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1. ABBREVIATIONS 

MHC  - Major Histocompatbility Complex 
CD1  - Cluster of Differentiation 1  
APC   - Antigen Presenting Cells 
Mab   - Monoclonal Antibody  
Igs   - Immunoglobulins  
BCR   - B cell receptor  
MW   - Molecular  Weight  
kDa   - Kilodalton  
“L”  - Light Chain 
“H”   - Heavy Chain  
ABS   - Antigen Binding Site 
“V”   - Variable Domain 
“C”  - Constant Domain 
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-SH  - Sulfhydryl or Thiol groups  
-CHO   - Aldehyde 
NHS ester - N-hydroxysuccinimidyl  ester 
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LP  - Lymphoid Progenitors 
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TGN  - Trans Golgi Network 
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PAMP  - Pathogen-Associated Molecular Patterns 
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PL   - Phospholipids  
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2. PREFACE 

The immune system is a collective term for a broad range of defensive measures pursued by the 

human body to remain safe. Operationally, these vigilant immune responses could be categorized 

as innate and adaptive immune system. Innate immunity is a non-specific defense mechanism 

which is an “always ready service“ thus acts as the first line of defense in human beings while 

adaptive immunity is a specific response developed and evolved later after the exposure to a  

non-self threat, hence, also termed a second line of defense. Adaptive immunity is further 

classified into two subgroups: Humoral immunity -mediated by antibodies produced by              

B lymphocytes and cellular immunity -mainly mediated by T lymphocytes (1).  

Primarily, the features of B lymphocytes will be discussed in this dissertation. B cells are 

not only pivotal in humoral immunity but are also involved in other aspects of immune 

responses, including antigen presentation and T cell functional regulation. Antibodies are used 

by the immune system to neutralize any toxins liberated by the pathogens extracellularly. In the 

first part of this thesis, I will elaborate on the important facet of antibody conjugation. Since 

organic fluorophores/dyes are easily found in the market with various functional modifications, 

and fluorescence has long been used to visualize cell biology at many levels, from molecules to 

complete organism, I would specifically describe various methods to conjugate fluorophores to 

antibodies. A comparison is also done between these strategies primarily with regards to the 

preservation of antigen binding function of antibody, involved financial cost and the ease in 

operation of these methods.  

The second part of this dissertation deals with the application of dye-antibody conjugates. 

The adaptive immune system relies on its peptide-based arm mediated by                             

Major Histocompatibility complex (MHC) proteins and lipid-based arm based on                

Cluster of Differentiation 1 (CD1) proteins. We have focused on lipid-based immunity in this 

part of the thesis. Specifically, a detailed analysis is presented on the topological features of 

CD1d proteins, a subtype of CD1 proteins, on the plasma membrane of B cells using              

dye-antibody conjugates. Eventually, the relationship of CD1d with MHC and lipid species on 

the plasma membrane has been critically analyzed. 
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3. INTRODUCTION 

3.1. Dye-antibody conjugation 

3.1.1. Magic bullets and monoclonals: A tale of confusion, pain and success  

Antibodies essentially were the first elements to be identified in the immune system which gave 

birth to serum therapy. Delving into the history, Emil Adolf von Behring introduced the concept of 

serum therapy thus the curative powers of blood for which he was awarded the first-ever Nobel 

prize in medicine in 1901 (2). Behring also coined such molecules as “anti-body” because of its 

natural production within the body as an anti-dote. However, it was through Paul Ehrlich’s 

contributions in the development of standardized antibody preparations that the breakthrough 

gained medical applicability. Being pragmatist and application oriented, he termed “magic bullets” 

for such molecules with specialized power envisioning that these molecules could  precisely find 

and destroy specific toxins (3). Realization of the potentiality and applicability of such molecules 

thereafter led to the suggestion that by harnessing these magic bullets, researchers could develop 

cures for all kinds of disorders. However, it gained wider recognition only after the discovery of 

hybridoma technology in 1975, almost 70 years later, by the duo Cesar Milstein and             

Georges Kohler, which enabled the production of monoclonal antibodies (Mabs) that in theory 

opened up the flood gates of research areas and its therapeutic applications (3, 4). They have 

already become a centerpiece of the growing biotechnological and pharmaceutical industry now.  

 

3.1.2. Immunoglobulins (Igs) 

Antibodies, antigen-reactive globular glycoproteins present in the serum, are generated on the 

exposure of a host to a given antigen, called an immunogen. They are presumed to be soluble 

making up about 10 % to 20 % of plasma proteins; however, they are also found as          

membrane-bound receptors, often called as B cell receptors (BCRs), in B lymphocytes. The activity 

of antibody was found to be related to the γ-globulin fraction of the isolated serum proteins; 

therefore, immune globulins were otherwise designated as Igs (5). Antibodies are produced by 

plasma cells, which are terminally differentiated non-cycling B cells through a complex process of 

clonal expansion. Normally, these cells are not found in the circulation rather are observed residing 

in their organ of choice for life, for example, bone marrow. For the production of a specific 

antibody, stimulation of B cell by a particular antigen is a must. Once activated  these B cells 
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differentiate and expand into an antibody-secreting plasmablast and ultimately into a plasma cell 

(6). Since most antigens are complex in structure, multiple epitopes of the same antigen can activate 

numerous lymphocytes. Each of these subsets of lymphocytes can differentiate into plasma cells 

resulting in the antibody response. Therefore, polyclonal antibodies are the mixture of antibodies 

produced against the same antigen but against multiple epitopes by different B cells. In contrast, 

Mabs are derived from a single clone of B cell producing an antibody against only one specific 

epitope (7).   

 

3.1.3. Structural features of an antibody 

The basic structural unit of most mammalian antibodies is a glycoprotein (molecular weight (MW) 

~150 kilodaltons (kDa)) made up of four polypeptide chains -two identical heavy chains (H) and 

two identical light chains (L). The polypeptide chains are linked together by covalent and               

non-covalent forces providing stability and “Y” conformation to the antibody (7). A prototype of an 

Ig molecule is presented in the Figure 1. Both intra-chain disulfide bonds within each of the 

polypeptide chains and inter-chain disulfide bonds between ‘H’ and ‘L’ chains and ‘H’ and ‘H’ 

chains are important for maintaining the shape of an antibody. The pairing of ‘H’ and ‘L’ chains 

gives rise to two identical antigen binding sites (ABS). Both the class and sub-classes of                 

Ig molecules are determined based on their ‘H’ chain identity. The larger ‘H’ chain is variable and 

structurally distinct for each class with a MW in the range of 50000-77000 Da, whereas, the smaller 

light chain is very similar for all classes and has a MW of ~25000 Da. Each ‘H’ and ‘L’ chain is 

made up of a series of homologous units of approximately 110 amino acids and is called                 

Ig domains. Two such Ig domains are found in the ‘L’ chain, whereas, four Ig domains are seen in   

‘H’ chain. The amino-terminal sequences of both the ‘H’ and ‘L’ chains demonstrate considerable 

variation in amino acid composition between different antibodies; therefore, it was referred to as a 

variable (V) region. This variation in sequence is limited to the first Ig domain and forms the ABS. 

Hence, ‘H’ chain consists of one variable domain (VH) and three or four constant domains        

(CH1, CH2, CH3 and CH4, depending upon the antibody class or isotype) while ‘L’ chain has one 

variable (VL) and one constant domain (CL). The region between the CH1 and CH2 domains is called 

the hinge region, and it administers flexibility to the two Fab arms of the Y-shaped antibody 

molecule, allowing them to open and close freely so that the two arms, separated by a fixed 

distance, could bind easily to the antigens. Fab fragments are prepared by digestion of an antibody 
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with the papain enzyme which cuts an Ig molecule in the hinge region before the H-H inter-chain 

disulfide bonds. An antibody produces two identical Fab fragments that contain the whole ‘L’ chain 

(VL and CL) and two Ig domains of ‘H’ chain (VH and CH1), thus, is still capable of binding antigen 

but is monovalent in nature. The remainder of the fragments after papain digestion of an antibody, 

excluding Fab, is called as a Fc region because it was easily crystallizable. A Fc segment usually 

contains two identical CH2 and two identical CH3 domains from the two ‘H’ chains of an antibody. 

It is responsible for all the effector functions in an Ig molecule and is specific for each isotype. 

Likewise, digestion with pepsin cleaves an Ig molecule after the H-H inter-chain disulfide bonds 

resulting in the fragment called F(ab')2 which has intact two ABS.  In humans, Igs are grouped into 

five major classes, also called isotypes, which are listed here in the order of decreasing plasma or 

serum concentration: IgG, γ ‘H’chain (70-75) %, IgA, α ‘H’chain (15-20) %, IgM, µ ‘H’chain    

(10) %, IgD, δ ‘H’chain (<1) % and IgE, ε ‘H’chain (0-0.01) %. Each isotype differs in size, charge, 

amino acid composition and carbohydrate content.  In serum, IgG, IgD, IgE and IgA exist as a 

monomer; however, IgM has a pentamer structure formed from their monomer units. Dimers of IgA 

have also been observed. Additionally, four sub-classes of IgG (IgG1, IgG2, IgG3 and IgG4) and 

two sub-classes of IgA (IgA1 and IgA2) are known, however, none have been described for IgM, 

IgD or IgE. Differences in the ‘H’ chain confer distinct properties to Ig isotypes, including 

localization in different compartments of the immune system and its half-life in vivo. IgG is the 

most frequently used isotype of all Ig molecules most probably due to its smaller size, abundance in 

serum and its specific ability to activate the complement system (5, 8). Igs can also be sub-grouped 

based on their ‘L’ chain. Two isotypes of ‘L’ chains are found based upon the differences in the 

amino acid sequence in the ‘C’ regions: κ and λ. The hybridoma cell lines that we have used for our 

study only produce Mabs which are of the IgG class; therefore, in the following sections, we would 

mostly discuss about IgG isotypes.   
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Figure 1.  
General structure of an 
Immunoglobulin G.  
(Adapted from Pierce's website, 
http://www.piercenet.com) 
 
 

 

3.1.4. Amino acids and functional groups amenable to modifications in an antibody 

The functionality and reactivity of a protein are mainly determined by its amino acid composition 

and tertiary structure. The side chain groups of amino acids do not participate in polypeptide 

formation and thus provide the functional groups available for modifications in proteins (9).  

The various amino acids that form the side-chain functional groups and also offer the opportunity to 

modify the antibody can be classified as below: 

 

3.1.4.1.  Polar / hydrophilic amino acids  

They contain side-chains with polar functional groups (e.g., -OH, -SH, -CONH2, heterocyclic 

amines) and are usually found in the domains at or near the surface of proteins where they are 

exposed to the aqueous environment. Examples of this sub-group include asparagine, glutamine, 

threonine, serine, cysteine and tyrosine. Serine and threonine are uncharged where as asparagine 

and glutamine do not become charged at physiological pH values. Therefore, they are difficult to 

modify at aqueous conditions. Only cysteine and tyrosine, which have ionizable side chains, are 
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appropriate for modifications or conjugation purpose. Cysteine is a sulfur containing amino acids 

and is relatively less polar. Mostly, cysteine if present is in the form of disulfide bonds holding the 

polypeptide chains on a protein. For using -SH groups of a cysteine molecule, the disulfide bonds 

within a protein are required to be reduced. Unlike cysteine, tyrosine is usually present at the 

surface thus does not need prior treatment; however, most reactions proceed effectively only when 

tyrosine’s ring is ionized to the phenolate anion form (9-12). 

 

3.1.4.2. Acidic amino acids with negative charge 

Aspartic acid and glutamic acid are the only standard amino acids with carboxylic acid groups on 

their side-chains and are ionized at pH values above their pKa, resulting in carboxylate ions. These 

carboxylate groups in proteins are an easy target of derivatization (9, 10, 12). 

 

3.1.4.3. Basic amino acids with positive charge 

Lysine, arginine, and histidine are basic amino acids containing ionizable amine side-chains. The 

side-chains of lysine and arginine are fully protonated, whereas, histidine is weakly protonated at 

neutral pH. The highest percentage of lysine (2-10 %) is present in proteins. It contains both          

α-amine and ε- amine, which differs in pKa values. The terminal amine residues can be selectively 

modified (9-12). 

 

3.1.4.4. Nonpolar / hydrophobic amino acids 

Glycine, alanine, valine, leucine, isoleucine, proline, methionine, phenylalanine and tryptophan are 

the examples from this category. Except tryptophan, these amino acids are unreactive towards 

common derivatizating agents (9, 10, 12). 

 

3.1.4.5. Carbohydrate moieties in antibody 

Igs are glycoproteins, and they display heterogeneous groups of terminal sugars. The carbohydrate 

content ranges from 2–3% for IgG, to 12–14% for IgM, IgD and IgE. IgG molecules have a highly 

conserved N-linked glycosylation site within the CH2 domain at Asn297 of the Fc region; however, 

carbohydrates might also be present in other locations. The sugar constituents of glycoproteins 

contain vicinal hydroxyl groups that are prone to easy oxidation by treatment with periodic acids or 
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its salts. Once oxidized to dialdehyde, these sites can be specifically targeted with amine containing 

reagents (9-11, 13). 

In summary, under most conditions, proteins may contain about nine amino acids that are 

modifiable at their side-chains: aspartic acid, glutamic acid, lysine, arginine, cysteine, histidine, 

tyrosine, methionine, and tryptophan. These nine amino acids contain eight side-chain groups for 

functional modifications: primary amines, carboxylates, sulfhydryls (or disulfides), thio ethers, 

imidazolyls, guanidinyl groups, and phenolic and indolyl rings. Besides amino acids, carbohydrates 

in proteins can also serve as an alternative target for conjugation purpose.   

 

3.1.5. Dye-antibody conjugation methods 

To understand the miniature world of cells and functioning of its biomolecular machinery, antibody 

conjugates are the first-hand choice reagents. Bioconjugation of proteins extends the advantages 

offered by a single molecule by combining the features of different proteins used in conjugation. 

Thus, they make them functionally more potent, stable or multimodal. Although, several molecules, 

practically everything with appropriate functional groups, can be conjugated to antibodies, we 

would consider fluorophores as an example in this chapter to explain the chemical reactions and the 

interplay of functional moieties that establish the covalent linkage between reactant fluorophores 

and an antibody. Furthermore, only direct covalent linkage between fluorophores and antibodies 

will be reviewed here, which means that cross-linkers, adaptor based conjugation or non-covalent 

reactions with the antibody will be excluded from discussion though it may follow similar reaction 

mechanisms. 

Modification and conjugation approaches are dependent on two interrelated chemistries: the 

reactive functional groups on the fluorophores and the relevant side-chains on the target antibodies. 

Most importantly, the bioconjugation process should exclude any interference with the 

characteristic features of both proteins. Therefore, careful selection of the functional group is 

critical to circumvent any related interferences. In general, only three functional groups in any 

proteins, including antibodies, are the primary sites for modifications and covalent linkage: amines 

(-NH2), thiol groups (-SH) and carbohydrate residues (hereon, it would be denoted as -CHO since 

aldehyde is formed after oxidation of sugars) (9, 11).  
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3.1.5.1. Amine (-NH2) targeted fluorescent labels 

Owing to the abundance of lysine residues in antibodies and existence of various methods to 

selectively modify primary amines, the favorite reactive group has always been amino groups. The 

principal coupling reactions for modification of amines proceed either by acylation or alkylation. 

Furthermore, high yield of conjugates form very easily with rapid reactions producing a stable 

amide bond or secondary amine bonds. The main classes of acylating fluorophores are 

isothiocyanates, isocyanates, N-hydroxysuccinimidyl (NHS) esters, acyl azides, carbodiimide, 

anhydrides and sulfonyl  halides. Similarly, aldehydes and glyoxals, epioxides and oxiranes, and 

arylating agents form amine bonds with protein. The advantages of NHS ester fluorophore over 

other fluorophore derivatives are manifold since these fluorophores create stable bonds, achieve 

conjugation at pH 7.5-8.5 and offer selectivity towards aliphatic amines of protein. This is the 

primary reason why the most common amine-reactive cross linking or modification reagents 

commercially available today utilize NHS esters. In rest of the paragraph, the chemistry of         

NHS esters with amines in proteins is presented. Lysines are usually on the outside surface of a 

native protein at physiological pH due to its positive charge. Since the ionization potential is 

different for α-amine and ε-amine of lysine, their pKa value is also different thus allowing selective 

conjugation by controlling the pH of the conjugation buffer. At pH values lower than 9.3-9.5,         

ε-amine is usually protonated contributing a positive charge to the protein, while, at pH values 

greater than the pKa, the amines are unprotonated offering no net charge in the protein. NHS ester 

fluorophores react with primary amines in antibodies to form stable amide bonds in mild alkaline 

conditions. The reaction releases N-hydroxysuccinimide as a byproduct (Figure 2). Since, primary 

amine containing groups are distributed throughout the surface of the protein, -NH2 based 

conjugation results in binding of fluorophores/cross-linkers at unknown locations (9). 

 
 
Figure 2. Schematic representation of a chemical reaction between NHS ester and primary amine. (R) 
represents an ester group in a fluorescent dye and (P) represents a primary amine group in an antibody 
(Adapted from Pierce's website, http://www.piercenet.com). 
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3.1.5.2. Sulfhydryl (-SH) targeted fluorescent labels 

Thiolate ion is the most reactive functional group in proteins. Thus, they are the second most 

common targets for protein modification. However, cysteine is the only amino acid which possesses 

sulfhydryl groups; therefore, it is less prevalent in proteins. Often cysteine is present as a dimer, or 

cystine, as a result of disulfide bridge (-S-S-). Furthermore, cysteine is relatively hydrophobic and is 

the least exposed amino acid on the surface of proteins. Thus, they are typically buried within the 

polypeptide structure. Cystine residues hold and provide stability to the conformation of an 

antibody. Typically, only free or reduced -SH groups can react with thiol-reactive fluorophores. 

Therefore to access the -SH groups, an antibody must be cleaved with reducing agents. Compared 

to -NH2 targeted conjugation; -SH method is more selective and ensures consistent labeling at a 

defined location in proteins. Also -SH targeted method provides greater certainty about the 

preservation of ABS and the uniformity in the density of labels in antibody after conjugation.  

Primarily, thiol based coupling reactions are achieved by either alkylation (usually the formation of 

thioether bond) or disulfide exchange (formation of a disulfide bond). Sulfhydryl-reactive chemical 

groups include maleimides, haloacetyls, aziridines, acryloyls, arylating agents, vinylsulfones, 

pyridyl disulfides, TNB-thiols and disulfide reducing agents. Since maleimides are specific for -SH 

groups within the pH range of 6.5-7.5, fluorophores or cross-linkers with maleimide groups are the 

preferred choice for sulfhydryl reaction. In addition, at pH 7.0, the reaction of maleimides to 

sulfhydryls is about 1000 times greater than its reaction with amines, allowing specificity in 

modifications by controlling the reaction with the pH of the conjugation buffer. A nucleophilic 

addition reaction occurs between maleimide and -SH groups resulting in a stable thioether bond 

(Figure 3). Reducing agents like mercaptoethylamine, MEA or dithiothrietol, DTT is generally 

used to cleave antibodies into two monovalent halves (9, 11).  

