperature and environmental 

conditions, allowing us to continue with our mapping studies of the antigen binding site. 
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4.4 Further Look into the Specificity of mAb SPM 522  

Prior to performing inhibition studies with our panel of soluble analogues and fragments, 

we decided to investigate the specificity of the mAb further by performing indirect titration studies 

using BSA conjugates of the LeaLex fragments as immobilized antigens. We decided to take this 

approach, as it would mitigate the potential conformational effect seen early on, as in the cases of 

the mAbs SH2 and IG5F6. Of our panel of LeaLex fragments, only three were synthesized as 

aminohexyl glycosides, enabling these fragments to be conjugated to a carrier protein. These three 

fragments were conjugated to BSA via a diethyl squarate linker. Detailed experimental procedures 

for the preparation of conjugates 25-27 (Figure 4.4) is explained in Chapter 5. 

 
 
Figure 4.4. Glycoconjugates of LeaLex fragments.   
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The mAb SPM 522 was titrated against glycoconjugates 25-27, and the binding was 

compared to those of both Lea-BSA 23 and LeaLex-BSA 24 (Figure 4.5).  

 
Figure 4.5. Titration curves for mAb SPM 522 using glycoconjugates 23-27. Each data point 
represents the arithmetic averages of three technical replicates (±SD). 

The titrations indicated no binding to glycoconjugates 25 and 26, in which both lacked a 

terminal galactose unit (Figure 4.5, ▼ and ■). Interestingly, the mAb had greater affinity for 

glycoconjugate 27 than Lea-BSA 23 (Figure 4.5, compare x and ▲). Taken together, the results 

shown here, specifically of conjugate 27, are a further indication that the mAb recognizes an 

internal epitope of LeaLex.  

4.5 Competitive Inhibition Binding Studies with Lea analogues and 
LeaLex fragments 

The indirect titration studies demonstrated that the mAb recognizes an epitope displayed 

on the LeaLex hexasaccharide. In this section, we describe our attempts to characterize the epitope 

recognized the by SPM 522. Competitive ELISA experiments were performed using LeaLex-BSA 

conjugate 24 (3 μg/mL coating concentration) as the immobilized ligand. An antibody dilution of 

7:200,000 (3.5x10-5) was used throughout all experiments. We first decided to explore the 
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importance of the individual units of the Lea trisaccharide in recognition by the mAb, by using Lea 

analogues 28-31155-157 (Figure 4.6) as soluble competitors in our inhibition studies. Analogues 29-

31 differed from the native Lea antigen 28, in which one or more of the sugar units were replaced 

by another sugar residue (Figure 4.6, changes shown in red). In analogue 29 fucose is replaced by 

rhamnose; in analogue 30 galactose is replaced by glucose and in analogue 31 fucose and galactose 

were replaced with rhamnose and glucose, respectively. 

 
Figure 4.6. Structures of Lea analogues 28-31.155-157  

With this established, inhibition studies were performed using LeaLex fragments (15 and 

32-37)135,158-160 (Figure 4.7) as soluble competitors to characterize the internal hexasaccharide 

epitope recognized by the mAb SPM 522. The fragments 15 and 32-36 differ from the native 

LeaLex 37 antigen, as they were synthesized without one or more of the sugar units. These 

fragments display selected epitopes present on the LeaLex hexasaccharide antigen. 

 
Figure 4.7. Structure of LeaLex fragments 15 and 32-37.135,158-160  
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Percent inhibition was plotted against inhibitor concentrations and was fitted to a four-

parameter logistics equation (Figure 4.8). Table 4.1 provides the concentration of each analogue 

and fragment required for 50% inhibition of LeaLex-SPM 522 binding and the Δ(ΔG) of binding 

using LeaLex 37 as the reference.  

              

Figure 4.8. Competitive ELISA inhibition curves for the mAb SPM 522 using LeaLex-BSA as 
immobilized antigen and Lea analogues and LeaLex fragments as soluble competitive inhibitors. 
Each data point represents the arithmetic averages of three technical replicates (±SD). 

All analogues and fragments were weaker inhibitors than the native LeaLex antigen 37 

(Figure 4.8). As illustrated by our indirect titration ELISA studies (Section 4.2), the native Lea 

antigen is a very weak binder of SPM 522, in comparison to the LeaLex antigen (Table 4.1, entry 

2).  Similarly, the substitution of the fucose residue by a rhamnose unit (29) reduced the binding 
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by ~ 3.4 kcal mol–1 (Table 4.1, entry 3). Analogue 29 (RhaLea) is shown to be a slightly weaker 

binder than the native Lea antigen 28 (Δ(ΔG) of 0.5 kcal mol–1), suggesting a loss in a weak polar 

contact between either Fuc 2-OH or 4-OH with an amino acid side chain in the binding site.86 

Analogues 30 (GlcLea) and 31 (RhaGlcLea) showed no inhibition of the LeaLex binding to SPM 

522, even at high concentrations (>>5800 μM). This suggested that the galactose unit displayed 

on the Lea trisaccharide plays an essential role in the epitope recognized by the mAb. Together, 

the weak binding displayed by Lea (●) and RhaLea (○) compared to the LeaLex antigen 37 (▼) 

confirms that indeed the “anti-Lea” mAb SPM 522 recognizes an epitope displayed on the LeaLex 

antigen, rather than being specific or localized to the Lea trisaccharide.  

Table 4.1. Inhibition data for SPM 522 and Lea analogues 28-31 and LeaLex fragments 15 and 
32-37. 
Entry Inhibitor IC50a (μM) ∆(∆G)b (kcal mol–1) 
1 LeaLex (37)  23 0 
2 Lea (28) 3100 2.9 
3 RhaLea (29) 7000 3.4 
4 GlcLea (30) --- ---c 
5 RhaGlcLea (31)  --- ---c 
6 Gal[1,3]GlcNAc[1,3”]Gal (32) 540 1.8 
7 GlcNAc[1,3”]Lex (15)  --- ---d 
8 Gal[1,3]GlcNAc[1,3”]LacNAc (33) 1200 2.3 
9 Gal[1,3]GlcNAc[1,3”]Lex (34) 1400 2.4 
10 Fuc[1,4]GlcNAc[1,3”]LacNAc (35) --- ---d 
11 Fuc[1,4]GlcNAc[1,3”]Lex (36) --- ---d 
a Concentration of inhibitor required for 50% inhibition using LeaLex-BSA conjugate 24 as 

immobilized antigen.  
b Values determined from the expression Δ(ΔG) = RT ln([I1]/[I2] where [I2] is the IC50 
measured for the reference inhibitor LeaLex 37 (shaded in yellow) and [I1] is the IC50 measured 
for each analogue 28-31 and fragments 15, and 32-37 with R = 1.98 cal•K–1and T = 296 K.  

c No inhibition observed at 5800 μM. 

d No inhibition observed at >> 2500 μM.  
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The inhibition results obtained with the LeaLex fragments provide us with a better 

understanding of the epitope recognized by mAb SPM 522. Of the seven fragments tested, three 

of the fragments (32, 33, 34) and the native LeaLex antigen 37 were shown to inhibit LeaLex-SPM 

522 binding (Figure 4.8, Table 4.1). A common unit present in all active binders of the mAb SPM 

522 is the presence of the terminal galactose found on the non-reducing end Lea (Figure 4.8, shown 

in green). Indeed, it can be seen that all analogues (30, 31) and fragments (15, 35, 36) lacking the 

terminal galactose, resulted in complete loss in binding to SPM 522 (Table 4.1, entries 4-5, 7, 10-

11). The inhibition results for fragments 34-36 coincided with our titration curves for their protein 

counterparts (i.e. glycoconjugates 25-27, Figure 4.5), suggesting that the carrier protein induced 

conformational effect is not significant here.  

 It is important to note that the three LeaLex fragments 32 (△), 33 (■), and 34 (☐) were all 

weaker inhibitors than the native LeaLex
 antigen 37 (▼). Moreover, the binding affinities of 

fragments 33 and 34 are relatively similar (Table 4.1, compare entries 8 and 9). Fragment 34 

(pentasaccharide) differs from 33 (tetrasaccharide) in that it displays a full Lex unit on its reducing 

end. The similar affinity displayed by the mAb for fragments 33 and 34 suggests that the internal 

Lex fucose unit (Figure 4.8, shown in red) does not significantly contribute to the epitope 

recognized by SPM 522 (compare structures 33 and 34).  