 

Figure  3. Schematic representation of a chemical reaction between maleimide dyes and reduced antibody 
containing sulfhydryl groups. (R) represents a maleimide group in a fluorescent dye and (P) represents a 
reduced antibody with the target sulfhydryl group,-SH (Adapted from Pierce's website, 
http://www.piercenet.com). 
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3.1.5.3. Carbohydrate (-CHO) targeted fluorescent labels 

In most IgGs, a few carbohydrates are present within the Fc region. However, carbohydrates are not 

efficiently reactive towards any functional groups in normal condition. Therefore, modification of 

carbohydrates is required to generate reactive moieties. Aldehyde and ketone groups are reactive 

carbonyls (C=O) and can be easily produced from carbohydrates by gentle oxidation. Usually, a 

mild reagent like sodium periodate (NaIO4) is used for oxidizing vicinal diols in carbohydrate 

sugars to yield aldehyde groups. The aldehydes can then be specifically targeted with a hydrazide or 

alkoxyamine containing fluorophores or cross-linkers. Since, carbohydrate moieties are located 

within the Fc region far from the ABS, such modification and subsequent conjugation are presumed 

to be site specific ensuring preservation of ABS. The reaction between electrophilic aldehyde and 

nucleophilic hydrazide proceeds efficiently at pH 5 to 7, resulting in the formation of hydrazone 

bonds (Figure 4) (9, 11, 13). The reaction rate can further be enhanced by using a catalyst like 

aniline (14). In most cases, reducing agent like sodium cyanoborohydride can also be used to 

stabilize the bond between aldehyde and hydrazide (9, 11, 13).  

 

Figure  4. Schematic representation of a chemical reaction between hydrazide dyes and oxidized antibody 
containing aldehyde groups. (R) represents a fluorescent hydrazide dye and (P) represents an oxidized 
antibody with an aldehyde group (Adapted from Pierce's website, http://www.piercenet.com). 

Aniline 
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3.2. Application of dye-antibody conjugates 

The natural propensity of the antibody molecules to metamorphosis makes them ideal probes for 

new applications and therapeutic challenges. The ubiquitous use of antibodies is primarily due to 

their high degree of affinity and specificity towards a particular region, an epitope, of an antigen 

making them hugely effective. As a reagent, no other material has contributed to this degree of 

success directly or indirectly to such a vast array of scientific discoveries. Accordingly, Mabs 

served as a panacea to most, if not all, biological problems. The areas of applications of antibodies 

are so wide that it is no way possible to elaborate each of them here.  

Fluorescence methods are very versatile, can be applied to any system, and are easier to measure 

with incomparable efficiency. Particularly, the specificity of an antibody and the sensitivity of 

fluorescence allow the possibility of measuring small concentrations of molecules, observe the 

dynamics of molecular interactions, determine the cellular origin and location of molecules and 

follow the behavior of biological species in real time. Therefore, as an application of antibody 

conjugates, we have used dye conjugated fluorescent antibodies in determining the two-dimensional 

topological distribution of CD1d on the plasma membrane of a B lymphocyte. The main reasons for 

choosing this protein was the paucity of data regarding the distribution features of CD1d in the 

plasma membrane, our interest in MHC membrane biology, and the importance of CD1d expression 

in B lymphoid lineages. Though, the main focus of this section is CD1d protein, a comparison 

would be made throughout the paragraphs with other CD1 isoforms and MHC proteins. 

 

3.2.1. Antigen presenting cells (APCs) 

Cells with the capability to activate or prime naive T cells and initiate an adaptive immune response 

are termed APCs. These cells express dedicated special carrier proteins, for instance, MHC and 

CD1 proteins, efficient in displaying antigens on the cell surface as a carrier-antigen complex which 

could then be recognized by T cells (1).   

 

3.2.1.1. B cells 

B cells constitute 5–15% of human blood lymphocytes. Progeny of the lymphoid progenitors (LPs), 

which are derived from hematopoietic stem cells, gives rise to B lineage cells (15, 16). The most 

unambiguous marker of a B cell differentiation is the expression of Ig heavy (H) and light (L) 
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chains (16, 17). The Ig heavy chain variable region is generated by the joining of three gene 

segments, VH (variable), DH (diversity), and JH (joining), whereas the k and λ variable light chains 

are formed from VL and JL segments (16). They later evolve into BCRs.  

 

3.2.1.2. B cells as antigen presenting cells 

Though not as efficient as dendritic cells (DCs) in antigen presentation, B cells are definitely the 

most focused group of APCs. It is believed that the primary function of B cells is to initiate a 

humoral response rather than promulgating T cell responses unlike in the case of DCs. Resting       

B cells constitutively express high levels of cell surface MHC II but do not express co-stimulatory 

molecules; however, like macrophages once activated, B cells become a potent APC (18-21). Naive 

B cells migrate from bone marrow to secondary lymphoid tissues where they are able to encounter 

antigens. B cells are poorly phagocytic, nevertheless; they acquire exogenous proteins either by a 

receptor-independent mechanism, such as fluid phase pinocytosis, or specifically, through a 

receptor-mediated mechanism such as BCR-mediated endocytosis (21-23). Once inside the cells, 

these antigens are processed and are displayed together with MHC II on the plasma membrane that 

stimulates (and in turn receives help from) T cells, linking the specificity of the humoral and T cell 

responses. However, presentation of exogenous antigens on MHC I is poorly described in B cells 

and probably quite limited (18). Interestingly, two groups have recently confirmed phagocytic 

activity among B lineage cells in mice. Phagocytic features were found among B cells in the 

peritoneal cavity (24) and liver B1 and B2 subsets  as well as splenic marginal zone B cells (25), 

accompanied by bactericidal and antigen-presenting capacities.   

 

3.2.2. T cells 

About 70% of human blood lymphocytes are T cells. Like B cells, T lymphocytes also originate 

from LPs. The main functions of T lymphocytes are to exert effects on other cells, either by 

regulating the activity of cells of the immune system or by killing cells that are infected or 

malignant (26). Like BCRs, the T cell receptors (TCRs) genes undergo V (D) J recombination of 

gene segments to produce a repertoire of receptors with immense sequence diversity. Based on 

functional behavior, T lymphocytes could be divided into two subsets: conventional adaptive          

T cells and innate like T cells. Classical T cells display αβ TCRs and respond to MHC antigens, 
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whereas, innate like T cells either have γδ TCRs or respond to non-peptides in an MHC independent 

fashion (1, 27). γδ T cells represent only a fraction (<5%), of the total T lymphocytes and are at 

their highest abundance in the gut mucosa. Recently a subtype of activated human γδ T cells, 

termed Vδ2+T cells, was also reported to have potent antigen-presentation features similar to those 

seen in DCs (28). However, the exact nature and functional ability of these groups of cells still 

remain largely unexplored. 

 

3.2.3. Natural Killer (NK) T cells 

NK T cells are lymphoid lineage innate T cell subsets that combine several features of conventional 

T lymphocytes and NK cells. NK cell markers (DX5 and NK1.1 in mouse and CD56 in human) and 

T cell markers (CD3, CD5 and CD4) are found in NK T cells. They are activated early during 

infection and rapidly secrete cytokines upon activation, thus, are subjects of potential targets for 

therapeutic intervention. All these features portray NK T cells as an important link between innate 

and adaptive immunity (29, 30). Based on the diversity of TCRs and localization of NK T cells, it is 

divided into three subsets: type I or invariant NK (iNK) T, type II NK T and NK T-like cells. In this 

thesis, we have used CD1d restricted iNK T cells for co-culture assays, therefore, we will briefly 

describe about the immunological features of these cells here. iNK T cells express a conserved TCR   

α chain, Vα14-Jα18 in mice and Vα24-Jα18 in humans, associated with a limited set of TCR           

β chains (Vβ2, 7 or 8.3 in mice and Vβ11 in humans). iNK T cells have been found to be pivotal 

during immune responses against pathogenic infection, allergy, autoimmune diseases, inflammatory 

diseases and cancer. Furthermore, they also produce cytokines, chemokines and surface molecules 

which immunomodulate the phenotypic and functional features of other cells including NK cells, 

macrophages, neutrophils, B cells and DCs. The importance of iNK T cells is also underlined by the 

fact that these cells are either impaired in function or are decreased in number in various 

autoimmune diseases and obesity. However, the exact mechanisms how these cells are activated 

during a variety of disease still remain an unsolved problem. In addition, lipid antigens that activate 

iNK T cells have been shown to be excellent candidates as vaccine adjuvants. Clinical trials using 

α-galactosylceramide (α-Gal)-loaded autologous DCs to target iNK T cells and                                

in vitro-expanded autologous NK T cells have also shown promise in treating cancer patients. 

Therefore, unraveling the features of iNK T cell activation would be crucial in understanding the 

iNK T cell biology and determining the success of iNKT cells based therapeutics (31-33).  
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3.2.4. Cytokines 

Cytokines (Greek cyto-, cell; and -kinos, movement) are low molecular weight peptides or 

glycoproteins of diverse structure, which mediates intercellular communication. Cytokines are 

soluble in nature, and they exert their effects in a paracrine or autocrine fashion by binding to 

specific receptors on the cell surface. Leukocytes primarily produce cytokines; however, some  

non-hematopoietic cells can also synthesize these modulatory molecules (1).   

 

3.2.5. Antigen presentation 

APCs decorate their cell surface with antigen-bound carrier molecules, MHC or CD1d, which is 

recognized by TCRs in T cells. This process of antigen displaying features in APCs is known as 

antigen presentation. There are two major modes of antigen presentation: conventional antigen 

presentation and non-conventional antigen presentation. 

 

3.2.6. Conventional antigen presentation 

This mode of antigen presentation only considers peptide to be antigenic thus describes only peptide 

antigen presentation scheme. Peptides for antigen presentation are generated in the cellular system 

following two major routes. Endogenous proteins undergo cytosolic peptide processing pathway 

operated with the help of cytosolic proteases and proteosome complex. It is an MHC I dependent 

pathway and activates CD8+T cells, specifically (18, 34, 35). In contrary, exogenous proteins follow 

a proteosome independent an exogenous peptide processing pathway. The peptide antigens are 

processed and generated in endocytic compartments where it is loaded onto MHC II proteins.         

It leads to the activation of helper CD4+T cells and effective generation of antibodies against the 

antigen in display (1, 34-36). 

 

3.2.7. Non-conventional antigen presentation  

Although the conventional antigen presentation is stringently followed in the immune system, there 

are few exceptions to this scheme, which could be termed non-conventional antigen presentation. 

Here, we will only name the modes of antigen presentation, for a complete description, please visit 

the associated references:   
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3.2.7.1.  Cross-presentation  

Peptide antigens crossover from the exogenous pathway to endogenous pathway, and subsequently 

are presented by MHC I proteins (1, 35, 37).  

 

3.2.7.2.  Cross-dressing   

It involves the transfer of antigen pre-loaded MHC I molecules from the surface of infected APCs 

to uninfected APCs (1, 38).  

 

3.2.7.3. Peptide regurgitation 

Exogenous proteins are processed by endocytic machineries; however, antigens are then released 

(“regurgitated”) into the extracellular environment, and subsequently, they replace or occupy   

MHC binding groove (1, 39, 40). 

 

3.2.7.4.  Peptide interception 

It involves loading of MHC I proteins in MHC II containing compartments (MIIC) (1). 

 

3.2.7.5. Non-peptide antigen presentation  

It covers the presentation of  non-peptide antigens like vitamins (41), carbohydrates (42, 43), 

pyrophosphate (44, 45), and lipids (46). Though, the field of vitamin and carbohydrate antigen 

presentation is still emerging, next section will specifically focus on CD1 protein that performs 

lipid-based antigen presentation. 

 

3.2.8.     CD1 proteins 

3.2.8.1.  Evolution of CD1 proteins 

CD1 functions as antigen presenting molecule like MHC proteins. Therefore, it is presumed that the 

evolution of CD1 is intimately connected to the larger story of the evolution of MHC. Accordingly, 

similarities in greater extent are found between CD1 and MHC I proteins in amino acid sequence 

alignments and crystal structure (47). However, CD1 homologs were not detected in teleosts and 

sharks but are present in birds and mammals; therefore, it is suggested that CD1 may not be as old 
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as MHC I (47-52). Nonetheless, the precise age of CD1 relative to MHC I has remained largely 

unknown; this would require comprehensive genome sequence data from additional extant 

amphibian, reptile, and fish species. 

 

3.2.8.2.  Genomic distribution and features of CD1 genes 

The human CD1 locus spans ~175 kilobases as a tight cluster of genes on the long arm of 

chromosome 1 thus is located distantly to MHC genes present on chromosome 6 (53, 54). In mice, 

CD1 locus is located on chromosome 3 (55). The human CD1 gene family is comprised of five 

nonpolymorphic genes (CD1A, -B, -C, -D, and -E) (56). The intron/exon structure of CD1 genes is 

analogous to that of MHC I genes (57). The genomes of mice and rat possess only CD1D genes.    

In fact, duplication of CD1D genes (CD1D1 and CD1D2) seems to have occurred in mice while 

only single CD1D gene is found in rats. The homology between specific CD1 isoforms (orthologs) 

is typically higher between two mammalian species than among the multiple CD1 isoforms 

(paralogs) within a given species. Notably, the characteristic polymorphism of MHC genes is very 

limited in CD1 genes thus they are highly conserved (47, 58, 59). Only two alleles have been 

described for CD1 A, -B, -C, and -D genes in various ethnic groups (60, 61), whereas, CD1e seems 

to be the most polymorphic CD1 gene. Six alleles of CD1e have been reported so far.                

Most mutations were found in the exon 2 and exon 3 regions, which encode the α1 and α2 domains 

of the CD1 proteins (62-64). Apart from a few exceptions; these mutations within the CD1 genes 

were either silent or positioned on an irrelevant site away from the antigen binding pocket probably 

having none or minor effects on lipid antigen presentation (58, 60, 61). Few of the recent studies 

highlighted the biological relevance of CD1 gene polymorphism, especially in intracellular 

distribution and localization of the human CD1e variant affecting antigen presentation (64) and 

defective antigen presentation by mouse CD1d mutant (65). Gene conversion is the major force 

generating the HLA diversity, however, with the available information; the CD1 locus seems to 

evolve essentially through point mutations. In particular, no correlations have been found between 

CD1 gene polymorphism and most diseases, including various types of cancers (59) and infectious 

disease (66), except some conflicting reports on Guillain-Barre syndrome (67-69). However, some 

studies have lately identified the positive correlation features of CD1A and -E polymorphism in an 

autoimmune multiple sclerosis disease (70, 71). 
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3.2.8.3.   Classification, morphology and structure of CD1 proteins 

CD1 was the first human differentiation antigens to be identified by Mab (NA1/34; CD1a) on 

human thymocytes (72). Structural features of CD1 proteins are similar to that of MHC I heavy 

chain (MHC I-HC) proteins and consist of three extracellular domains (1, 2 and 3), a 

transmembrane domain and a short cytoplasmic tail necessary for receptor-mediated endocytosis 

(except for CD1a, which lacks any internalization motif). All CD1 family members are highly 

homologous (70-88) % in the 3 domain. This homology is low for 3 domains of MHC I-HC and 

CD1 proteins (~21%) (56, 73, 74). Depending on the degree of amino acid and genomic sequence 

homology and immunological functions, CD1 proteins were divided into three subgroups: Group I 

(CD1a, CD1b and CD1c), Group 2 (CD1d) and Group 3 (CD1e) (56, 58, 75, 76). Like MHC I-HC, 

CD1 proteins are generally expressed as a β2-microglobulin (β2m) bound heterodimer on the         

cell surface except for CD1e, which is localized in various intracellular compartments and is absent 

from the plasma membrane. Primarily, β2m is found to be very important for the surface expression 

of CD1 a, -b, -c, and -d proteins (77, 78). However, β2m independent isoforms that is not bound to 

β2m have also been reported for CD1d proteins (79, 80); though immunological functions of these 

β2m free CD1d heavy chains (CD1d-HCs) are not well understood. All CD1 proteins have a peptide 

backbone of approximately 33 kDa molecular mass, nevertheless; variation in mass does occur 

among the CD1 proteins due to the linked glycans. CD1a,  -b, and -c have masses of 49, 45, and    

43 kDa (81, 82) whereas CD1d has a mass of 48 or 45 kDa in the presence or absence of β2m 

proteins due to differences in the intracellular glycan processing (56, 80). The α1 and α2 regions of 

the extracellular domains form the antigen-binding groove in CD1 proteins exactly like in the case 

of MHC I-HC with similar characteristic of two antiparallel α-helical structures lying atop a floor of 

six β-pleated sheets. The α3 domain, binds with β2m, and is proximal to the membrane. The         

3D structure of domains in α3-β2m association is largely conserved among CD1 proteins and with 

MHC I-HC. The inner surface of the antigen-binding grooves of all CD1 molecules consists of  

non-polar amino acids suited for binding lipids (83). All CD1 proteins except CD1e, which 

facilitates antigen processing (84, 85), are directly involved in the lipid antigen presentation to        

T cells (76). The structures of all CD1 proteins with / or without lipid ligands are presented in 

Figure 5. 
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Figure 5. Simulation  snapshot  of  each  CD1  binding  domain  in  the  lipid-free state. Each domain is 
represented in the cartoon-format, colored according to the secondary structure; the configuration of helices 
α1 and α2 in the respective crystal structures are overlaid (fitted to the α2 helix backbone), and showed in 
transparent gray. Side-chains of key residues in α1 and α2 are labeled (86). (Adapted from Garzon, D. et al, J 
Biol Chem 2013)   
 

3.2.8.4.  CD1 expression and tissue distribution 

The expression of CD1 proteins has been extensively studied in humans and rodents. Group 1 CD1 

proteins are almost exclusively found on immature cortical thymocytes, mainly DP thymocytes 

(87),  and various specialized APCs. Primarily, peripheral DCs express CD1a and CD1b while DCs 

and a subset of B cells can express CD1c (56, 88, 89). CD1a, -b, and -c are also used as markers of 

DC in humans. Langerhans cells express CD1a, a key phenotypic marker, and also express CD1c, 

but appear to lack expression of CD1b (90-92). In contrary, Group II CD1d proteins are 

heterogenous in distribution found in cells of both hematopoietic and non-hematopoietic origin in 

human and mice (92). CD1d is expressed on B cells (93), macrophages (94), freshly isolated 

monocytes (93, 94) and DCs (94). The expression of CD1d, but not of Group I CD1 molecules, is 

also acknowledged in epithelial cells from the intestine (95), skin (96) and liver (97, 98).           