Finally, of the three fragments that displayed binding to SPM 522, fragment 32 (△) was 

shown to be the most active binder (Table 4.1, entry 6). Compared to fragment 32 

(Gal[1,3]GlcNAc[1,3”]Gal), fragment 33 (Gal[1,3]GlcNAc[1,3”]LacNAc) resulted in a 0.5 kcal 

mol–1 decrease in free energy of binding, suggesting that the extra GlcNAc residue present on the 

Lex unit (Figure 4.8, structure 33 shown in blue) makes unfavourable contacts with the mAb (Table 
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4.1, compare entries 6 and 8). Similar findings have been illustrated by previous groups, in which 

destruction of a potential binding epitope (e.g. reducing the carbohydrate by one or more 

saccharide units)  resulted in enhanced binding.151,161    

Although we have found three LeaLex fragments that retain binding to the mAb SPM 522, 

the native LeaLex antigen remained to be the most active binder of SPM 522 (Figure 4.8, Table 

4.1). In fact, the LeaLex antigen 37 was about 23 times more active binder than fragment 32 (the 

second most active binder). These binding studies are similar to that of the previously studied 

mAbs: 43-9F, 115C2 and 115G3 (Section 1.5.2).61,62,72 Based on the results presented here, 

fragment 32 is demonstrated to be the minimal epitope of LeaLex recognized by the mAb SPM 

522.  

4.6 Conclusions   

In conclusion, we propose that the commercially available mAb SPM 522 is an anti-LeaLex 

mAb, most likely recognizing an internal epitope displayed on the LeaLex hexasaccharide.  Though 

our competitive ELISA studies demonstrate that the native LeaLex antigen is the most active binder 

of SPM 522, we were still able to discover fragments of LeaLex that remain to be recognized by 

the mAb. It is of great interest to follow up the findings presented here with structural and NMR 

studies. This will provide us with a better understanding of specific interactions between the 

carbohydrate antigen and the mAb.  

In addition, fragment 32 (Gal[1,3]GlcNAc[1,3”]Gal) is of interest as it no longer presents 

the Lea self-antigen and serves as the smallest fragment of LeaLex that is still recognized by SPM 

522. Future studies must be conducted to evaluate its potential therapeutic role. In doing so it is 

important to characterize different anti-Lea mAbs, precisely those that exhibit greater affinity for 
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Lea. If fragment 32 is not recognized by such anti-Lea mAb, then it may serve as a promising 

LeaLex-based vaccine candidate, and should be further investigated via immunization studies. 
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      CHAPTER 5 

5 Summary and Conclusions 
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 Epitope mapping of mAbs is crucial in epitope-based vaccine development.92 There have 

been a number of mAbs directed towards TACAs, exhibiting unique specificities.162 Exploring the 

different specificities of the anti-TACA mAbs provides valuable information for the development 

of TACA-based anticancer vaccines. In this thesis, we have characterized three anti-TACA mAbs. 

Through ELISA binding studies, we have determined the minimum carbohydrate structure 

required by the three mAbs to retain binding to its corresponding carbohydrate epitope.  

 In Chapters 2 and 3 of this thesis, we characterized the anti-polymeric Lex mAbs, IG5F6 

and SH2. Both antibodies exhibited greater affinity for dimLex than the Lex trisaccharide. This 

suggests that the dimLex TACA displays internal epitopes recognized by both IG5F6 and SH2 that 

do not involve the Lex trisaccharide. We performed competitive ELISA experiments with a panel 

of dimLex fragments and Lex analogues. Our binding experiments demonstrated that although 

IG5F6 and SH2 were both specific for dimLex, they recognized different epitopes. Indeed, this was 

expected as the mAbs were produced against different oligomeric presentations of the Lex antigen. 

In addition, we found that the Lex trisaccharide is the minimum structure required by both mAbs 

for binding.  

Taken together, our results suggested that mAbs IG5F6 and SH2 recognize a 

conformational epitope of dimLex. The preferred conformation is driven by the presence of the 

carrier protein (e.g. BSA). Essentially, the carrier protein favours a specific conformation that the 

dimLex antigen can adopt, in turn displaying the correct family of epitope recognized by mAbs 

IG5F6 and SH2. We have also reported here the discovery of the dimLex fragment 

GlcNAc[1,3”]Lex, a common fragment bound by anti-polymeric Lex mAbs IG5F6 and SH2. We 

demonstrated that the fragment is promising as it no longer displays the non-reducing end Lex
 self-
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antigen.  The fragment was also shown to be important as it was not recognized by the anti-Lex 

mAb SH1.   

 Chapter 4 of this thesis examined the epitope recognized by the commercially available 

“anti-Lea” mAb SPM 522. Although this mAb is available as an “anti-Lea” mAb, our binding 

studies demonstrated that the mAb can be more accurately characterized as an anti-LeaLex mAb. 

The mAb was shown to be specific for LeaLex, displaying little to no binding to the Lea 

trisaccharide. Our competitive ELISA studies demonstrated that the LeaLex fragment 

Gal[1,3]GlcNAc[1,3”]Gal is the minimal epitope required for binding to SPM 522. Moreover, the 

carrier-protein driven epitope presentation seen with mAbs IG5F6 and SH2, was not observed in 

our studies with SPM 522.  

 Collectively, the data presented throughout this research project contribute significantly to 

our understanding of the interaction between TACA and the different mAbs. However, it is of 

great interest to follow up the present findings with structural and NMR studies. These studies will 

provide us with a better understanding of the specific interactions between the carbohydrate 

epitope and the mAb. This understanding will contribute significantly to the advancement of the 

field of cancer immunotherapy. In other words, further enhancement of our knowledge into the 

epitope recognized by the mAbs will be essential in the development of passive 

immunotherapeutic methods, such as the design of engineered mAbs that target only the internal 

epitopes of the tumor-specific hexasaccharides. Moreover, the identification of these internal 

epitopes will allow for the development of TACA-based vaccines (e.g. active immunotherapy.  

In particular, the next stage of this project is to perform NMR studies (e.g. saturation-

transfer difference NMR) with the mAbs IG5F6 and SH2 and their respective ligands, with the 
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desire to determine the immunodominant conformation of dimLex presented on the carrier protein, 

and recognized by the mAbs. We have also identified the smallest fragment of dimLex and LeaLex 

that no longer displays the non-reducing end Lex and Lea trisaccharide, respectively. Future studies 

will aim to further explore the binding strength of these fragments with a collection of anti-Lex 

and anti-Lea mAbs. This will allow us to gain further insight of the fragments’ potential as a target 

for TACA-based vaccines. 
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       CHAPTER 6 

6 Experimental Section 
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6.1 Indirect Titration ELISA  

MaxiSorp NUNC 96-well ELISA microtiter plate (Thermo Fisher Scientific) was coated 

with a dilution of the glycoconjugates, and blocking proteins (100 μL per well) in a 10 mM PBS 

solution at pH 7.1, according to the experiment being conducted. All samples were prepared in 

triplicate. The coating antigens and concentrations varied for the different mAbs (Table 5.1).  

Table 6.1. Indirect titration ELISA conditions: coating antigens and concentration. 
 

 

 

 

 

 

 

 

 

 

 

 

 

The plate was covered with sealing tape and incubated at 4 °C overnight. The antigen 

solution was discarded, and the plate was washed (using ELx405 auto plate washer, 5 x 15 s) with 

a 10 mM PBS buffer at pH 7.3 containing 0.05% Tween 20. The plate was blocked with 0.05% 

Chapter Coating Antigen [Antigen] 
(μg/mL) 

2 (IG5F6) 

(Lex)10-BSA 1 10 
(Lex)9-TT 2 10 

(dimLex)16-BSA 3 10 
(dimLex)6-TT 4 10 

BSA 10 
Skim milk 5x104 

3 (SH2) 

(Lex)10-BSA 1 10 
(Lex)35-TT 21 10 

(dimLex)16-BSA 3 10 & 5 
(dimLex)6-TT 4 10 

BSA 10 
Skim milk 5x104 

(GlcdimLex)-BSA 22 20 & 10 

4 (SPM 522) 