Most Group II CD1d is undetectable in resting peripheral T cells, but it is inducible with certain 

chemicals. Interestingly, Group I CD1 proteins are downregulated by mature thymocytes and 

peripheral blood T cells. Upregulation of Group I CD1 proteins, but not CD1d, were also seen 

during differentiation of blood monocytes into immature DCs with granulocyte macrophage-colony 
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stimulating factor (GM-CSF) and Interleukin 4 (IL4) (93, 94). The components of serum are also 

found to promote or inhibit the expression of CD1 proteins. The prominent serum lipids, cholesterol 

and cholesteryl stearate had no effect on the expression of Group I CD1 proteins whereas 

lysophosphatidic acid and cardiolipin were found to be inhibitory on CD1a, -b, -c expression in DCs 

(99). In addition, the presence of Igs in serum inhibited the expression of Group I CD1 proteins 

while it favored the up regulation of CD1d proteins in the plasma membrane (100).   

 

3.2.8.5.   CD1 assembly, trafficking and antigen sampling  

Not only, the structural features are similar between CD1 and MHC I-HC, but their assembly with 

β2m and the requirement of chaperones, calnexin, calreticulin, ERp57, etc., have also been 

synonymously described. α1, α2 and α3 domains of CD1-HC are on the lumenal side of the 

endoplasmic reticulum (ER), whereas, the short tail is towards the cytoplasmic side. Glycosylation 

of the newly translocated CD1 α- chains occur at ER by resident glycosidases, which enable them to 

bind chaperones. Thus, maturation of CD1-HC is analogous to that of MHC I-HC (101). Studies 

suggested that CD1-HCs form a complex with chaperones, calnexin and calreticulin, while       

MHC I-HC associates only with calnexin. Disulfide bond formation in both proteins is mediated by 

the later recruitment of thiol oxidoreductase ERp57 (101-103). Inability to associate with these 

chaperones has been found to induce degradation of these proteins through proteosomes (103).      

In addition, association of β2m to MHC I-HC and CD1-HC proteins are very important for proper 

glycosylation, degradation evasion and ER exit of HCs (80). Though the majority of heavy chains 

associate with β2m to escape ER, a small but significant fraction of CD1d-HCs is also able to travel 

from ER to plasma membrane independently of β2m (80, 102, 104). Peptide loading of MHC I and 

MHC II proteins in the ER is an essential step for their transport to other cellular sites. Though, 

diversity and generation of endogenous lipids still remains an open field, similar roles of 

endogenous lipids have been envisaged in stabilization of a CD1 containing protein assembly in ER 

(101, 105-107). After assembly and glycosylation dependent maturation, MHC I traffics to the 

plasma membrane for antigen presentation, whereas, MHC II travels to endosomal vesicles for 

exchanging invariant chain with foreign peptides. In the case of CD1 proteins, most CD1 traffic to 

the plasma membrane through the secretory pathway, although a small fraction may directly route 

to endosomes, before being reinternalized within different endosomal compartments to gather lipid 

antigens, and subsequently reemerges on the cell surface (Figure 6). Each of the CD1 isoforms has 
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evolved a different subcellular localization and trafficking behavior, thus, rendering them suitable 

for sampling a wide range of foreign and self-antigens.  The steady-state distribution among 

endocytic compartments and intracellular trafficking of each type of CD1 proteins is mainly 

dependent on the cytoplasmic YXXZ motif (where Y =tyrosine, X =any amino acid, and Z =bulky 

hydrophobic residue) present in their CD1 tail conferring them the ability to bind cytosolic adaptor 

proteins (APs) that influence the cellular localization of these proteins. CD1a has a short 

cytoplasmic tail without any tyrosine based sorting motifs; therefore, it does not follow        

clathrin-mediated endocytosis. Instead, it undergoes AP-2, clathrin- and dynamin-independent 

endocytic pathways. Internalization of CD1a occurs in an ADP-ribosylation factor (ARF) 6-

dependent manner preferentially to early recycling endosomes and is largely excluded from late 

endosomes. This is very much similar to the intracellular trafficking pathways followed by MHC I 

proteins. Unlike CD1a, other CD1 proteins CD1b, CD1c and CD1d contain cytoplasmic YXXZ 

motif, which helps them to bind AP-2 protein thus they get internalized through clathrin-coated pits. 

Mouse CD1d and human CD1b can also bind AP-3. CD1b and CD1d are almost exclusively found 

in the late endosomes and lysosomal vesicles while partial/sparse distribution of CD1c is found in 

these compartments. Interestingly, despite the presence of similar cytoplasmic tyrosine-based motif, 

human CD1c does not bind AP-3 in yeast two-hybrid assay (108) implying the existence of an AP-3 

independent pathway for CD1 trafficking to lysosomes. In immature DCs, CD1e predominantly 

accumulates at the trans-Golgi network (TGN), whereas, in mature DCs, it is found in late 

endosomes and lysosomes where it is cleaved into a stable soluble form (109, 110). In addition, 

CD1d can alternatively route to lysosomes and MIIC based on its interaction with the invariant 

chain (111, 112). The capability of CD1 proteins to penetrate endosomal compartments in human 

and mouse can be ranked in the increasing order as huCD1a\huCD1c\huCD1d\huCD1b and 

muCD1d. Since, CD1 proteins undergo multiple rounds of recycling between the plasma membrane 

and intracellular compartments, these proteins may be capable of repeated sampling of various 

endosomal compartments.   



 INTRODUCTION 

 

 

 

20 
 

 

EE – Early Endosome; SE – Salvaging/Recycling Endosome; LE – Late Endosome; Ii- Invariant chain;                      
αβ – subunits of MHC II  
Numerical 1, 2 and 3 represent preferential routes by MHC II and CD1d. 
 

Figure 6. Cellular trafficking modes of CD1 and MHC II proteins (113) (Adapted from Gelin, C. et al, J 
Leukoc Biol 2009) 

(A)  Journey of MHC II proteins from intracellular compartments to plasma membrane and vice versa. 
(B)  Journey of CD1 proteins from intracellular compartments to plasma membrane and vice versa.  
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3.2.8.6.   Mechanism of lipid-antigen generation 

The general molecular mechanisms governing lipid-based antigen presentation pathway reflect 

peptide antigen presentation pathway. It also acquires and generates antigen through cellular 

processes that facilitate uptake, processing and loading of compartmentally localized antigens in 

CD1 proteins. Although much remains to be understood, extraneous lipid particles are considered to 

be taken up by cells in surface receptor dependent and independent ways (114). Participation of 

scavenging receptors (115), low-density lipoprotein (LDL) receptors (114-116) and C-type lectin 

receptor (117, 118) in the CD1 antigen presentation pathway was also highlighted in recent studies. 

Thus, surface receptors mediated endocytosis is the dominant way of engulfing exogenous lipid 

antigens, although, indirect mechanisms of plasma membrane internalization through rafts, caveolae 

and other processes, including micropinocytosis can also contribute lipid antigens for presentation 

by CD1 molecules (101, 114). Depending on the place where they are generated, antigenic lipids 

are either self or non-self in origin. Non-self lipids are primarily products of microbes or 

environmental sources, though, our body can also contribute towards the production of aberrant 

lipids during abnormality. Because, many of the pathogen-associated molecular patterns (PAMPs)  

associated with microbes are lipids, CD1-restricted responses are very important in  anti-microbial 

defenses. Endogenous self-glycolipids, such as isoglobotrihexosylceramide (iGb3) have β-linkages, 

while exogenous/pathogenic glycolipids (i.e., most bacterial glycolipids) typically have α-linkages. 

The first lipid antigen to be discovered was mycolic acid from Mycobacterium tuberculosis in 1994 

(119).The most antigenic self-lipids are either glycosphingolipids (GSL) or phospholipids (PL). 

Some GSL, such as sulphatide, form stimulatory complexes with all CD1 molecules, thus behaving 

as promiscuous antigens (120). CD1a, CD1c and CD1d are flexible and can load short lipids at 

neutral pH, although, loading is enhanced at acidic pH. In contrast, CD1b favors endosomal 

acidification to bind lipids with very long aliphatic chains such as the mycolic acids and    

mycolate-containing glycolipids of mycobacteria. Typical examples of antigenic lipids presented by 

CD1 isoforms are presented in Table 1 (114). Among all CD1 isoforms, CD1d is the best 

characterized glycoprotein and this is primarily due to the discovery of a                                     

GSL, α-gal, isolated from the marine sponge, Agelas mauritianus, which was serendipitously shown 

to activate the majority, if not all, mouse and human NKT cells (121). In addition, lack of group I 

CD1 tetramers and specific markers to identify group I CD1-restricted T cells, in conjunction with 
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the absence of expression of group 1 CD1 molecules in mice, have all hindered scientific advances 

in the study of group 1 CD1-restricted T cells. 

 

 
CL,  cardiolipin;  Gb3,  globoside  3;  GM1-3,  gangliosides  GM1-3;  GSL,  glycosphingolipid;                           
hexosylcer,  hexosylceramide;  LacCer,  lactosylceramide;  Ly,  lysosomes;  lyCD1d, lysosomal  CD1d;                          
Mit,  mitochondria;  PA:  phosphatidic  acid;  PC:  phosphatidylcholine;  PE:  phosphatidylethanolamine;  
PG:phosphatidylglycerol;  PI:  phosphatidylinositol;  PS: phosphatidylserine;  sCD1b,  soluble  CD1b;                       
sCD1c,  soluble  CD1c;  sCD1d,  soluble  CD1d. Cellular  compartment  indicates  where  the  lipid  is  generated. 
 
Table 1. Lipids found associated with CD1 molecules (114) (Adapted from De Libero, Trends in 
immunology (2012) 
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3.2.8.7.  CD1d associated molecules and its biological implications 

The plasma membrane is a highly dynamic structure and is composed of a multitude of various 

proteins and lipids. All biological functions performed by the membrane are presumed to be a result 

of compartmentalization and hierarchical organization of these molecules in compositionally and 

functionally variable “micro domains"” (122, 123).  In this paragraph, the distribution and 

organization of CD1 proteins discovered on the membrane of various types of cells, mostly by 

biochemical methods are discussed. The possible biological implications of such molecular 

organizations are also elaborated. However, the chaperones and the APs which are covered in the 

earlier section and are mainly involved in the maturation and trafficking of CD1 proteins are not 

reviewed here. Almost all known CD1 protein binds to β2m both at intracellular compartmental 

vesicles and, if expressed, on the plasma membrane as well. The CD1 association of β2m has been 

shown essential in the maturation and function of these glycoproteins. Earlier studies, mainly with 

CD1a and CD1d, also suggested the possible existence of multimolecular complexes of CD1, 

tetraspanin proteins (CD82 and CD9), invariant chain and MHC family proteins in DCs and            

B lymphoid cells (112, 124). The association of invariant chain or MHC II-invariant chain complex 

with CD1d within the cell has been assumed to promote the entry of CD1d to lysosomes and MIIC 

directly from the TGN rather than by endocytosis from the plasma membrane (111, 112). The      

co-localization of the invariant chain with CD1d on the plasma membrane has not yet been 

demonstrated, however, studies with CD1a isoform indicated that invariant chain would help in the 

endocytosis of CD1 proteins. Cell surface stabilization and increase in the expression of CD1a 

occurred when the invariant chain was silenced using siRNA (124). Interestingly, intermolecular 

complexes of  three CD1 isoforms (CD1a, CD1b and CD1c) have also been reported on the cell 

surface of normal thymus cells but not in leukemic T cell lines (82). Normal thymic cells also 

showed the presence of  molecular complex of CD1a and MHC I-HC/CD8 proteins on the      

plasma membrane (125). Similarly, association of  a glycoprotein, gp180, with CD1d in the   

plasma membrane of intestinal epithelial cells was found to be involved in the activation of CD8+ T 

cells and probably in the development of mucosal tolerance (126). A membrane-associated protein,      

Ig-like transcript (ILT4) was also reported to inhibit CD1d-mediated NKT cell activation by virtue 

of physically binding the antigen binding groove, α1 and α2 domains, of CD1d thus blocking the 

loading/exchange of lipid antigens. This interaction was identified both on the cell surface and 

endolysosomal compartments (127). Additionally, CD1c was recently discovered to interact with 
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ILT4 with stronger affinity than with CD1d. In this fashion, CD1c acted as a molecular sink 

controlling the inhibitory effect of ILT4 on CD1d mediated antigen presentation (128). Thus, the 

expression of CD1c and CD1d simultaneously in the same cell, like in B cells, T cells and DCs, 

might influence the functional activity of each other. This suggests that the proteins forming the 

molecular complex could modulate the functions of each other either positively or negatively. 

Furthermore, studies mainly in murine cell lines indicated that CD1d is localized in lipid-based 

dynamic nano-/micro- assemblies termed rafts/lipid-rafts in the plasma membrane (129-132). Rafts 

are presumed to facilitate clustering of functional protein units implicated in various biological 

activities. In the case of CD1a and CD1d, raft restricted localization was found to be critical in 

efficient signal transduction to the target T cells, especially at low ligand densities (124, 130, 132).  

Interestingly, unlike the features of conventional rafts which are detergent resistant, CD1d rich 

regions in the plasma membrane were sensitive to low concentrations of detergent in murine DCs. It 

was suggested that either CD1d is associated with rafts, mainly in intracellular membranes or that 

its association with the rafts in the plasma membrane is very weak (131). Additionally, the extent of 

localization of CD1d in the raft was shown to be an important determinant of immunological 

responses, Th1 or Th2, due to iNKT stimulation (133). So far, most studies have been performed 

only in murine cells. Though, similar kinetics of lipid loading have been observed for human CD1d 

molecules, systematic investigation of its plasma membrane features is yet to be performed. 

 

3.2.9.     Statin and antigen presentation 

Statins are a class of drugs that is widely used as hypocholesterolemic agents for the treatment of 

elevated levels of LDL cholesterol in the blood. The cholesterol-lowering effect of statin is due to 

its inhibition of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, a key enzyme in 

the cholesterol biosynthesis pathway. However, inhibition of HMG-CoA also leads to depletion of 

mevalonate, which is the precursor of isoprenoids that regulate diverse cellular functions. Thus, 

statins have pleiotropic effects primarily mediated by inhibition of the isoprenoid pathway which is 

independent of their cholesterol-lowering features (134). In fact, statin is found to diminish both 

MHC II and CD1d antigen presentation by hindering isoprenylation in B cells (135-137). 

Additionally, disruption or modification of rafts is also observed upon treatment with statin (138-

140). 
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3.2.10.   Fluorescence Resonance Energy Transfer (FRET) 

Förster Resonance Energy Transfer, an initial term used for FRET, is a photo physical process 

whereby energy is transferred by an excited donor molecule to a neighboring acceptor molecule in a 

non-radiative fashion. Such a process of radiation less transfer of energy occurs when the molecular 

states of donor and acceptor are in resonance and the distance separating these molecules are only a 

few nanometers, typically from 1 nm and up to 10 nm. When both the molecules are fluorescent 

species then the transfer of energy results in the decrease in the donor chromophore emission that 

corresponds to an increase in the emission by the acceptor molecule. Additionally, the FRET 

efficiency is inversely proportional to the sixth power of the distance separating the donor and 

acceptor molecules. The rate of energy transfer efficiency thus shows strong distance dependence 

between the donor and acceptor (FRET pair) and therefore, it is also termed “molecular yardstick” 

or “spectroscopic ruler”. Interestingly, such distances are within the edge of the regular protein 

dimensions and similar to multimeric protein complexes observed in biological systems; therefore, 

it is widely used to understand a great variety of molecular interactions in biological systems. FRET 

is non-invasive thus can be applied to monitor in real time the spatio-temporal changes of molecular 

complex, conformation of protein, biochemical activities, and particularly transient molecular 

associations, which govern the signal transduction pathways. Therefore, FRET holds several 

advantages over biochemical methods, which is associated with the disruption of cells to examine 

changes in the cellular events. The absence of FRET also does not necessarily mean the lack of 

molecular proximity. Such situations can occur due to molecular steric hindrances. Therefore, the 

relatively short FRET working distance constitutes a limitation for studying multi-protein 

complexes or interactions between big proteins. From a practical perspective, 5% energy transfer 

value is considered a threshold, thus any energy transfer values above or close to this value is a 

strong evidence for molecular associations (141-143). 

The energy transfer efficiency is illustrated by the following equation: 

 
Where  R0, Förster  radius  or  critical  distance,  is  the  characteristic distance  at  which  FRET  

efficiency  is 50%.  In practice, FRET is sensitive to distance within the range between 0.5 R0 and 

2R0, as FRET efficiency varies from 98.5 to 1.5% in this interval. FRET  efficiency  is  closer  to  

the maximum  at  distances  less  than  R0, and  minimum  for  distances  greater  than  R0.   

EFRET =
R0

6

R0
6 + R6 
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4. AIMS OF THE THESIS 

We wanted to compare the most common dye-antibody conjugation strategies pursued by 

researchers today with an objective to provide an informative guidance for choosing and optimizing 

critical conditions necessary for dye-protein conjugation. It was motivated by the fact that protein 

conjugation is a common practice and an important facet of research in most laboratories. With the 

help of a batch of dye-antibody conjugates, we also describe that such conjugates could serve as 

valuable probes in exploring the dynamics and topological features of membrane proteins. As an 

example, we have demonstrated the features of organization and distribution of CD1d proteins in 

the plasma membrane of human B cells in the second part of this thesis. 

To summarize, we had the following goals to achieve: 

Dye-antibody conjugation strategies 

1. To optimize dye conjugation strategies targeting amine, sulfhydryl and carbohydrate 

functional groups in antibodies. 

2. To lay out guidelines in performing site-specific antibody conjugations. 

3. To determine the efficiency, yield of conjugation, ease in performing the dye-antibody 

conjugations and financial cost involved in such procedures. 

4. To illustrate the advantages and disadvantages related to each of the dye-antibody 

conjugation methodologies. 

 

Membrane distribution of CD1d proteins 

1. General features of CD1d distribution in the plasma membrane of B lymphocytes. 

2. Relationship between CD1d and MHC proteins in the plasma membrane. 

3. Role of cholesterol in the organization of CD1d proteins in the plasma membrane. 

4. To characterize CD1d enriched regions in the plasma membrane of B cells. 
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5.  MATERIALS AND METHODS 

5.1. Antibodies and dyes 

In our study, we used the following Mabs: the pan-MHC I W6/32 (recognizes MHC I-HC in 

complex with β2m, IgG2a) (144, 145), HC-10 (recognizes free MHC I-HC, IgG2a) (145-148),  

L368 (anti-β2m, IgG1) (149), L243 (anti-MHC-DR, IgG2a) (150), P2A4 (anti-intercellular adhesion 

molecule (ICAM1), IgG1) (151), OKT9 (anti-transferrin receptor (TfR), IgG1) (152),  51.1.3   

(anti-CD1d, IgG2b) (93), and 27.1.9 (anti-CD1d, IgG1) (93). Antibodies were purified from 

supernatants of the hybridoma cell lines by Sepharose A affinity chromatography. Various 

functional derivatives: succinimidyl ester, maleimide and hydrazide derivatives, of Alexa 546 or 

Alexa 555 or Alexa 647 dyes were used for labeling the antibodies. All dyes were purchased from 

Life Technologies/Invitrogen (Budapest, Hungary). MEM75 antibody, against TfR (153) was a 

kind gift from Václav Horejsí (Institute of Molecular Genetics, Academy of Sciences, Prague, 

Czech Republic). 

 

5.2.     Chemicals 

Most chemicals, like NaIO4, sodium azide, ethylenediaminetetraacetic acid (EDTA), MEA, DTT 

and N-ethylmaleimide (NEM) dimethyl sulfoxide (DMSO), were purchased from Sigma-Aldrich 

Kft (Budapest, Hungary) unless otherwise stated.   

 

5.3. Dye-antibody conjugation protocol  

Dyes were dissolved in a limited amount of DMSO and aliquots were prepared and kept in −20ºC to 

protect the reactivity of dyes from repeated freeze-thaw cycles.  

 

5.3.1. Succinimidyl ester-amine reaction to form carboxamide bond  

Conjugates of succinimidyl ester dyes and antibodies were prepared by adding DMSO dissolved 

dyes to a solution of antibody, which was prepared in the phosphate buffer (pH 7.4). However, to 

facilitate / accelerate the reaction, sodium bicarbonate was also added into the mixture such that the 

pH was raised to ~9.1. The mixture of dyes and antibodies was incubated for 45 min at room 

temperature with gentle mixing in a shaking rotator. Unconjugated dyes were removed from the 
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mixture by gel filtration using sephadex G25 columns. To obtain different fluorophore to protein 

(F/P) ratios, the molar concentration of the dye was adjusted while the concentration of the antibody 

was kept constant at 1 mg/ml.     

 

5.3.2. Maleimide-thiol group reaction to give thioether bond  

To produce maleimide-thiol conjugates; first of all, antibodies were reduced with MEA               

(see Table 2 for concentrations) in 5 mM EDTA containing phosphate buffer (pH 7). The 

incubation was generally for 90 min (see also Table 2) at 37ºC. After the incubation, the unreacted 

MEA was removed from the samples with the help of 50 kDa MWCO (molecular weight cutoff) 

amicon spin concentrator tubes (Millipore Kft., Hungary). Thorough washing was required such 

that the concentration of the MEA was almost negligible in the sample. Thereafter, maleimide dyes 

were added to the solution of antibody adjusted to 1 mg/ml. Incubation was generally carried out for 

one hour at room temperature. Separation of dye-antibody conjugates was done by using sephadex 

G25. It is important to maintain an inert atmosphere in the labeling and washing buffer. In our case, 

we used nitrogen (N2) purged PBS buffer during the whole procedure. 

 

Table  2. 

Antibody Conjugation Method Fluorophore/ protein (F/P) 

W6/32 

-SH 

0.69 (50mM MEA/90 minutes) 
1.11 (5mM MEA/90 minutes) 
1.5 (25mM MEA/90 minutes) 
1.7 (10mM MEA/90 minutes) 

-CHO 
0.83 (10 mM NaIO4 ) 
1.74  (10 mM NaIO4 ) 

1 (5mM NaIO4 ) 

L243 
-SH 

1.47 (25mM MEA / 90 minutes) 
2.15 (50mM MEA / 60 minutes) 
2.4 (50mM MEA / 60 minutes) 

-CHO 
1.43 (10 mM NaIO4 ) 
1.6 (10 mM NaIO4 ) 

P2A4 
-SH 

0.95 (5mM MEA /90 minutes) 
1.3 (10mM MEA/90 minutes) 
2.3 (25mM MEA/90 minutes) 
2.9 (50mM MEA/90 minutes) 

-CHO 
2.5 (10 mM NaIO4 ) 
1.5 (2mM NaIO4 ) 

51.1.3 
-SH 

1.77 (25mM MEA / 30 minutes) 
2.43 (50mM MEA / 60 minutes) 
2.55 (50mM MEA / 30 minutes) 
2.85 (50mM MEA / 60 minutes) 

-CHO  1.9 (2mM NaIO4 ) 
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5.3.3. Hydrazide-aldehyde reaction to form hydrazone bond  

To create aldehyde residues in antibodies, oxidation was carried out with NaIO4 (see Table 2 for 

concentrations) for 3 h at 37ºC in a phosphate buffer (pH 5.6). The oxidized antibodies were passed 

through sephadex G25 gel filtration column followed by washing using 50 kDa MWCO amicon 

concentrator tubes, exactly like in the case of MEA removal. After washing, hydrazide dyes were 

mixed with the antibodies (0.5 mg/ml) at the ratio of 20:1 together with aniline (100 mM). 

Incubation was done overnight at room temperature with gentle rotation. The gel filtration method 

of separating free dyes from the antibody conjugated dyes was similar to the above methods. No 

clear distinction between the fronts of free dye and dye conjugated antibody was observed; 

therefore, 50 kDa MWCO concentrator tubes were used to eliminate any residual dye present in the 

solution, prepared after pooling the antibody positive fractions from the collection volume. In 

addition, N2 purged PBS buffer was used during the entire labeling procedure. 

 

5.4. Fluorophore per protein (F/P) calculation  

For calculating the F/Ps, absorbance of the dye-antibody solution was taken at 280 nm and at the 

maximum absorption wavelength of the respective dyes using spectrophotometry (Nanodrop, 

Wilmington, USA). Compensation for the contribution of the dyes to the final concentration of the 

antibody was performed using recommended correction factors from Molecular Probes 

(Invitrogen). 

The following formula was used to calculate the F/P:  

Concentration of antibody (mg/ml) = 
A280 – (A dye x CF) 

mg/ml 
1.4 

 

Concentration of dye (Molar) =
 

A dye

 ε 

F/P         = 
Concentration of the dye (Molar) 

Concentration of antibody (Molar) 
 
(A dye – Absorbance of Alexa dyes at a maximum absorption wavelength; Correction factor (CF) for 
Alexa dyes at 280 nm; A280 – Absorbance of protein at 280 nm, ε – Molar extinction coefficient of 
Alexa dyes at a maximum absorption wavelength; MW of antibody – 150 kDa (For sulfhydryl labeling, 
112.5 kDa was used as MW, an average of 75 and 150 kDa fragment of antibody, because MEA 
treatment of IgG produces a mixture of small and large fragments of antibody.) 

Concentration of antibody (Molar) = 
Concentration of antibody (mg/ml) 

Molecular weight of antibody  
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5 .5. Cell line   

A B lymphoid cell line, C1R-CD1d, a kind gift of Mark Exley, Harvard Medical School, Boston, 

USA, was used in these studies (154). This cell line stably expresses full-length CD1d and has been 

characterized in a previous paper (155). For our purpose, we sorted these cells using 27.1.9 CD1d 

antibody and pan anti-mouse secondary antibody conjugated magnetic dynabeads                      

(Life Technologies/Invitrogen, Budapest, Hungary) to obtain uniform CD1d expression. The 

membrane proteins of interest for us have been found to be expressed at good levels in this cell line: 

MHC I (154), β2m (80), MHC II (112), ICAM1 (156), and CD1d (80). C1R-CD1d cells were sub-

cultured every second day in 10% newborn calf serum (NCS) RPMI media containing 300 µg/ml 

G418 unless stated otherwise.  

 

5.6. Cell labeling  

Cells (1x106) were labeled in 50 µl volume of PBS buffer (pH 7.4) containing 1 mg/ml BSA and 

0.01% sodium azide. Dye-conjugated / or unconjugated antibodies were added to these cells at 

specific concentrations depending on the requirement (for FRET experiments predetermined 

saturating concentration of the dye-antibody conjugates was used). Following antibody addition, the 

mixture was incubated in a dark environment for 30 min on ice. Once incubation was over, samples 

were washed twice with ice-cold PBS buffer in order to remove unbound antibodies. If 

unconjugated primary antibody was used, then a secondary antibody F(ab')2 conjugated to        

Alexa Fluor 647 dyes (10 µg/ml) was added to the cells and was reincubated in ice and dark for 

another 20 min. The samples were washed again using ice-cold PBS. Finally, the cells were 

suspended in 1% formaldehyde solution, and they were kept at 4ºC until the measurements were 

performed in a flow cytometer or a confocal microscope. 

 

5.7. Flow cytometry and data analysis  

Depending on the type of studies, fluorescence intensities were measured using FACScan or 

FACSCalibur or FACSArray flow cytometers (Becton Dickinson, Franklin Lakes, NJ). The 

instruments are equipped with various combinations of lasers: FACScan (Blue, 488 nm), 

FACSCalibur (Blue, 488 nm and Red, 635 nm) and FACSArray (Green, 532 nm and Red, 633 nm). 

FACSArray was used for the study involving the analysis of methods of dye-antibody conjugation. 
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Alexa 647 dye was specifically used for this purpose to minimize the contribution of 

autofluorescence. For the topological study of CD1d proteins, all three FACS instruments were 

used. Flow-cytometric FRET experiments (FCET) were performed in FACSArray flow cytometer. 

Cells were labeled with Alexa 546 / Alexa 555 and / or - 647 dye conjugated probes and/or 

antibodies. Fluorescence signals were collected using 575+/-25 BP filter for donor, 650 LP for 

transfer and 650+/-10 BP for acceptor molecules. In all the cases, 20,000 cells were collected for 

each sample. Thereafter, the FCS data files for both FRET and non-FRET data were evaluated 

using ReFleX software as described before (157). For two-color three-protein FCET experiment, 

similar protocol was used as above except the inclusion of the third protein as a donor or as an 

acceptor. The conventional FRET has two proteins as a FRET pair but this modified two-color 

three-protein FRET has three proteins as FRET pair, and two of these proteins are combinedly used 

as a donor or acceptor molecules. This means two Mabs against two proteins are conjugated to 

same Alexa dyes separately. However, they are mixed during cell-labeling and are used as either 

donor or acceptor. Thus, two Mabs conjugated to same Alexa dyes behave together as a unit 

representing either donor or acceptor species. 

 

5.8. Antibody saturation curve determination 

The concentration dependence of fluorescence intensities was the basis for determining the 

saturation curves for each antibody. For this purpose, C1R-CD1d cells were surface labeled with 

various concentrations of antibodies (conjugated/ non-conjugated) following the protocol described 

above. Measurements were performed and the data were analyzed by ReFleX software. The derived 

data were used for plotting a graph of fluorescence intensity versus concentration of the antibody 

(conjugated/non-conjugated) using Sigma Plot Version 10. The data were fitted with the help of a 

single ligand-binding module of the software which after processing provides the equilibrium 

dissociation constant (Kd) of the antibodies based on the equation as described below. Kd values 

were determined from at least three sets of independent experiments for each antibody conjugates. 

Y = 
Bmax X 

+ Nx 
Kd + X 

The above equation fits the total binding concentration (Y) of the ligand as a function of ligand 

concentration (X). The extra term (Nx) represents non-specific binding. 

 



 MATERIALS AND METHODS 

 

 

 

32 
 

5.9. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

For SDS-PAGE, a mixture was prepared from 10 µg of sample and 5X sample buffer                 

(0.25 M Tris-HCl, pH 6.8, 8% SDS, 40% glycerol, and 0.01% bromophenol blue). It was also 

supplemented with either 100 mM DTT or 25 mM NEM (158). Thereafter, the mixture was 

incubated at room temperature for approximately 30 min, followed by heating at 95 ºC for 10 min. It 

was centrifuged at 16,000 RCF for 15 min. Finally, (3-5 µg) of each sample was used for loading 

into the wells of an 8% poly-acrylamide gel. The gel was run at 50 V for stacking then was shifted 

to 75 V until the run was completed. 

 

5.10. Quantitation of membrane proteins 

QIFIKIT (Dako Cytomation, Glostrup, Denmark) was used for quantifying the membrane proteins 

according to the manufacturer’s instructions. The kit consists of a series of beads coated with 

known quantities of Mabs resembling cells with defined antigen densities. It is an indirect 

immunofluorescence based quantitative method. Briefly, cells were labeled with primary mouse 

Mab at saturating concentrations followed by incubation with FITC dye tagged polyclonal         

anti-mouse secondary F(ab')2 with washing steps in between. The QIFIKIT beads were also 

prepared in the similar fashion simultaneously. Fluorescence intensities were measured using 

530+/-30 BP filter on a FACSCalibur instrument. The data were analyzed using ReFleX software. 

The calculated data were used for plotting the curve of fluorescence intensity of the individual bead 

populations versus the number of Mab molecules on these beads. The number of each membrane 

proteins was then calculated from the obtained curve by interpolation. 

 

5.11. Confocal microscopy 

Microscopy was performed on a Zeiss LSM 510 confocal laser scanning microscope (Carl Zeiss 

AG, Jena, Germany) with a Plan-Apochromat 40 X (NA= 1.2) water immersion objective. 

Horizontal optical slice (512 × 512-pixels) of 1.5 µm thickness, four-times averaged, was recorded 

in line mode from the top of a cell for co-localization experiments. A multitrack option was also 

followed to avoid any possible crosstalk between the detection channels while acquiring images in 

the microscope. 
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5.12. Co-localization study of the proteins: 

The vicinity of membrane proteins was determined by image cross-correlation. For this purpose, 

images were acquired from the top of the cells which were doubly or triply labeled against specific 

markers by respective probes tagged with spectrally different fluorophores. Cross-correlation 

coefficient (C) from the image pairs were determined using a custom written program in 

LABVIEW platform using the formula described below (159, 160).  
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Where xi,j and yi,j represent fluorescence pixel values at co-ordinates i and j in images x and y. 

Image analysis was performed only on those pixels that were above the detection threshold in both 

images. The theoretical maximum is ‘1’ for perfect overlap of proteins (i.e. 100% co-localization) 

and a negative value ‘−1’ indicates an anti-co-localized situation of the two molecules where a pixel 

is bright in one channel and dim in the other.  

 

5.13. CD1d and GM1 ganglioside association assay  

Association of CD1d with GM1 gangliosides was determined using the following probes: cholera 

toxin subunit B (CTxB, Invitrogen) for GM1 gangliosides and 27.1.9 CD1d Mab for CD1d proteins. 

Cross-correlation coefficient between these two molecular species was calculated in the similar 

fashion as described above. For co-localization study, images of Alexa 488-CTxB and             

Alexa 647- 27.1.9 CD1d molecules were collected using 505/550 nm BP filter and 650 LP filter. 

FCET between CD1d and GM1 gangliosides were performed similarly as above using FACSArray, 

however Alexa 555-CTxB and Alexa 647-27.1.9 CD1d Mab were used as donor and acceptor 

respectively. 

 

5.14. Flow cytometric detergent resistance (FCDR) test 

Time dependent kinetic assessment of detergent tolerance by CD1d rich regions was performed 

following the FCDR protocol which is published elsewhere and is based on flow cytometry (161). 

Similar cell labeling protocol was followed except the final step where formaldehyde fixation of 

cells was avoided. Unlike in other cases, samples were proceeded for measurements without any 

delay. FACScan with a 530+/-30 BP filter option was used for this purpose. As a baseline, initially 
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fluorescence intensities were measured for ~50 s, thereafter, Triton X-100 (TX100) at various 

concentrations was added, mixed promptly then the measurements were resumed for another           

five minutes. The FCS files were analyzed using ReFleX software and the calculated data were 

used for plotting the graph of fluorescence intensity versus time using Sigma Plot V10. 

 

5.15. Treatment of cells with MβCD or Simvastatin 

Both MβCD and simvastatin were purchased from Sigma. Specific instructions from the companies 

were followed to dissolve the reagents. Simvastatin treatment of C1R-CD1d cells was done by 

incubating (4 x 106 to 10 x 106) cells with micromolar concentrations of preactivated simvastatin in 

1% NCS RPMI media for 48 h at 37ºC. MβCD usage was slightly different because it was a     

short-term treatment. Briefly, C1R-CD1d cells (5 x 106 to 10 x 106) which were grown in 1% NCS, 

unless otherwise mentioned, were taken in 1 ml of 0.1% NCS RPMI media and were incubated with 

2 mM MβCD for 40 min or 10 mM MβCD for 15 min at 37ºC. Thereafter, the cells were thoroughly 

washed and were labeled as described above. 

 

5.16. Isolation of iNK T cells from peripheral blood mononuclear cells (PBMC)  

For isolation of iNK T cells from human peripheral blood, ficoll density gradient based standard 

procedure was employed. Leukocytes are present in the buffy coat layer present between the layers 

of plasma and red blood cells. iNK T cells were isolated using anti-iNK T magnetic beads (Miltenyi 

Biotec, Bergisch-Gladbach, Germany) from these leukocytes. Special iNKT cell medium consisting 

of  5% AB human serum (Sera Laboratories International Ltd, West Sussex, UK), 200 ng /ml of 

recombinant IL2 (Shenandoah Biotechnology, Inc., USA) and 2µg/ml phytohemagglutinin M 

(PHA-M, Sigma) was prepared for growing iNK T cells. To promote the growth of iNK T cells,       

α-gal (KRN7000, Avanti Polar Lipids, Inc., Alabama, USA) loaded mitomycin C-arrested (50µg/ml 

for 45 min) C1R-CD1d cells were used as feeder cells. Briefly, 100,000 iNK T cells were cultured 

together with 250,000 C1R-CD1d feeder cells in the prepared special iNK T cell medium. The 

medium was changed with a fresh iNK T medium the next day and the growth was monitored over 

the period of culture. Proliferation of the cells can be identified by the formation of clusters of cells 

and the turning of growth media into yellow. This way iNK T cells expand several thousand folds 

in a period of two weeks. The concentration of IL2 was gradually decreased from 200 ng/ml to     
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20 ng/ml (~10 U/ml) during the period of culture. For functional assays, iNK T cells were cultured 

in iNK T media without PHA-M and very low amount of IL2 (20 ng/ml) for at least 24 h. The 

purity of the expanded iNKT cells was examined by flow cytometry using Mabs 6B11 (anti-Vα24 

Jα18, IgG1, eBioscience), C21 (anti-Vβ11, IgG2a, Beckman Coulter) and OKT3 (anti-CD3, 

IgG2a). 

 

5.17. Co-culture assay with iNK T cells  

C1R-CD1d cells were cultured in 1% NCS RPMI medium for 48 h before being used for              

co-culture assays with iNK T cells. Feeding of α-gal was performed for 18 h and 4 h leading up to 

the completion of 48 h incubation in the case of MβCD and simvastatin studies. Simvastatin treated 

C1R-CD1d cells were directly proceeded to the next step, whereas, C1R-CD1d cells for MβCD 

studies were treated with MβCD as described before. Thereafter, C1R-CD1d cells were extensively 

washed and were fixed with 1% formaldehyde for 20 min on ice, in order to prevent the reassembly 

of cholesterol in the membrane. The cells were washed again twice with ice-cold PBS. These cells 

were used at the ratio of 3:1 with iNK T cells for co-culture assays. Briefly, 60,000 C1R-CD1d cells 

and 20,000 iNK T cells were seeded in each well of the round-bottomed 96 well plates with RPMI 

medium containing 5% human serum and 20 ng/ml recombinant IL2 for 48 h at 37ºC. Experiments 

were performed in triplicates prepared from the same sample for each test. 