(Lea)24-BSA 23 5 
(LeaLex)14-BSA 24 5 & 3 

(Lex)10-BSA 1 5 
(dimLex)16-BSA 3 5 

BSA 10 
Skim milk 5x104 

(Fuc[1,4]GlcNAc[1,3”]LacNAc)22-BSA 25 5 
(Fuc[1,4]GlcNAc[1,3”]Lex)15-BSA 26 5 
(Gal[1,3]GlcNAc[1,3”]Lex)25-BSA 27 5 



 

 

103 

 

skim milk in 10 mM PBS (300 μL per well) and incubated for 1 h at 37 °C. The plate was then 

washed with 10 mM PBS-0.05% Tween 20. A 1:100 or 1:1000 dilution of either the purified mAb 

or ascites of IG5F6 (varied depending on the experiment) was prepared and 146 μL of the dilution 

was distributed in the wells corresponding to the primary dilution. All other wells received 100 μL 

of the 10 mM PBS-0.05% Tween 20 pH 7.3 buffer. In-plate serial dilutions were performed, in 

which 46 μL of the primary dilution was pipetted downward along the rows. The well contents 

were mixed by rinsing the pipette tips (7x). Lastly, 46 μL of the mAb solution was removed and 

discarded from the final row of wells, accordingly (final volume in all wells, 100 μL). The plate 

was incubated for 2 h at 23 °C (in the dark). The plate was subsequently washed using the plate 

washer with PBS-0.05% Tween 20. A dilution of commercially available horseradish peroxidase 

labeled goat anti-mouse antibody (Mandel Scientific) (1:5000 in 10 mM PBS-0.05% Tween 20, 

100 μL per well) was added to each well. After 1 h of incubation at 23 °C (in the dark), the plate 

was washed with PBS-0.05% Tween 20. A solution of the chromogenic substrate 3,3’,5,5’-

tetramethylbenzidine (TMB) (Mandel Scientific) (100 μL per well) was added. After a 10 min 

incubation period at 23 °C (in the dark), 100 μL of 5% phosphoric acid stop solution was added to 

the wells to quench the reaction. The absorbance values were read at 450 nm employing a 

PowerWave XS plate reader. The arithmetic average of three technical replicates and the 

corresponding standard deviations were calculated. The absorbance values were plotted against an 

increasing serum dilution. The values were fitted to a 4-parameter logistics sigmoidal equation: 

𝑦 = 𝑦0 + 𝑎/[1 +  (𝑥/𝑥0)𝑏] using Sigma Plot 10.0. 
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6.1.1 Stability Studies – Temperature Dependent Studies and Freeze-Thaw Studies  

The indirect titration ELISA protocol described above was followed for the stability 

studies. For the temperature dependent studies, 10 μL of the specific mAb was placed at room 

temperature (in the dark) for varying times (i.e. 24, and 48 hrs), before the binding studies were 

performed. In the case of the freeze-thaw studies, the 10 μL aliquots of the specific mAbs 

underwent varying number of freeze-thaw cycles. A single freeze-thaw cycle was conducted by 

removing the mAb from the -20 °C freezer and placing it into an ice bucket. Once the aliquot was 

completely thawed (~15 minutes), the mAb was returned to the freezer, where it was left to freeze. 

This cycle was repeated for each aliquot in varying numbers (ie. 1, 5, 10, 20, 30 FT cycles). The 

stability of the mAbs were then analyzed by titrating the mAbs against different immobilized 

antigen, as discussed in Chapters 2-4. 

6.2 Competitive Inhibition ELISA 

A MaxiSorp NUNC 96-well ELISA microtiter plate was coated with a dilution of the 

appropriate antigen (100 μL per well, 10 μg/mL) in a 10 mM PBS solution at pH 7.3, according to 

the experiment being conducted. All samples were prepared in triplicate. The coating antigens, 

and concentrations varied for the different mAbs (Table 5.2). 

Table 6.2. Conditions used for competitive ELISA studies. 