 

5.18.  Statistical analysis 

For comparison, either an unpaired t-test or one-way ANOVA together with tukey posthoc analysis 

was performed using SigmaStat 3.5 (GmbH, Germany) depending on the number of groups. Only 

‘p’ values <0.05 were considered significant. Non significant ‘p’ values are indicated by 

abbreviation ‘N.S.’, whereas, ‘p’ values < 0.05, < 0.005, and < 0.0005 are denoted with ∗, ∗∗, and 

∗∗∗, respectively on the figures. 
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6. RESULTS 

6.1. Analysis of dye-antibody conjugation methods 

The primary objective of this study was to identify the effect of dye conjugation on binding affinity of 

an antibody. In this aspect, we also wanted to compare several methods of dye conjugation. 

Additionally, we evaluated the financial aspects, the yield of conjugates and ability to produce higher 

dyes per antibody for each of these methods. We took advantage of dissociation constant (Kd), a 

suitable indicator of the strength of interaction between ligands and receptors, to determine the 

influence of dye coupling in antigen binding affinity of an antibody.  

 

6.1.1. Unconjugated antibody: A reference for antibody conjugates   

For comparison, the binding affinity of an unconjugated Mabs to plasma membrane proteins of a      

cell line was considered as a reference. Accordingly, standard Kd values were calculated for each of 

these unconjugated Mabs. It was determined by performing indirect fluorescence measurements in a 

flow cytometer. Specifically, C1R-CD1d cells were first incubated with unconjugated primary Mabs, 

then; the binding of these Mabs to membrane proteins were detected using dye conjugated secondary 

F(ab')2. Since, series of concentrations were taken for each Mab, differences in fluorescence 

intensities were also observed. However, the concentration dependent increase in fluorescence 

intensity occurred only until a certain point, from where a non-linear increase in fluorescence 

intensity was observed followed by almost no increase /or slight inhibition in fluorescence intensities 

at the highest concentrations of Mabs. This could be termed as saturation point or the occupancy of 

entire receptors (~99%) by Mabs on the plasma membrane at these concentrations. Such observation 

was evident for all Mabs in this study. This helped us to deduce a graph of fluorescence intensity 

versus concentration of the antibody. Kd values were estimated based on such saturation curves for 

each antibody. Four Mabs, W6/32, L243, P2A4 and 51.1.3 CD1d were used for this study, and they 

bind to the epitopes of MHC I-HC, MHC II, ICAM1 and CD1d proteins respectively. Estimated Kd 

values were quite different for each of the Mabs. Thus, these Mabs could be broadly categorized 

based on the binding affinities as high-affinity and low-affinity antibodies. W6/32, L243 and P2A4 

demonstrated high binding affinity whereas 51.1.3 CD1d antibody was comparatively weaker in 

binding affinity to their relative antigens. For some reasons, though not related to Fc receptor binding 

(data not shown), Mabs P2A4 and 51.1.3 also showed a larger variation in Kd value.                      
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The (Kd ± S.D.)s were found to be (27.7± 6.7) nM, (31.1±9.1) nM, (32.8±16.8) nM and (174.2±21.8) 

nM for W6/32, L243, P2A4 and 51.1.3 antibodies respectively (Figure 7 and Table 3).   

 

Figure 7. Kd values of unconjugated antibody by Indirect Method: (a) W6/32 (b) L243 (c) P2A4 (d) 51.1.3. 
Presented here are three /or four saturation curves for each Abs. Symbols represent independent experiments 
performed on different days. 
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Table  3. 

Kd values of the unconjugated antibodies and antibody conjugates 

 
Antibody Conjugation Method F/P Kd ± S.D. (nM) 

W6/32 

Unconjugated  27.7± 6.7 

-NH2 

0.5 21.8±4.4 
1.1 22.1±6.9 
2.3 26.8±7.7 
3.1 25.3±3.9 
4.3 29.8±5.6 
5.8 29.1±2.9 
7.5 28.3±2.9 
8.7 55.4±7.9 

-SH 

0.69  21.5±0.7 

1.11 17.0±3.7 
1.5 20.6±4.9 
1.7 16.9±2.6 

-CHO 
0.83 116.5±3.5 
1.74 117.8±17.9 
1.0  26.9±10.4 

L243 

Unconjugated  31.1±9.1 

-NH2 

0.56 54.5±21.6 
0.95 37.1±7.5 
1.65 47.4±12.9 
2.2 49.2±12.1 
2.8 51.5±14.2 
4.0 42.5±8.9 
5.0 50.4±4.9 
7.7 34.8±12.7 

-SH 

1.47 90.9±12 

2.15 80.5±3.1 

2.4 89.1±5.5 

-CHO 
1.43 190.6±14.7 
1.6 122.5±9.9 

P2A4 

Unconjugated  32.8±16.8  

-NH2 

0.66 439.1±102.5 
1.3 51.0±0.3 
2.4 49.8±7.8 
3.3 24.4±1.3 
4.5 42.9±0.9 
6.2 58.2±10.5 

-SH 

0.95 51.0±2.9 
1.3 61.1±2.7 
2.3 51.8±16.1 
2.9 62.2±5.2 

-CHO 
2.5 385.9±20.2 
1.5  79.4±30.3 

51.1.3 

Unconjugated  174.2±21.8 

-NH2 

0.7 461.8±79.2 
1 552.6±39.5 

1.6 523.4±251.9 
3.2 437.6±108.5 
3.9 369.7±107.4 
4.6 304.9±17 
9.9 425.8±15 

-SH 

1.77 156.0±0.2 

2.43 366.3±16.6 

2.55  668.0±41.4 
2.85  477.0±11.3 

-CHO  1.9  851.3±165.9 
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6.1.2. Effect of NHS ester based coupling method on the binding affinity of Mabs 

Amino groups are distributed throughout the antibody structure and are also located in crucial ABS 

regions. Therefore, it is believed that the amine targeted approach would influence, or in the      

worst-case scenario destroys, the binding affinity of an antibody. The deleterious effect of -NH2 

method of antibody conjugation in binding affinity has also been demonstrated in previous studies 

(162, 163). These assessments have been made primarily from studies involving either biotinylation 

of antibodies or fluorophore conjugation with only few sets of antibodies. Therefore, one of our aims 

was to characterize antibody conjugates based on F/P ratios, especially after including different 

antibody isotypes. Our results suggested that although dye-coupling seems to decrease the binding 

affinity of an antibody, this phenomenon was not proportional to F/P ratios. There was no strict 

correlation between F/Ps and the decrease in binding affinity of antibody. Instead, a few of the higher 

F/Ps had smaller Kd values than their low F/P counterparts. The effect of increased load of dyes in 

binding affinity of antibody seems to be antibody dependent (Figure 8, Figure 9 and Table 3). Low 

affinity antibody 51.1.3 was comparatively sensitive to dye conjugations (Figure 9A.d and Table 3) 

than high-affinity antibodies: W6/32 (Figure 9A.a) and L243 (Figure 9A.b). It should also be noted 

that although higher F/P conjugates were brighter than the lower F/P conjugates, there was no linear 

increase in the fluorescence intensity of the conjugates, especially above F/P>3 (Figure 8 and  

Figure 9B). Instead, the higher F/Ps > 8 showed diminished fluorescence intensities (Figure 9B).     



 RESULTS 

 

 

 

40 
 

 

Figure 8. Saturation curves for various F/Ps obtained by -NH2 based labeling protocol: 
(a) A647-W6/32 conjugates (b) A647-L243 conjugates (c) A647-P2A4 conjugates (d) A647-51.1.3 
conjugates. A representative curve for each set of dye-antibody conjugate is demonstrated here. The numbers 
of independent experiments (n) were at least 3. 
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Figure 9A.  

The dissociation constant 
(Kd) was plotted versus F/P 
for different antibodies. 
a) A647-W6/32 conjugates  
b) A647-L243 conjugates  
c) A647-P2A4 conjugates   
d) A647-51.1.3 conjugates 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

 
Figure 9B.  
Fluorescence intensity was 
plotted versus F/P for 
different antibodies.  
a)   A647-W6/32 conjugates  
b)   A647-L243 conjugates  
c)   A647-P2A4 conjugates  
d) A647-51.1.3 conjugates 
C1R-CD1d cells were 
labeled with saturating 
concentration (100 µg/ml) of 
respective antibodies and 
subsequently; the measured 
fluorescence signals were 
used to plot this graph.     
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6.1.3. Performance of dye-antibody conjugates generated after reduction of antibodies 

The two monovalent halves of the antibody are held together by disulfide bonds, which are also 

responsible for maintaining its tertiary structure. Disulfide bonds are present between the “H” and 

“L” chains of an antibody; therefore, disruption of these bonds could render them functionless. 

However, if appropriately cleaved at the hinge region, then an antibody produces two equal halves 

with an intact antigen-binding region, thus making them attractive and easy target for sulfhydryl 

labeling. Studies also indicated that MEA preferentially reduced disulfide bonds at the hinge regions 

(9, 164). Theoretically, labeling of these specific sulfhydryl groups would be of great advantage due 

to the non-interference in the antigen binding activity (9). Despite the advantages conferred by         

half-antibodies, which would be an ideal replacement for Fab fragments in experiments, surprisingly 

only a limited number of studies has explored the potentiality of directly conjugating half-antibodies 

(165-169). Hence, we were motivated to explore the possibility of conjugating half-antibodies and 

compare its features with antibody conjugates prepared by amine method. Decrease in antigen 

binding affinity was noticed after dye-conjugation, the effect was very much similar as in the case 

with -NH2 method (Figure 10 and Table 3). Variation in binding affinity for 51.1.3 CD1d antibody 

conjugates was also noted. Apart from this antibody, the other antibody conjugates demonstrated 

smaller S.D. in Kd values compared to its corresponding conjugates from -NH2 method suggesting 

the superior performance of -SH conjugates. As expected, the F/Ps were always less than three for all 

dye-antibody conjugates. This corresponds well with the number of disulfide bonds between the two 

“H” chains of the antibodies (Table 3). However, the maximum F/Ps that could be obtained, and 

susceptibility to MEA differed between the antibodies. IgG1 (P2A4) and IgG2b (51.1.3) conjugates 

yielded higher F/Ps in comparison with IgG2a conjugates. The problematic antibodies, P2A4 and 

51.1.3, were also far more sensitive to MEA than the other two high-affinity antibodies under similar 

treatment procedures. To demonstrate this observation, W6/32 and P2A4 antibodies were reduced 

with similar concentrations of MEA and consequently, the obtained F/P values are presented in  

Table 2. The other two antibodies (L243 and 51.1.3) also demonstrated similar behavior towards 

MEA (data not shown). In comparison with -NH2 method, -SH method consists of multiple steps, 

including reduction of antibody, series of washing then co-incubation with dyes. Therefore, it is a 

cumbersome procedure requiring effective optimization.   
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Figure 10. Saturation curves for various F/Ps obtained by sulfhydryl labeling protocol: (a) A647-W6/32 
conjugates (b) A647-L243 conjugates (c) A647-P2A4 conjugates (d) A647-51.1.3 conjugates.                    
A representative curve for each set of dye-antibody conjugate is demonstrated here, (n≥3). 
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Fc site, which is far from the antigen binding region (Figure 1); therefore, any strategy that involves 
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required before initiation of any coupling reaction. The preferred strategy is to oxidize these 

carbohydrate residues to aldehydes. Dye conjugation at carbohydrate residues has also been 

demonstrated earlier on oxidation with the help of NaIO4 (171). Ideally, Fc directed conjugates should 

have been favored by researchers; however, only a few literatures are present documenting the 

application of this strategy in dye-antibody conjugate preparation. Rather, it is widely used in         

bio affinity applications (172) and enzyme-antibody conjugate preparations (173-176). Paradoxically, 

in previous studies it was suggested that NaIO4 mediated antibody oxidation would lead to decline or 

even a loss in the biological activity of an antibody (173). Out of these curiosities, we were interested 

in identifying the discrepancies associated with this strategy. Our results indicated that NaIO4 is the 

sole determinant in the variation of binding affinity related to this methodology. Interestingly, 

different antibody isotypes and antibody with different binding affinities responded differently to 

NaIO4. Therefore, the concentration of NaIO4 needs to be optimized beforehand for each antibody. 

Corroborating the role of aniline in facilitating the chemical reaction between hydrazide dyes and 

oxidized antibodies (-CHO), we observed that the dye-antibody conjugate formation only occurred 

after the addition of aniline (10-100) mM in the reaction mixture. Furthermore, dye-antibody 

conjugate formation required at least 20 folds higher dyes than antibodies. The temperature at which 

NaIO4 mediated oxidation was carried out also influenced the degree of labeling. In fact, NaIO4         

(10 mM) oxidation of antibodies at room temperature (~20ºC) could only produce antibody 

conjugates with F/P <1 especially for high-affinity antibodies (W6/32 and L243). The shift in the 

oxidation temperature to 37ºC yielded products with F/P>1 consistently (Table 3). Therefore, higher 

temperature favors oxidation of antibodies. We also examined the effect of sodium borohydride 

(NaBH4), which is considered to play an important role in stabilizing the hydrazone bond (177), in 

the dye-antibody conjugate formation. We observed that only a few hundred μM quantities of this 

chemical were enough to quench the dye. Since, NaBH4 was not found to be essential for conjugate 

formation; it was not used further in our studies. One of the antibodies, 51.1.3, got inactivated on 

oxidation following the above protocol while similar conditions only decreased the binding affinity of 

the other antibodies. At room temperature, 51.1.3 could tolerate 10 mM NaIO4 (data not shown) but 

not at 37ºC, therefore higher temperature, although supported oxidation process, it was detrimental to 

antibodies as well. Likewise, lowering the concentration of NaIO4 to 2 mM from 10 mM at 37ºC gave 

functional 51.1.3 antibody conjugates (Figure 11 and Table 2). Therefore, high-affinity antibodies 

seemed to tolerate NaIO4 better than low-affinity antibodies. This was also evidenced in the form of 

F/Ps where high-affinity antibodies always yielded conjugates with low F/Ps at similar treatment 
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conditions. Similarly, higher concentration of NaIO4 although produced antibody conjugates with 

higher F/Ps, these conjugates had a lower binding affinity in comparison with the conjugates prepared 

from lower concentrations of NaIO4. Such differences in oxidation and F/Ps were observed for all the 

tested antibodies (Figure 11, Figure 12, Table 2 and Table 3). Besides, other problems related to gel 

filtration were also visible for -CHO based conjugates. In the -NH2 and -SH based methods of 

labeling, the free dye clearly separated from the conjugated dye-front during the gel filtration, but this 

phenomenon was not evident in -CHO based labeling method. Among the three dye-conjugation 

methods discussed in this unit, -CHO method was the most difficult one requiring rigorous 

optimization, longer incubation hours, higher financial cost and lower yield of desired products. 

 

Figure 11. Saturation curves for various F/Ps obtained by carbohydrate oxidation method. A 
representative curve for each set of dye-antibody conjugate is demonstrated here, (n≥3). 

 

6.1.5. Dissimilar fluorescence intensities of dye-antibody conjugates from the three methods 

In the beginning, independent fluorescence studies were carried out for the dye-antibody conjugates 

from each of the three methods. During the investigation, we realized that the fluorescence intensities 

were not equivalent for similar F/P variants from the three methods. Therefore, we planned to 

compare the fluorescence intensities of dye-antibody conjugates with similar F/Ps from each of these 

methods simultaneously. In our study, we had always obtained dye-antibody conjugates with F/Ps < 3 

from -SH and -CHO methods; therefore, comparison of the antibody conjugates had to be pursued 
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accordingly considering F/P values. We found that -NH2 based conjugates always produced higher 

fluorescence signals in comparison with -SH and -CHO based conjugates. The fluorescence 

intensities of the dye-antibody conjugates prepared by -SH and -CHO methods were between        

(30-80) % of the signals from conjugates prepared by -NH2 method. This feature was noticeable for 

all the four selected antibodies (Figure 12). This was further confirmed by confocal microscopy 

where -SH and -CHO based antibody conjugates produced less bright images of membrane proteins 

at similar microscopic recording parameters (data not shown).   

 

Figure 12. Comparison of dye-antibody conjugates prepared by several methods.  
A representative curve for each set of dye-antibody conjugate is demonstrated here, (n≥3). (a) A647-W6/32 
conjugates (b) A647-L243 conjugates (c) A647-P2A4 conjugates (d) A647-51.1.3 conjugates. The arrows on 
the figure indicate the approximate differences in the fluorescence intensities between the two curves which 
are at the head and the tail of the arrow at saturating concentrations of the dye-antibody conjugates.  
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6.1.6. Comparison of functional dye-antibody conjugate formation by SDS-PAGE 

It was clear from the flow-cytometric histograms of dye-antibody conjugates that the performance of 

the conjugates from three labeling methods was not equivalent. We did not use any exogenous 

chemical to modify the antibodies in the case of -NH2 method, whereas, chemical treatment was 

required to produce reactive functional groups in -SH and -CHO based methods. Therefore, we 

assumed that the observed differences could have been originated from chemical treatments. In order 

to identify the effects of reducing agent, MEA, and oxidizing agent, NaIO4, we performed             

non-reducing SDS-PAGE. Under non-reducing conditions, without DTT in the sample buffer, an 

antibody molecule should remain intact thus should display a single band in the gel. MEA was used 

in -SH method to reduce antibodies; therefore, we expected predominantly half-antibodies, whereas, 

whole antibodies were anticipated from -NH2 and -CHO methods. Consistent with our assumption, 

we detected an intense single band in the case of -NH2 and -CHO based dye-antibody conjugates. 

However, -SH based dye-antibody conjugates displayed several smaller fragments of dissimilar sizes, 

including half-antibodies and whole unfragmented antibodies. Faint bands were also observed above 

and below the antibody monomer band region in the case of -CHO method (Figure 13).   

 
Figure 13.  
Non-reducing SDS PAGE of 
unconjugated and 
fluorophore conjugated 
antibodies, having similar 
F/Ps, prepared by three 
different methods:  

I) W6/32 conjugates   
II)  L243 conjugates  
III)  P2A4 conjugates 
IV)  51.1.3 conjugates       

In the figure, the lanes 
represent (a) DTT treated 
unlabeled antibody (b) NEM 
treated unlabeled antibody 
(c/c’) NEM treated sample 
from -NH2 method (d) NEM 
treated sample from -SH 
method and (e) NEM treated 
sample from -CHO method. 
The dye-antibody conjugates 
used for this study were the 
same as the one used for       
flow-cytometric comparative 
study (Figure 12). 
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6.2. Enigma of CD1d protein distribution on the plasma membrane of human B cells 

The purpose of this study was to use fluorescence antibody conjugates in order to unravel the   

plasma membrane distribution features of CD1d proteins. 