 

Chapter Coating Antigen [Coating Antigen] 
(μg/mL) 

Dilution of mAb used 
(in PBST) 

2 (IG5F6) (Lex)10-BSA 1 10 1:1000 
(dimLex)16-BSA 3 10 1:50,000 

3 (SH2) (dimLex)16-BSA 3 10 & 5 1:500 
4 (SPM 522) (LeaLex)14-BSA 24 5 & 3 7:200,000 
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The plate was covered with sealing tape and incubated at 4 °C overnight. The antigen 

solution was discarded, and the plate was washed (using ELx405 auto plate washer, 5 x 15 s) with 

a 10 mM PBS buffer at pH 7.3 containing 0.05% Tween 20. In 1.5 mL Eppendorf tubes, 175 μL 

dilutions of competitors (concentrations ranging between experiments, from 0.2 mg/mL to 6.32 

mg/mL in 10 mM PBS-0.05% Tween 20) were incubated for 1 h at 23 °C (in the dark) with 175 

μL of a solution of the primary mAb (in in 10 mM PBS-0.05% Tween 20). The dilution of the 

individual primary mAbs (IG5F6, SH2 and SPM 522) used for the inhibition studies were   

determined using the titration curves from our indirect ELISA studies. At the same time, the plate 

was blocked with 0.05% skim milk in PBS (300 μL per well). After 1 h of incubation at 37 °C, the 

plate was washed with 10 mM PBS-0.05% Tween 20. Each well then received 100 μL of the 

competitor-mAb mixture. The plate was incubated for 3 h at 23 °C (in the dark). The plate was 

subsequently washed using the plate washer with PBS-0.05% Tween 20. A dilution of 

commercially available horseradish peroxidase labeled goat anti-mouse antibody (1:5000 in 10 

mM PBS-0.05% Tween 20, 100 μL per well) was added to each well. After 1 h of incubation at 

23 °C (in the dark), the plate was washed with 10 mM PBS-0.05% Tween 20. A solution of the 

chromogenic substrate TMB (100 μL per well) was added. After a 10 min incubation period at 

23°C (in the dark), 100 μL of 5% phosphoric acid stop solution was added to the wells to quench 

the reaction. The absorbance values were read at 450 nm employing a PowerWave XS plate reader. 

All samples were prepared in triplicate. The arithmetic average of three technical replicates and 

the corresponding standard deviations were calculated. The absorbance values were plotted as the 

percentage inhibition against an increasing concentration of competitor, calculated using wells 

containing no competitor as the reference point [𝐼𝐶50 = 100 −  (
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
 𝑥 100)]. 
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The values were fitted to a 4-parameter logistics sigmoidal equation: 𝑦 = 𝑦0 + 𝑎/[1 +  (𝑥/𝑥0)𝑏] 

using Sigma Plot 10.0. The concentration of each analogue and fragments required for 50% 

inhibition (IC50) and the corresponding changes in free energy Δ(ΔG) of binding (in kilocalorie 

per mole, kcal mol–1)3 using experiment-specific native antigens as the reference were calculated.  

6.3 Preparation of LeaLex Fragment Glycoconjugates from Chapter 4  

* Note: The carbohydrate hexylamine derivatives used to prepare the glycoconjugates were 
synthesized by past Auzanneau group members.158-160 The carbohydrate derivatives were desalted 
before used, on Dowex OH-. 

These glycoconjugates were prepared by a fourth year student – Louie Borrillo. The procedure 
for the individual conjugates is as follows.   

6.3.1 Preparation of Fuc[1,4]GlcNAc[1,3”]LacNAc BSA Glycoconjugate 25 

The Fuc[1,4]GlcNAc[1,3”]LacNAc hexylamine derivative (2.45 mg, 3.0 μmol) was 

dissolved in freshly distilled methanol (anhydrous MeOH, 1100 μL).  A solution (88 μL of 10 

μL/mL) of 3,4-diethoxy-3-cyclobutene-1,2-dione (diethyl squarate, DES) in freshly distilled 

MeOH was added to the carbohydrate solution. The total volume of DES was added over 50 hrs, 

as TLC (5:3:2 iPrOH-NH4OH-H2O) showed that the starting carbohydrates were quantitatively 

converted to the desired squarate adduct. Excess DES was separated from the crude mixture using 

a P2 size exclusion column. Following concentration to dryness of the MeOH, the squarate adduct 