 

6.2.1. Evaluation of expression level of membrane proteins in C1R-CD1d cells  

We wanted to evaluate the relationship of CD1d with MHC molecules on the membrane of                

B lymphocytes. For this objective, we selected a B lymphoid cell-line, C1R-CD1d which was used in 

various pull-down experiments previously in an attempt to identify protein interaction partners of 

CD1d from both plasma membrane and intracellular compartments (80, 102, 112). We also sought to 

verify these molecular partners of CD1d through biophysical approaches here. The original batch of 

CD1d transfected C1R cells was a mixture of CD1d “+ve” and CD1d “-ve” C1R cells. A rapid 

disappearance of CD1d “+ve” cells in a short period of culture was evident when cells were grown in 

such a mixed population. Additionally, FRET estimation in the lower amount of CD1d “+ve” cells, 

(15 – 20) % of the population, was always troublesome. Therefore, a magnetic sorting of C1R cells 

for the CD1d “+ve” population was performed firstly. After separation, ~99% of the cells were 

positive for CD1d expression, and the earlier problems declined considerably. Next, the level of 

expression of various proteins on the membrane of this cell line was examined by flow cytometry. 

Fluorescence histograms indicated that MHC II was the highest in expression, followed by CD1d, 

β2m and MHC I-HC proteins in the plasma membrane (Figure 14). MHC I-HC was almost three and 

half-fold lower in expression in comparison with MHC II proteins in C1R-CD1d cells. The data 

obtained from the fluorescently labeled C1R-CD1d cells, after taking into account dyes-to-antibody 

ratios, also suggested that the expression level of β2m was higher than that of MHC I-HC molecules 

in the plasma membrane (Figure 14).   

 

6.2.2. Giving definite numbers to the membrane proteins  

Essentially the number of proteins, stoichiometry of proteins and intermolecular distance between the 

proteins are the determining factors of FRET efficiency. Therefore, to further verify the expression 

level of membrane proteins, quantitative estimation of these proteins was performed by Qifikit 

analysis. The obtained results were similar to the one from general fluorescence staining by         

flow-cytometry. It confirmed that the most abundant protein was indeed MHC II in the membrane of 

C1R-CD1d cells. In addition, the amount of β2m was higher than that of MHC I-HC by 
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approximately 18,000 molecules/cell. Previous studies have shown that MHC I-HC can also exist as 

self-clusters (oligomers) on the cell surface (178, 179). Therefore, to differentiate between            

β2m-bound and β2m-free MHC I-HC, we employed Mabs capable of identifying these two isoforms 

of MHC I-HC. W6/32 antibody recognizes a conformation of MHC I-HC in complex with  β2m, 

whereas, HC-10 recognizes β2m-free MHC I-HC, HLA-B and -C isoforms only (145). Fluorescence 

intensity due to HC-10 antibody was very low, which when quantified equaled to only a few 

hundreds of proteins. Therefore, the majority of MHC I-HC in C1R-CD1d cells seems to exist in     

the β2m-bound form. Likewise, similar level of expression was found for CD1d proteins using two 

antibodies, 27.1.9 and 51.1.3 hybridoma clones, against CD1d protein (Figure 14b). These results 

also suggested indirectly that most CD1d is independent of β2m in the plasma membrane.   

 
Figure 14.  
a) Comparison of expression of various 
proteins on the surface of C1R-CD1d cells: 
C1R-CD1d cells were labeled with A647 dye 
conjugated specific Mabs against MHC I-HC 
(W6/32) red,  β2m (L368) blue, CD1d (27.1.9 
clone) violet, MHC II (L243) green following 
protocols described in the materials and 
methods section. Measurements were 
performed using a FACSArray flow 
cytometer.   
 
 
 
 
 
 
 
 
 
b) QIFIKIT estimation of membrane 
proteins: 
Cells were labeled according to the protocols 
provided by the manufacturer. The 
description on labeling is also provided in the 
materials and method section. The sample 
measurements were performed immediately 
on FACSCalibur. The numbers of proteins 
are presented as Mean±S.E.M., (n=4). In the 
figure, CD1da and CD1db indicate staining of 
CD1d proteins by 51.1.3 and 27.1.9 CD1d 
Mabs respectively. 
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6.2.3. CD1d influences the plasma membrane expression of MHC proteins 

With previous studies demonstrating the association of CD1d with β2m proteins, we speculated that 

CD1d might be responsible for the observed increase in β2m proteins in the cell surface. To confirm 

this assumption, we designed a dual color experiment to examine the effect of over expression of 

CD1d in the expression of MHC proteins in the plasma membrane. We had noted the disappearance 

of CD1d membrane expression in C1R-CD1d cells over the time of continued growth. In fact, during 

long-term culture, C1R-CD1d “+ve” cells turn into a mixture of CD1d “+ve” and CD1d “-ve” 

populations (Figure 15a). Therefore, we thought we could use this phenomenon for determining the 

role of CD1d in the membrane expression of MHC and β2m proteins. Accordingly, we estimated the 

differences in the expression of MHC I, MHC II and β2m proteins in the plasma membrane of      

C1R-CD1d “+ve” and C1R-CD1d “-ve” populations. We found that expression of β2m was enhanced 

by ~46.7±11.5% and expression of MHC II was reduced by ~31.8±4.6% in C1R-CD1d “+ve” cells in 

comparison with its C1R-CD1d “-ve” counterparts. Likewise, slight up regulation in the membrane 

expression of MHC I-HC (~10±2.6%) was also seen in the case of C1R-CD1d “+ve” cells       

(Figure 15b). The comparison of the expression of these proteins between C1R-Mock cells and  

C1R-CD1d cells also revealed a similar pattern (data not shown). 

 
 

Figure 15. CD1d expression affects 
expression of membrane MHC 
proteins: 
a) Histograms displaying fluorescence 
intensities from C1R cells with the 
following labeling parameters:  
Unlabeled (Black), Isotype control 
(Blue), C1R-Mock cells incubated with 
CD1d antibody (Red) and C1R cells 
containing C1R-CD1d “+ ve”   and 
C1R-CD1d”-ve” cells (Green). The 
antibodies were conjugated to       
Alexa 647 dyes.  
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b) Differences in fluorescence signals of 
membrane proteins in C1R-CD1d “+ve” 
cells in comparison with C1R-CD1d      
“−ve” cells (Mean ± S.E.M., n≥6). The 
expression of proteins by C1R-CD1d    
“-ve” population was taken as 100%. A 
dual labeling of proteins of interest was 
carried out simultaneously as described 
in the materials and methods section. 
One of the labeled proteins was always 
CD1d protein while the second protein 
was among MHC I-HC, β2m or MHC II 
proteins. Measurements were performed 
on a FACSCalibur instrument.  Positive 
and negative populations for CD1d 
protein were gated carefully, and the 
fluorescence signals for each of the 
proteins in each population were 
quantified. Alexa 488 and Alexa 647 
dyes conjugated antibodies were used for 
this experiment to avoid possible 
spectral overlap between dyes.  In the 
figure, ∗, and ∗∗∗ indicate ‘p’ values      
< 0.05, and < 0.0005 respectively. 

 

6.2.4. Co-occurrence of MHC I-HC, β2m, MHC II and CD1d in C1R-CD1d cells 

Similarities in protein structure and alikeness in functional features, like antigen presentation, have 

been demonstrated previously between CD1d and MHC proteins (58, 80, 83, 102, 112). We and the 

others have also documented the co-existence of MHC I and MHC II proteins in the                  

plasma membrane (178, 180, 181). Furthermore, both MHC I and MHC II proteins also bind to 

similar tetraspanin proteins on the cell surface (112, 180). Owing to such studies describing common 

molecular partners between CD1d, MHC I and MHC II proteins as well as the requirement of β2m by 

most CD1 isoforms for plasma membrane expression; we hypothesized that CD1d and                

MHC proteins (I and II) might be close to each other as well. Therefore, we set up co-localization 

experiments. Two species of dyes, Alexa 546 and Alexa 647, conjugated to the same antibody L243, 

which is against MHC II was used as a positive control, whereas, GM1 ganglioside and TfR 

molecules -which are considered to reside in detergent resistant and detergent sensitive membrane 

regions- were used as a negative control. Our results indicated a high level of co-localization between 

CD1d and other proteins (MHC I-HC, MHC II and β2m). Several yellow pixels as in the case of 

positive control were observed between these proteins (Figure 16a). The confinement of these 
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proteins in the same region on the membrane was also corroborated by the high cross-correlation 

coefficient values between these proteins (Figure 16b). 

 
Figure 16. Co-localization of proteins: 
a) Representative images for each of the 
proteins used in co-localization study are 
presented here. The images were background 
subtracted in this figure. The first two 
columns in green and red indicate the images 
of two different proteins in pseudo color 
taken in two different channels of the 
microscope, and the third column represents 
the superimposed image for these two 
channels. The name of the proteins which 
were imaged is shown on the bottom right 
corner of each image. For a positive control, 
the same L243 antibody was conjugated with 
both Alexa 546 and Alexa 647 dyes while 
CTxB and TfR were used as a negative 
control. 
 
 
 
 
 
 
 
 
 
 
 

 
 
b) Cells were labeled with antibodies 
against each of the molecules denoted at the 
x-axis according to the steps described in 
the materials and methods section. The    
co-localization of the two molecules in 
question was calculated using a custom 
written program in LabView. The first and 
second row coloumns indicate positive and 
negative control respectively. The other 
coloumns show the ‘C’ values between 
CD1d and other molecules that were probed 
together. The dye conjugated antibodies 
used are mentioned on the right bottom of 
each image in Figure 16a. Data represent 
‘C’ values in Mean ± S.E.M. of 15 to 20 
different cells. 
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6.2.5. FCET determination of co-localized proteins 

The resolution limit of confocal microscopy precludes the co-localization analysis from providing 

any information below 200 nm thus can only serve as a guidance regarding the spatial proximity of 

the proteins. Therefore, to illustrate physical associations of CD1d with other proteins  (MHC I-HC, 

MHC II and β2m), we performed a cell-by-cell FCET which has been described in detail elsewhere 

(157). A considerable amount of FRET efficiency was observed between CD1d and MHC I-HC, β2m 

and MHC II proteins. Such association was also detected by the acceptor photobleaching FRET (data 

not shown). Likewise, FRET was also observed between MHC II and MHC I-HC and β2m proteins. 

Interestingly, significant FRET efficiency was also detected between the same proteins when labeled 

proportionally with mixtures of different dye conjugates of the same antibody (independent donor and 

acceptor conjugates), also called as homoassociation FRET, suggesting that CD1d and MHC II also 

existed as self-clusters on the plasma membrane. However, the fluorescence signals were not enough 

to measure homoassociation FRET for MHC I-HC and β2m proteins reliably (Figure 17).     

 

6.2.6. Proximity relationship of CD1d and GM1 ganglioside 

Localization of MHC proteins in membrane micro domains, like rafts, has been demonstrated in 

various types of cells (182-188). Importantly, raft pre-association of MHC II was found to play a 

significant role in antigen presentation (185). Since, CD1d showed strong association with MHC II, 

we presumed that CD1d might also favor specific regions in the plasma membrane. We used CTxB, a 

universal marker for the raft that recognizes GM1 ganglioside, to identify such an association between 

CD1d and GM1 ganglioside. The cross-correlation coefficient value was significantly high (~0.72) 

between CD1d and GM1 ganglioside on co-localization analysis, suggesting a specific preference of 

GM1 rich regions by CD1d in the plasma membrane. An example is presented in Figure 18, 

demonstrating CD1d rich GM1 regions in pink. 
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Figure 17. Flow Cytometric FRET (FCET) 
FRET efficiency data is demonstrated as Mean ± S.E.M., (n = 5). 
a) Flow  cytometric FRET energy transfer between the proteins:  
Bars from left to right: Positive control (Gray)- Both A546 and A647 dyes were conjugated to the same L243 
antibody; β2m served as a donor while  MHC I-HC (Black) or MHC II (Red) served as an acceptor;           
MHC I-HC served as a donor while  β2m (Green) or MHC II (Blue) served as an acceptor; CTxB served as a 
donor while TfR served as an acceptor (Yellow). The FRET pair was always Alexa 546 and Alexa 647 dyes 
conjugated Mabs except for negative control where Alexa 555-CTxB probe was used as donor. 
b) Flow cytometric FRET energy transfer between the proteins:  
Bars from left to right: CD1d served as an acceptor while MHC I- HC (Black) or β2m (Green) or MHC II 
(Red) served as a donor; MHC II served as an acceptor while CD1d (Blue) served as a donor. 
c) Homoassociation Flow cytometeric FRET energy transfer between the proteins: The proteins are described 
in the x-axis.  
d) Flow cytometric FRET energy transfer among three proteins: 
Bars from left to right:  (MHC I- HC + β2m) served as a donor while  CD1d (Black) or MHC II (Red) served as 
an acceptor; (MHC I- HC + CD1d) served as a donor while  MHC II (Green) served as an acceptor; (β2m + 
CD1d) served as a donor while  MHC II (Yellow) served as an acceptor; β2m served as a donor while (CD1d + 
MHC II) (Blue) or (CD1d +MHC I- HC) (Pink) served as an acceptor; MHC I- HC served as a donor while  
(β2m + CD1d) (Gray) served as an acceptor. (Note: Proteins with ‘+’ mark means they were conjugated to 
same Alexa dyes. For example ‘MHC I- HC + β2m’ means MHC I- HC and β2m were conjugated to Alexa 546 
independently and were combinely used as donors in the first columns from left. The same case is also true for 
two proteins when used as acceptors except that the dyes were Alexa 647. 
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Figure 18. CD1d and GM1 ganglioside co-localization: 
Representative image of the distribution of CD1d and GM1 gangliosides.  
GM1 gangliosides were labeled with Alexa 488-CTxB (Blue) and CD1d was labeled with Alexa 647-27.1.9 
(Red). The overlay image is presented in the third column with pink pixels indicating co-localization. 
 

6.2.7. CD1d enriched membrane regions: Mildly sensitive to cholesterol depletion but highly 

susceptible to low concentration of TX100 

To unravel the specific nature of CD1d enriched membrane regions, we intended to calculate FRET 

between CD1d and GM1 subunits. Further, we investigated whether these CD1d rich regions were 

influenced by cholesterol or not. For this purpose, two drugs were considered:  MβCD, which extracts 

cholesterol, specifically from membrane (189) and simvastatin, which is an effective inhibitor of 

cholesterol biosynthesis (190). To optimize the concentration of the drugs, we analyzed the effect of 

drugs. We did not observe any significant difference in cell viability between control samples, and 

reagent treated samples, except for 10 mM MβCD, which led to compromised membrane integrity, 

based on annexin-propidium iodide FACS analysis (data not shown). With optimized parameters, we 

performed FRET between CD1d and GM1 subunits. We found very high FRET efficiency between 

CD1d and GM1 subunits in these cells at a resting state. Interestingly, both MβCD and simvastatin 

had non-significant effect on the association of CD1d with GM1 ganglioside at the used conditions 

although the tendency of decrease in FRET efficiency was observed (Figure 19). Therefore, we 

thought to perform FCDR experiments, which can analyze the detergent tolerance capability of the 

raft associated proteins, using detergent TX100. We found that the susceptibility of CD1d enriched 

regions to detergent TX100, was worse than that of a TfR, a non-raft marker (Figure 20A.c and 

20A.d). In contrary, MHC II proteins, which partially reside in rafts, demonstrated superior resistance 

to TX100 than by TfR proteins (Figure 20A.b, 20A.c and 20B). Furthermore, as expected the raft 

marker GM1 ganglioside showed the highest degree of resistance to TX100 treatment,                 

which is consistent with the detergent resistance feature of rafts. The  effect  of  TX100 on the decline  
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Figure 19. 
Effect of  MβCD and Statin in the 
relationship between CD1d and 
GM1 ganglioside:  
C1R-CD1d cells were treated with 
MβCD and simvastatin as 
described in the materials and 
methods section. Thereafter, the 
cells were labeled with saturating 
concentrations of CD1d antibodies 
and CTxB molecules for FCET 
experiments. CTxB was used as a 
donor while CD1d protein was 
used as an acceptor for FRET. 
Data demonstrate FRET efficiency 
values in Mean ± S.E.M., (n=6). 
Statistically    non-significant “p” 
value is indicated as “N.S.” in the 
figure. 

 

of fluorescence intensity of CD1d was dose dependent (Figure 20) and the effect could be observed 

on CD1d proteins at detergent concentration as low as 0.01%, the concentration at which none of the 

other molecular species that were probed demonstrated any major changes. However, a marked 

reduction in fluorescence intensity of CD1d was observed starting from 0.013% TX100. At this 

concentration, the fluorescence intensities of the probed molecular species reduced to the following 

level in percentage relative to the initial fluorescence intensities within three minutes: CD1d 

decreased to ~15%, TfR decreased to ~70%, MHC II decreased to ~80% and that of GM1 decreased 

to ~95% (Figure 20). The maximal decline in fluorescence intensity was observed for CD1d proteins. 

Therefore, mild detergent sensitivity is a specific feature of CD1d proteins on the membrane of         

B lymphocytes.   
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Figure 20. 
A. Flow cytometry based detergent resistance analysis:  
The response of various surface molecules to TX100 treatment is presented as fluorescence intensity versus 
time. The samples were prepared by incubating cells with respective probes independently (see materials and 
methods also). Non-fixed samples were processed for the measurements. Signals from the TX100 untreated 
samples were measured for approximately 50 s, then, ice-cold TX100 at various concentrations (untreated, 
0.01%, 0.013% and 0.015%) was added to the samples, thereafter, the measurement was continued for 
approximately 5 min. a) GM1 subunits  b) MHC II proteins  c) TfR  d) CD1d proteins e) GM1, MHC II, TfR 
and CD1d species at 0.013% TX100. The fluorescence intensities were averaged for every 60 s except for the 
first minute where it was averaged for 45 s. The break in the graph (from 45 to 50 s) represents the point of 
addition of TX100 except for untreated samples where continuous measurements for 6 min were performed. 
The data for each value is calculated from at least three sets of independent experiments and is presented as 
Mean±S.E.M. 
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B. GM1 ganglioside and MHC 
protein FCET study 
One of the proteins (MHC I-HC or 
β2m or MHC II or TfR) and GM1 
gangliosides were labeled on the 
membrane of C1R-CD1d cells.  GM1 
ganglioside was always used as a 
donor molecule for this purpose. 
Procedures for probe labeling and 
FCET calculations were similar to the 
one that is described for            
CD1d- GM1 FCET experiments in the 
materials and methods section. Data 
demonstrate FRET efficiency values 
in Mean ± S.E.M., (n≥4). 
 
 
 

 

6.2.8. Effect of MβCD and Simvastatin on C1R-CD1d cells in iNK T cell activation 

Dissimilar observations have been made in previous studies based on MβCD treatment of APCs: one 

study suggested the importance of the raft localization of CD1d in APCs as an essential element in 

signaling through TCR of NKT cells (132), whereas, another study concluded only a modest effect of 

MβCD treatment of APCs on the CD1d mediated antigen presentation (136). The application of 

simvastatin to APCs was also found to negatively affect NK T cell activation with significant down 

regulation in secretion of cytokines by NK T cells (136). To re-examine these observations, we 

thought to perform similar experiments but in human cells. In our case, we found that treatment of 

C1R-CD1d cells with 10 mM MβCD (15 min) reduced the membrane expression of CD1d proteins 

(28.8±2.3%, Mean±S.E.M) in C1R-CD1d cells (Figure 22B.a); however, this was accompanied by a 

greater decrease in the production of both cytokines (IFNγ up to 42% and IL4 up to 33%)  from    

iNK T cells. In contrary, 2 mM MβCD treatment was well tolerated by C1R-CD1d cells and did not 

alter the membrane expression of CD1d in C1R-CD1d cells. Nevertheless, 2 mM MβCD treatment of 

C1R-CD1d cells had only modest inhibitory effects on the release of IFNγ and IL4 by iNK T cells 

(Figure 21a and 21b). Notably, we did not observe any reduction, rather observed a slight up 

regulation, in cytokines release by iNK T cells due to treatment of C1R-CD1d cells by simvastatin 

(Figure 21c and 21d) in contrast to studies showing negative effects of simvastatin in APCs in 

reducing the cytokine release by NK T cells (136). In addition, in our trials we could only measure a 

small amount of IFNγ  but not IL4 in the supernatant of co-culture assays between lipid non-loaded 
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C1R-CD1d cells and iNK T cells (data not shown). Therefore the cytokine productions by iNK T 

cells were almost entirely in response to lipid loading of CD1d in C1R-CD1d cells.  

 

Figure 21. Effect of MβCD and simvastatin on C1R-CD1d cells in terms of iNK T cell cytokines release:  
One-way Anova with tukey post-hoc analyses or unpaired t-test was performed for statistical analysis. N.S. and ‘∗’ 
represent non-significant or significant (‘p’<0.05) values respectively. Each datum was normalized by the average 
of all data-set values from a particular independent experiment, including values from both control and treated 
samples,and is represented as Mean±S.E.M . Experiments were performed in triplicates for three or more times.  
Study with MβCD treatment 
C1R-CD1d  cells  were  loaded  with  either  100  ng/ml  or  1µg/ml  α-gal  for  18  h. It was then treated with  
MβCD.  Next, the samples were fixed with 1% formaldehyde for 20 min on ice and were used in the co-culture 
assay with iNK T cells. (a) Measurement  of  IFNγ  in  the  medium  after  48  h of  co-culture. The amount of IFNγ 
in control samples in Mean±S. E. M were 1589±402 pg/ml (100 ng/ml α-gal culture) and 1642±412 pg/ml (1µg/ml 
α-gal culture). (b) Measurement of IL4 in the medium after 48 h of co-culture. The amount of IL4 in control 
samples in Mean±S.E.M were 551±153 pg/ml (100 ng/ml α-gal culture) and 604±109 pg/ml (1µg/ml α-gal culture). 
Study with simvastatin treatment 
C1R-CD1d cells were incubated with or without simvastatin for 48 h in 1% NCS media or 0.5% NCS media. Four 
hours prior to the completion of this incubation period, 250 ng/ml α-gal was added to the C1R-CD1d cells. Next, 
C1R-CD1d cells were washed extensively and were fixed in 1% formaldehyde for 20 min on ice and were used in 
the co-culture assay with iNK T cells. ‘NP’ means ‘Not Performed’ in the figure. (c) Measurement of IFNγ in the 
medium after 48 h of co-culture. The amount of IFNγ in control samples in Mean±S.E.M were 1542±407 pg/ml (1% 
NCS culture) and 2407±337 pg/ml (0.5% NCS culture). (d) Measurement of IL4 in the medium after 48 h of co-
culture. The amount of IL4 in control samples in Mean±S.E.M. were 817±145 pg/ml (1% NCS culture) and 
1211±236 pg/ml (0.5% NCS culture).  
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6.2.9. Redistribution of membrane proteins by Simvastatin and MβCD 

The association of CD1d with GM1 ganglioside was not significantly altered by MβCD and 

simvastatin, therefore, we examined whether these reagents would affect the association of CD1d 

with other proteins (MHC I-HC, β2m and MHC II). In fact, we found that both compounds had an 

effect on the topological arrangement of these proteins in the plasma membrane which means that the 

drugs had relevant effects in the cell. Between the two drugs, simvastatin had a far more profound 

effect on the redistribution of proteins in comparison with MβCD. Prominently, the association of 

β2m with MHC I-HC and CD1d was significantly altered by these drugs (Figure 22A). Changes in 

FRET efficiencies between the proteins complemented the observed effect on the decrease of CD1d 

expression in these cells due to these compounds (25.2 ± 1.9 %, Mean±S.E.M, decrease in membrane 

CD1d expression due to 10 µM simvastatin, Figure 22b).   

 

Figure 22.  

A: MβCD and Simvastatin alter membrane protein distribution: 
C1R-CD1d cells were treated with either MβCD (2 mM, 40 min) or simvastatin (10 µM, 48 hrs) according to 
the optimized protocol (see materials and methods). Thereafter, the samples were prepared for FCET 
experiments accordingly. Data represent FRET efficiency values in Mean ± S.E.M., (n≥6). In the figure, 
statistically non-significant  “p” value is indicated as “N.S.”, whereas “p” values < 0.05, < 0.005, and < 0.0005 
are indicated by ∗, ∗∗, and ∗∗∗ symbols respectively. 
a) FRET values for control samples are in black while MβCD treated samples are in red colors. Proteins 
mentioned just below the ticks in x-axis served as a donor while the one that is under the common line served 
as an acceptor for the FRET experiments. 
b) FRET values for control samples are in black while simvastatin treated samples are in red colors. Proteins 
mentioned just below the ticks in x-axis served as a donor while the ones that are under the common line 
served as an acceptor for the FRET experiments. 
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B 

 
B: Effect of MβCD and Simvastatin on membrane CD1d expression. 
a) Approximately (5-10) million cells, which were cultured in 10% NCS medium, were taken in 1 ml of  
0.1% NCS RPMI media and were incubated with either  2 mM or 10 mM concentration of MβCD for either  
40 min or 15 min at 37ºC. On completion of incubation, cells were washed at least twice with PBS buffer and 
were labeled with saturating concentration of 27.1.9 CD1d antibody (100 µg/ml) following the protocol 
described in the materials and methods section. Thereafter, measurement of the prepared samples was 
performed using FACSArray instrument.  
b) Cells (3.5x106) were cultured in 1% NCS RPMI medium for 48 hrs with or without simvastatin (10 µM or 
20 µM ). CD1d clone 27.1.9 Mab was used for detecting CD1d proteins. Preparation and measurement of 
samples were carried out like in the case of MβCD treatment as described in the materials and methods 
section.  
 

6.2.10. Supramolecular complexes containing CD1d, MHC and lipid species on the membrane 

of C1R-CD1d cells 

Based on two protein FRET system, physical association was distinctly observed between CD1d and 

MHC proteins as well as between MHC I and MHC II. This led us to assume that the                

plasma membrane of C1R-CD1d cells might contain multimolecular complexes of MHC I-HC, β2m, 

MHC II and CD1d proteins. Like CD1d proteins, we also found that both MHC proteins, MHC I and 

MHC II, although at different degrees preferred vicinity of GM1 gangliosides. However, 

comparatively     MHC I-HC showed only a small FRET efficiency with GM1 species indicating 

lower favorability of GM1 species or possibly suggesting the enrichment of MHC I-HC with GM1 

gangliosides only at certain regions of the plasma-membrane (Figure 20B). Likewise, the co-

localization of MHC I-HC with GM1 species was not distinctive as in the case of other proteins 

(Figure 23), although certain membrane regions showed the tendency of co-presence in accordance 
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to the FRET results. On performing trimolecular co-localization, we observed several predominant 

regions indicative of multimolecular complexes of MHC I-HC, β2m, MHC II, CD1d and GM1 

molecules on the plasma membrane. In the Figure 23, such multimolecular complexes could be 

observed in the superimposed images as white pixels. The likelihood of the existence of 

multimolecular complexes on the plasma membrane was also suggested by our two-color but      

three-protein FCET. With this modified scheme, the FRET efficiency should increase between two 

proteins in comparison with conventional two protein FRET system when a new protein which is 

generally a part of trimolecular complex is also included in the FRET pair. In accordance with such 

assumptions, we observed an increase in the FRET efficiency between any two proteins with the 

inclusion of a third protein, mainly with MHC II as acceptor (Figure 17d). Thus, considering all lines 

of evidence, we conclude that multimolecular complexes of CD1d and other proteins (MHC I-HC, 

β2m and MHC II) might also be present on the plasma membrane of these cells, preferably but not 

exclusively in non-GM1 regions.     

 

  Figure 23.  
  Triple co-localization study:  

Three molecules from   
MHC I-HC, β2m, MHC II, 
CD1d and GM1           
subunit molecules were 
simultaneously labeled in the 
similar ways as described in 
the materials and methods 
section. Once prepared, the 
fixed samples   were washed 
thoroughly, thereafter; the 
cells were laid on poly-lysine              
(0.1mg/ml) coated ibidi 
chambers. Membrane 
molecules were then imaged 
from the top of the cell  
using confocal microscope. 
Specific dye conjugated 
probes were used for 
individual molecules, which 
are indicated at the right 
bottom of each image. The 
last column represents the 
merged image of all the           
three other columns. 
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7. DISCUSSION 

7.1. Pros and cons of dye-antibody conjugation methods 

A practicality of coupling fluorophores to antibody has been a significant achievement, especially 

in the applications related to diagnostics and biological research. In this study, three different 

antibody-labeling strategies were compared from the perspective of both ligation chemistry, and the 

financial cost involved in it. The binding affinity of dye conjugated Mabs against that of 

unconjugated counterparts was taken as a ruler to determine changes in the function of antibodies. 

Next, in each of the paragraphs below, important results will be outlined in a few words, which will 

then be elaborated for discussions.   

 

7.1.1.    Variation in binding affinity of antibodies 

Two IgG isotypes, IgG1 and IgG2, were used for this study. IgG2a isotypes, W6/32 and L243, 

performed better and had low Kd values, whereas, IgG1 (P2A4) and IgG2b (51.1.3 CD1d) often 

showed greater variation in Kd values. IgG1, in comparison with IgG2, antibodies possess higher 

affinity for Fc receptors and is also an efficient inducer of antibody-dependent cellular cytotoxicity 

(ADCC) (191). Therefore, we speculated that the variation in Kd might be due to Fc receptor 

binding. However, using conjugates prepared by -NH2 method, we found that Fc fragment of an 

antibody had only minimal influence on the binding affinity of these antibodies, ruling out any roles 

of Fc receptors on such inconsistent behavior (data not shown).  Thus, the problems associated with 

P2A4 and 51.1.3 must be related to the intrinsic features of antibodies.   

 

7.1.2.   Fluorescence intensity and decrease in binding affinity do not correlate with F/P of 

dye-antibody conjugates 

Our dye-antibody conjugates were functional; therefore, we assumed that dye conjugations had 

occurred in regions other than ABS. As it has been reported previously, dye-antibody conjugates 

prepared by -NH2 method demonstrated the tendency of decrease in antigen binding affinity with 

the increase in F/P values. However, there was no strict linear relationship between F/Ps and the 

decrease in binding affinity of an antibody. In fact, F/Ps especially around 4 showed a better 

binding affinity in most cases. The binding affinity is influenced by both ‘V’ and ‘C’ regions of an 

antibody (192); therefore, appropriate conformation determines the features of binding affinity. This 
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also means that improved orientation of some amino acids in the three-dimensional space of the 

ABS could be one possible reason for the differential affinity between the low and high F/P 

conjugates. With the increase in F/P there should be a linear increase in fluorescence intensity at 

least theoretically. Nevertheless, such relationships between F/P and fluorescence intensity were 

only seen in the case of lower F/P variants (<3). In fact, higher F/Ps showed reduced fluorescence 

intensities in comparison with their preceding lower F/P variants. Such phenomenon has been 

described previously in a study based on confocal microscopy analysis (193). The authors 

suggested that the fluorescence quenching event was due to the complex spatial interactions and 

self-quenching processes occurring between the similar dyes lying in the FRET distance (<10 nm) 

of each other. In fact in a small molecule like IgG, the dye-conjugated distances would rarely be 

larger than 10 nm. This is because a typical length of an IgG molecule is approximately 24 nm at its 

‘Y’ shape. Each of its arms (Fab and Fc) is about 9 nm in length and the distance between Fab and 

Fc is about 13 nm (194, 195). Hence, theoretically a ‘Y’ shape of the antibody offers only three 

sites where occurrence of dye conjugations can avoid possible quenching effects due to FRET. Such 

sites are the end of each arm of an antibody. However, dye conjugations at such sites 

simultaneously are almost inconceivable in -NH2 method. This is because the conjugation of any 

dye at ABS would render antibodies ineffective in binding the antigen. In our case, all dye-antibody 

conjugates were capable of antigen recognitions; therefore, we do not see the probability of dye 

conjugations occurring at least at ABS. This means that most dyes after being conjugated to 

antibody are in a FRET distance of 10 nm especially when F/P is above 2. This distance between 

the dyes in an antibody would decrease with the increase in F/P ratio. Hence, we conclude that 

significant quenching of fluorescence intensity at higher F/P is partly due to homoFRET occurring 

between similar dyes conjugated to the same antibody. To further confirm this finding, we have also 

included an experimental study where we conjugated two dyes which are mostly used as a FRET 

pair, Alexa 546 and Alexa 647, to the same antibody L243 at similar F/P ratios (~4). We showed 

that significant FRET occurs between these two molecular species in such cases by FCET     

(Figure 17). In addition, aromatic amino acids like tryptophan, tyrosine and histidine as well as 

methionine present in antibodies can also act as natural quencher. Especially, the conserved 

nucleotide binding site (NBS) in antibodies is found to be enriched in tyrosine and tryptophan 

residues. These NBS regions are present in the variable domain of the Fab arm of all antibody 

isotypes from various species. Aromatic amino acids have been found to quench fluorescence of 
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organic dyes through combination of static and dynamic quenching mechanisms. Static quenching 

often arises when the fluorophore and quencher form a nonfluorescent ground-state complex due to 

stacking interactions (196, 197). Tyrosine residues, which are good electron acceptors, can also 

undergo photoinduced electron transfer (PET) which requires contact formation between the 

fluorophore and the quencher at a van der waals distance of subnanometer scale (198). Besides, 

fluorescence quenching can also occur via transition of a molecule from an excited singlet state to a 

triplet dark state, which means no fluorescence photon would be emitted thus reducing the photon 

yield. Alexa 647 dyes generate relatively long-lived dark states on illumination with red lasers 

(199). Combinedly, the diminished fluorescence intensity at higher F/Ps is due to the increased 

number of complex photophysical events including homoFRET, PET, static and dynamic 

quenching processes. In addition, another possible scenario that might be responsible for 

fluorescence quenching especially in a complex structure like cell membrane is the topological 

distribution of membrane proteins. It has been shown previously that clustering of proteins can lead 

to homoFRET, therefore, indirectly the molecular organization of proteins can also contribute to the 

reduction of fluorescence intensities of each dye-antibody conjugates. Primarily, the dyes being 

aligned to each other will be greater for higher F/Ps in comparison with lower F/Ps if protein 

clustering is to occur. Therefore, the quenching of fluorescence intensity would be larger for higher 

F/Ps due to protein clustering as well. In C1R-CD1d cells, MHC II and CD1d proteins were capable 

of forming self-clusters in the plasma membrane (Figure 17). Furthermore, the description of  

MHC I and ICAM1 homoclusters can also be found in the literature (200). However, we could not 

detect homoFRET for MHC I-HC due to low fluorescence signals though it does not rule out that 

possibility (Figure 17). In light of these findings, it becomes essential to consider the potential 

effect of intramolecular quenching and labeling sites in a protein especially if the conjugates 

involve quantitative measurements of fluorescence intensity. 

 

7.1.3.   Improved performance of dye-antibody conjugates prepared by -SH method over         

-NH2 method 

Antibody conjugates obtained from -SH method demonstrated low standard deviation in binding 

affinity in comparison with their -NH2 based counterparts. It suggested that -SH based conjugates 

were better at preserving the ABS. Elimination of any kind of interference due to Fc receptors in the 

IgG isotypes, although very minimal, could be one reason for such performance. Despite this 
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observation, decrease in binding affinity relative to its unconjugated counterpart was still 

noticeable. We believe the observed effect in binding affinity is due to reduction in the avidity of 

antibody instead of the direct effect in binding affinity itself because only functional monovalent 

halves of the antibody can produce fluorescence intensities in our case (Figure 10 and Table 3).  

 

7.1.4.    Differences in generation of F/P variants by IgG1 and IgG2 isotypes in -SH method 

IgG1 has only two and IgG2 isotypes have four intra-heavy chain disulfide bonds connecting the 

two monovalent halves at the Fc region (201) of an antibody. We noticed that  IgG1 (P2A4) and 

IgG2b (51.1.3) Mabs always produced higher F/P variants in comparison with IgG2a Mabs (W6/32 

and L243) at similar dye coupling conditions by -SH method, therefore, the number of  disulfide 

bonds between the two “H” chains does not explain the difference in the obtained F/P ratios for 

different isotypes of Mabs. Instead, F/P variants of Mabs might have been influenced by the 

presence of unconjugated fragments and conjugated inactive fragments of antibodies in the mixture. 

This assumption is also corroborated by our SDS-PAGE experiment where we observed the       

non-uniform reductive nature of MEA. Furthermore, it is also reminiscent of the observations that 

were made previously with MEA and DTT reduction of antibody (167, 202). We also noted that 

P2A4 and 51.1.3 Mabs were far more sensitive to MEA reduction than W6/32 and L243. Thus, it 

gives the notion that different antibody isotypes would produce completely different                   

non-homogenous fragments of antibodies upon reduction with MEA.   

 

7.1.5.    Complications of carbohydrate targeted antibody conjugation 

This method of dye-conjugation was quite tricky. It required multiple steps as in the case of -SH 

method. One complication that arose during the experimental optimization was the reaction kinetics 

thereof the reactivity of the oxidized antibody (i.e. aldehyde groups) with hydrazide dyes. It was 

very slow as described in the result section. However, the chemical reaction between the reactants 

could be significantly enhanced by including a catalyst like aniline during the incubation (203-206). 

Our observation is in parallel with the previous reports documenting the slow reaction kinetics of 

hydrazone chemistry (204, 207). It should be noted that a higher concentration of dye (≥200 folds to 

the antibody) was used in the previous dye conjugation study. This is ten times higher than the 

concentration used in our study; therefore, low F/P obtained in this study could be due to the lesser 
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quantity of dye (208). However, no catalyst was used in that study; therefore, the use of higher 

concentration of dye is also justifiable. Furthermore, low F/Ps obtained in our study might also be 

due to the difference in the glycosylation status of the Mabs produced by different hybridoma cell 

lines. Notably, binding affinity of antibody was adversely affected by this method even worse than 

in the case of other two methods. We presume that the effects in the antigen binding affinity of 

antibodies in this method are a result of over oxidation of Mabs due to NaIO4. This in turn could 

have affected the tertiary structure of a protein (173, 174, 208) or even have had inactivated the 

antibodies. Interestingly, the sensitivity to NaIO4 and tolerance to MEA in -CHO and -SH methods 

related similarly to binding affinity of the Mabs. High-affinity antibodies tolerated NaIO4 better 

than low-affinity / or problematic antibodies. Does it convey the message of protein conformation 

dependent sensitivity to reducing and oxidizing agents? Yes, it could be. However, this aspect needs 

further investigation, especially after including antibodies of different isotypes and with different 

binding affinity. In all aspects, it performed worst among the three methods of dye conjugation. 