(0.84 mg, 1.03 μmol) was solubilized in pH 10 carbonate buffer (0.1 M). The solution was 

transferred to a tube containing BSA (1.29 mg, 0.0195 μmol, 50 equiv.). The flask that contained 

the squarate solution was washed with more buffer which was added to the reaction mixtures (final 

volume of 500 μL). The reaction was left to proceed for 7 days at RT. The glycoconjugate was 

filtered against MQ H2O (7 x 8 mL) using an Amicon ultrafiltration cell equipped with a Diaflo 

membrane (Millipore, 25 mm, 30 kDa cut-off). The conjugate was then lyophilized to give the 
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pure Fuc[1,4]GlcNAc[1,3”]LacNAc-BSA glycoconjugate 25 (0.59 mg). The levels of 

incorporation for the glycoconjugate evaluated by MALDI-TOF (positive mode, matrix: sinapic 

acid) which gave a hapten loading (n) of 22 tetrasaccharides per BSA for (m/z: 77359).  

6.3.2 Preparation of Fuc[1,4]GlcNAc[1,3”]Lex BSA Glycoconjugate 26 

The Fuc[1,4]GlcNAc[1,3”]Lex hexylamine derivative (2.00 mg, 2.0 μmol) was dissolved 

in anhydrous MeOH (400 μL).  A solution (30.3 μL of 10 μL/mL, 1 equiv.) of DES in freshly 

distilled MeOH was added to the carbohydrate solution. The reaction mixture was left at RT (4-6 

h) and TLC (5:3:2 iPrOH-NH4OH-H2O) showed that the starting carbohydrates were 

quantitatively converted to the desired squarate adduct (2.18 mg). Following concentration to 

dryness of the MeOH, the squarate adduct (2.18 mg, 2.0 μmol) was solubilized in pH 10 carbonate 

buffer (0.1 M). The solution was transferred to a tube containing BSA (3.62 mg, 0.054 μmol, 37 

equiv.). The flask that contained the squarate solution was washed with more buffer which was 

added to the reaction mixtures (final volume of 800 μL). The reaction was left to proceed for 7 

days at RT. The glycoconjugate was filtered against MQ H2O (7 x 8 mL) using an Amicon 

ultrafiltration cell equipped with a Diaflo membrane (Millipore, 25 mm, 30 kDa cut-off). The 

conjugate was then lyophilized to give the pure Fuc[1,4]GlcNAc[1,3”]Lex-BSA glycoconjugate 

26 (2.03 mg). The levels of incorporation for the glycoconjugate evaluated by MALDI-TOF 

(positive mode, matrix: sinapic acid) which gave a hapten loading (n) of 15 pentasaccharides per 

BSA for (m/z: 90278).  

6.3.3 Preparation of Gal[1,3]GlcNAc[1,3”]Lex BSA Glycoconjugate 27 

The Gal[1,3]GlcNAc[1,3”]Lex hexylamine derivative (3.68 mg, 3.8 μmol) was dissolved 

in anhydrous MeOH (400 μL).  A solution (55.6 μL of 10 μL/mL, 1 equiv.) of DES in freshly 
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distilled MeOH was added to the carbohydrate solution. The reaction mixture was left at RT (3.5 

h) and TLC (5:3:2 iPrOH-NH4OH-H2O) showed that the starting carbohydrates were 

quantitatively converted to the desired squarate adduct (4.25 mg). Following concentration to 

dryness of the MeOH, the squarate adduct (4.25 mg, 3.8 μmol) was solubilized in pH 10 carbonate 

buffer (0.1 M). The solution was transferred to a tube containing BSA (6.30 mg, 0.094 μmol, 40 

equiv.). The flask that contained the squarate solutions was washed with more buffer which was 

added to the reaction mixtures (final volume of 800 μL). The reaction was left to proceed for 7 

days at RT. The glycoconjugate was filtered against MQ H2O (7 x 8 mL) using an Amicon 

ultrafiltration cell equipped with a Diaflo membrane (Millipore, 25 mm, 30 kDa cut-off). The 

conjugate was then lyophilized to give the pure Gal[1,3]GlcNAc[1,3”]Lex-BSA glycoconjugate 27 

(5.82 mg). The levels of incorporation for the glycoconjugate evaluated by MALDI-TOF (positive 

mode, matrix: sinapic acid) which gave a hapten loading (n) of  25 pentasaccharides per BSA for 

(m/z: 93371).  
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