Separation between the free dyes and dye-conjugated antibody fronts were also not distinguishable 

unlike in -NH2 and -SH based methods during gel chromatography probably due to            

oxidation-related adduct/or byproduct formation. This was clearly a reminder of the examination of 

this method with the capillary electrophoresis of the quantum dot-antibody conjugates where no 

clear baseline separation was observed between free quantum dots and antibody conjugated 

quantum dots (165). Aldehydes can react with amino groups; therefore cross-linking of antibodies 

would have occurred. In fact, such events have been reported before (208) and our SDS 

experiments further confirm the formation of antibody aggregates in this method. 

 

7.1.6.     Differential conjugation efficiency of the antibodies by the three methods 

We mentioned that the strongest fluorescence intensities were demonstrated by the conjugates 

prepared by -NH2 based method in comparison with the -SH and -CHO based conjugates, for 

similar F/Ps. Such situation would occur either due to lower yield of functional dye-antibody 

conjugates or fewer percentages of over-labeled antibodies. In the case of -SH based labeling, 

functional antibody conjugates with higher F/P (>3) is highly unrealistic owing to the limited 

number of disulfide bonds. Therefore, the only possibility would be the formation of the lower 

amount of active dye-antibody conjugates, whereas, both cases could be envisaged for -CHO based 

labeling method. Furthermore, the contribution from inert/inactive fragments of antibody in the -SH 
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method and cross-linked antibodies in the -CHO method could well be another factor in such 

behavior.  

 

7.1.7.     SDS-PAGE explains the inefficiency of -SH and -CHO methods 

Unlike in the case of unlabeled antibodies and conjugates from -NH2 method, single band 

representing intact antibodies was never obtained by -SH and -CHO methods when examined by 

non-reducing SDS PAGE. Therefore, we speculated that it was due to the use of chemicals, MEA 

and NaIO4. Heterogeneity in the mixture of antibody conjugates, in fact, explains the discrepancy 

related to the low fluorescence intensity associated with the dye conjugates from -SH and -CHO 

methods. Fragments of various sizes 50, 75, 125 or >150 kDa were clearly observed due to MEA 

treatment indicating the generation of functional dye conjugated, functional dye unconjugated and 

non-functional antibody fragments. A similar effect was seen at various concentrations of MEA 

(data not shown). Therefore, MEA acts randomly in antibodies. Similarly, in the case of -CHO 

method, aggregated and fragmented antibodies were also seen, although it was in very small scale. 

In conclusion, our SDS-PAGE experiments suggest that only a small fraction of functional         

dye-antibody conjugates can be produced by -SH and -CHO methods. 
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7.2. Topography of CD1d proteins 

The primary objective of this part of the study was to demonstrate the relative distribution of CD1d 

and MHC proteins on the surface of B lymphocytes. We employed various biophysical methods, 

including FRET, based on confocal microscopy and flow-cytometer. The possible explanations for 

several observations noted in the studies are thoroughly discussed in sections below:   

 

7.2.1.  Interaction between CD1d and MHC proteins in the plasma membrane  

Our FCET results demonstrated that CD1d, MHC I-HC and MHC II proteins were physically close 

to each other in the membrane regions of C1R-CD1d cells. Thus, it confirms the findings from 

previous co-immunoprecipitation study where the association of CD1d with MHC II was found in 

B cells (112) and is also reminiscent of the association between CD1a and MHC I-HC observed in 

normal thymus cells (125). In fact, considering the association of CD1a with MHC II (124) and 

MHC I-HC (125), it can be postulated that all CD1 isoforms might interact with MHC I-HC since 

other common proteins from tetraspanin family also seem to associate with MHC I-HC, CD1 

isoforms and MHC II proteins. This is also supported by the fact that multimolecular complexes of 

CD1 isoforms (CD1a, CD1b and CD1c) were also found on normal thymus cells (209, 210). 

 

7.2.2. Quantitatively low amount of MHC I-HC in comparison with β2m proteins in the 

plasma membrane of C1R-CD1d cells  

Quantitatively, β2m was higher than the level of MHC I-HC proteins in C1R-CD1d cells        

(Figure 14b).  Among the proteins, MHC I-HC is the most well characterized protein that carries 

β2m from the interior of a cell to the plasma membrane (211, 212). Since β2m can also bind to 

CD1d and is considered important in the formation of CD1d-β2m functional unit that specifically 

activates a group of T cells, we presumed that the observed differences in the expression of β2m 

were due to the influence of CD1d. This speculation came out to be true when experiments were 

performed with CD1d “+ve” and CD1d “-ve” population of C1R cells. The lower amount of    

MHC I-HC in the plasma membrane in comparison with β2m can also be explained by the FRET 

efficiency values between MHC I-HC and β2m which was higher when MHC I-HC was used as a 

donor instead of β2m. This is because with the increased amount of acceptors, generally the FRET 

efficiency increases thus it corroborates the quantitative examination of membrane proteins. 
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7.2.3.  Exogenous expression of CD1d decreases MHC II expression and increases MHC I-HC 

and β2m expression in the plasma membrane 

In contrary to the enhancement of β2m expression, reduction in MHC II proteins was found in the 

plasma membrane due to over expression of CD1d. This tends to suggest that either there is a 

competition for chaperones like an invariant chain in the intracellular compartments or alteration in 

trafficking behavior of MHC II proteins due to expression of CD1d somehow leading to retention of 

MHC II inside the cell or causing faster endocytosis of MHC II from the plasma membrane. 

Invariant chain was found to be associated with both MHC II and CD1d in C1R-CD1d cells (112) 

as well as in murine cells (111). In addition, invariant chain was found to influence the membrane 

expression of MHC II in a murine model (213). Considering the study in immature DCs, which 

suggested a higher degree of association between CD1a and invariant chain in the                   

plasma membrane, even greater than with MHC II, it could be speculated that CD1d might also be 

associated with invariant chains in the cell surface. The expression of the invariant chain was also 

found to increase due to its ability to bind CD1a (124). Likewise, we also found a mild increase in 

MHC I-HC due to exogenous CD1d expression, which might be related to its ability to bind CD1d 

directly, thus causing a fraction of MHC I-HC to traffic together with CD1d to the                  

plasma membrane. However, these areas would need further studies taking into account of the 

spatial and temporal distribution of CD1d, MHC I, MHC II and invariant chain proteins in the cell. 

 

7.2.4.  Direct and indirect association of β2m and CD1d in the plasma membrane 

We found a high FRET efficiency between CD1d and β2m proteins. Thus, it confirmed that β2m 

indeed physically interacted with CD1d as has been demonstrated before (80, 112). However, the 

increase in β2m proteins relative to CD1d membrane expression was very low. Furthermore, a very 

low amount of free MHC I-HC proteins were present on the cell surface of C1R-CD1d cells. 

Therefore, the high FRET efficiency obtained between CD1d and β2m proteins would be a result of 

both direct interaction of CD1d with β2m and indirect co-occurrence of CD1d and β2m due to the 

association of CD1d with MHC I-HC proteins in the plasma membrane. It should also be noted that 

the effect of cholesterol depletion from the plasma membrane was the significant redistribution of 

membrane proteins, mainly the interaction of β2m with CD1d and MHC I-HC proteins (Figure 22). 

This further provides evidence to the notion that cholesterol dependent dissipation of MHC I-HC 

from the vicinity of CD1d proteins was responsible for the decrease in the FRET efficiency between 
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CD1d and β2m. Hence, CD1d non-associated but MHC I-HC bound β2m could also indirectly 

position itself in the vicinity of CD1d proteins. 

 

7.2.5.  High level of β2m-free  CD1d in the plasma membrane of C1R-CD1d cells 

We described that β2m expression on the plasma membrane of C1R-CD1d “+ve” cells was 

enhanced by ~46.7±11.5% in comparison with C1R-CD1d “-ve” cells. We also mentioned in our 

results that only few hundred β2m free MHC I-HCs were found in the surface of these cells 

accounting for less than 1% of the total MHC I proteins in the plasma membrane of C1R-CD1d 

cells. Therefore, it suggests that most of the increased β2m proteins on the surface i.e ~15% of the 

total CD1d proteins expressed on the plasma membrane were only bound to CD1d directly. This 

means that very high percentage of CD1d (~85%) in the plasma membrane of C1R-CD1d cells is 

present in the β2m independent form. The interaction between β2m and CD1d is not new and has 

been described before in this cell line (80) and epithelial cells (79), however, the presence of a large 

percentage of β2m independent CD1d isoforms is something that is quite surprising. Since, β2m 

independent CD1d is considered to be partially glycosylated, most of these proteins might be 

immature in nature (80). It would need specific probes, which is lacking right now, to demonstrate 

the two-dimensional spatial distribution and CD1d isoform co-operation events in the             

plasma membrane of these cells. Nevertheless, the occurrence of both isoforms capable of 

activating T cells has been reported in mouse B cells (214). Thus, the identified different isoforms 

of CD1d might have distinct functional roles in the activation of T cells. 

 

7.2.6.   Endogenous clusters of CD1d proteins on the cell surface 

In this study, for the first time we demonstrated that CD1d could also form endogenous self-clusters 

in the plasma membrane. Homo clusters of CD1d proteins have been described previously on a 

monocytic cell line, THP1, using atomic force microscopy (AFM) (215). However, there are some 

major differences between our study and the aforementioned AFM study of CD1d proteins. First of 

all, iNK T TCRs were used to map the distribution of CD1d in THP1 plasma membrane. As have 

been known, TCRs would only be able to detect cognate lipid-loaded CD1d proteins. In addition, 

antigenic lipid ligand loading of APCs have been shown to facilitate the entry of CD1d proteins to 

detergent resistant membrane regions (131). Hence, the AFM recognition CD1d mapping study 
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might have detected the modified topography of CD1d proteins in the plasma membrane of THP1 

cells. Since, we used Mab (27.1.9 clone) that can detect both empty or lipid loaded CD1d proteins, 

our study is thus first of its type to demonstrate endogenous distribution of CD1d proteins in the 

plasma membrane of B cells. Besides, the cells of monocytic and lymphoid lineage might also 

inherently differ in their ability to organize CD1d proteins in the plasma membrane. 

 

7.2.7. Mild effect of cholesterol depletion in CD1d association of GM1 ganglioside in          

C1R-CD1d cells and concomitant iNK T cell activation 

From our studies, it was obvious that CD1d proteins were abundantly present in the proximity of 

GM1 gangliosides of the plasma membrane. However, unlike MHC I and MHC II which are 

partially present in rafts and show cholesterol dependent residence in membrane          

microdomains/rafts (34, 159, 184, 188, 216), CD1d was shown to be influenced very little by 

cholesterol in its ability to associate with GM1 subunits. The cholesterol depleting agents, MβCD 

and simvastatin, had only minimal effect on the association of CD1d with GM1 ganglioside based 

on FRET. This observation was supported by a co-culture assay between MβCD/simvastatin treated                 

C1R-CD1d cells and iNK T cells implying a minor role of cholesterol in CD1d mediated iNK T cell 

activation. Notably both of these chemicals reduced the plasma membrane level of cholesterol by 

greater than 30% when examined by filipin staining. Thus, it argues that either CD1d was present in 

the low cholesterol containing regions on the periphery of GM1 gangliosides or the GM1 enriched 

membrane microdomains proximal to CD1d were different from conventional rafts. Unlike MβCD, 

the effect of simvastatin might also be related to alteration in isoprenoid pathways. In fact, previous 

studies demonstrated that simvastatin had a negative impact on both peptide (MHC II) and lipid 

(CD1d) mediated antigen presentation. The diminished antigen presentation activity of the cells was 

attributed to secondary effects of simvastatin instead of reduction in cholesterol production (135, 

136). In our study and with our experimental conditions, we did not really observe any reduction in 

cytokine secretion by iNK T cells in contrast to previous studies with simvastatin treatment of 

APCs. It was not due to the inactivation or non efficiency of simvastatin because the effect of 

simvastatin could be noticed morphologically in the treated cells. Furthermore, the same 

concentration of simvastatin leads to redistribution of proteins in the plasma membrane. Rather 

interestingly, simvastatin increased the GM1 ganglioside surface expression (data not shown) 

suggesting secondary effects of simvastatin as well as a possible change in membrane fluidity. 
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Furthermore, simvastatin has been reported to alter the function of small GTPases (217-219) and 

disrupt the actin cytoskeleton (220, 221) in numerous studies. Actin destabilizing agent and  rho 

kinase inhibitors are also found to enhance antigen presentation by CD1d in murine cells (222). 

Therefore, the effects of simvastatin on antigen presentation due to decrease in CD1d membrane 

expression and cholesterol depletion could have been negated by the ability of simvastatin to 

modify rho kinase functions and disrupt the actin cytoskeleton. However, it would need further 

investigation to verify such a hypothesis. We are also currently examining the roles of isoprenoid 

pathways in our cellular models to identify the importance of prenylation in CD1d mediated antigen 

presentation. 

 

7.2.8.  Detergent sensitivity and limited presence of cholesterol: Possibly, a new raft subtype 

where CD1d resides   

Having been surprised by the features of CD1d in the plasma membrane, we decided to apply the 

detergent resistance test to CD1d proteins. Operationally, the hallmark feature of raft and            

raft-resident proteins is their resistance to high detergent concentration. Detergent sensitivity is 

considered as a feature of non-raft resident proteins like TfR only (159, 161, 223). A                 

flow-cytometric version of detergent resistance test was also described by Gombos et al (161), and 

is comparatively easier to follow and quicker to apply than the biochemical method of detergent 

resistance test. On characterizing CD1d with FCDR, we realized that the detergent resistance 

capability of CD1d enriched regions was far lower than that of TfR, whereas, GM1 and MHC II, 

which are considered to reside in detergent resistant regions of the membrane, displayed strong 

resistance to TX100. The non-raft residence of TfR was also confirmed by FRET (Figure 20B). 

Thus, it was intriguing because this was quite unlike that of raft-resident proteins. Sensitivity to 

detergents by CD1d enriched regions has also been demonstrated in other cell types (131, 133).  

Therefore, susceptibility to low concentration of detergents seems to be a specific feature of CD1d 

rich regions. However, cholesterol depletion had a mild but non-significant effect on the association 

between CD1d and GM1 ganglioside in the plasma membrane. Therefore, our results suggest that 

the CD1d enriched detergent sensitive membrane regions of the plasma membrane, which seems to 

contain low cholesterol, could be a distinct raft subtype. Interestingly, a previous study also 

demonstrated that MHC I enriched regions in the plasma membrane of B cells has similar features 

of low cholesterol enrichment (184), thus resembling CD1d rich regions; however, unlike MHC I 
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which was very weakly associated with GM1 gangliosides; CD1d showed strong GM1 association, a 

feature of MHC II proteins in the plasma membrane. Several studies using various detergents 

advance the notion that different types of rafts/ or detergent resistant membrane regions might exist 

(184, 224, 225). The possible presence of cholesterol dependent and cholesterol independent raft 

subtypes were also documented using biophysical methods for the epidermal growth factor receptor 

(226). In addition, presence of cholesterol independent sphingolipid domains, ~200nm in diameter, 

was documented recently in the plasma membrane of fibroblasts. The underlying cytoskeletal 

structures were mainly responsible for maintaining these sphingolipid domains rather than 

cholesterol in these cells (227). Thus, the nature of CD1d enriched membrane regions needs further 

characterization, especially by comparing it with MHC enriched domains and other raft like 

structures. 

 

7.2.9.  Multimolecular complexes of CD1d, MHC and lipid species on the cell surface  

Our co-localization and FRET experiments revealed that CD1d, MHC and GM1 would co-exist in 

the plasma membrane. Furthermore, our triple co-localization and a modified two color three 

protein FRET set up additionally corroborated such possibilities. MHC II and CD1d showed 

markedly high presence in GM1 rich regions, whereas, MHC I and CD1d scantily co-distributed in 

GM1 regions by triple co-localization. In line with this observation, the FRET efficiency between 

any two proteins by the modified FRET set-up was always higher than the values from a 

conventional two protein system on inclusion of the third protein. Similarly, several tetraspanin 

proteins (CD82 and CD9) (112, 124, 228-230)  and invariant chain proteins (124) are found to be 

associated with both MHC and CD1 proteins. Therefore, we speculate that these molecules as a 

supramolecular complex would also be present on the plasma membrane of these cells, although 

differences might occur in the abundance of these clusters in GM1 rich and non-GM1 regions.    

 

7.2.10. Potential physiological implications of physical association of proteins and lipids on the 

cell surface  

One of the surprising findings from our study was the presence of relatively high level of            

β2m independent CD1d in the plasma membrane of these cells. Although, presence of                 

β2m independent CD1d is not a new finding, abundance in such a high amount is quite striking. 

Furthermore, CD1d seems to form self clusters in the plasma membrane which might be primarily 
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formed by these β2m independent CD1d isoforms. It has been shown before in B cells that soluble 

extracellular β2m would dissipate the homoclusters of MHC I proteins in the plasma membrane and 

thus makes them an efficient target for cytolysis (179), we hypothesize that similar situation might 

also occur in the case of CD1d proteins. Such a feature would be of physiological relevance in cases 

of multiple myeloma, hodgkin lymphomas or some autoimmune diseases where elevated levels of 

serum β2m is observed.  In fact, administration of lipid ligands may enhance the therapeutic 

outcome in such cases by enhancing the activity of NK T cells. Recently, it was also shown that 

association of    MHC I-HC with CD1d would inhibit expression of functional CD1d proteins in the                

plasma membrane and thereby would inhibit CD1d antigen presentation in murine cells (231). 

Likewise, the association of CD1d with MHC II was found to enhance an exogenous antigen 

presentation by CD1d mainly by inducing increased endocytosis of CD1d to endolysosomal 

compartments through invariant chain (232). iNK T cells secrete large amount of cytokines like 

innate cells on activation, therefore, uncontrolled stimulation of these cells might exacerbate cases 

like autoimmune diseases. In summary, the physical association between MHC and CD1d proteins 

in the plasma membrane of cells might help in keeping the activity of immune cells in balance. 

Though not clear yet in our system, such interactions between these molecules would either 

enhance or inhibit CD1d mediated antigen presentation or vice versa. Similarly, the association of 

CD1d with lipid species like GM1 gangliosides might be critical in situations when there is a limited 

amount of antigens present in the environment. Such an association possibly would increase the 

local concentration of CD1d/antigen complexes that might be optimal for TCR stimulation 

especially in the contact regions between that of APCs and iNK T cells. 
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8. GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES 

8.1. A compromise between necessity and severity 

The ability to conjugate antibodies to another protein has been a milestone in the success and 

evolution of protein biology. Any aspects of antibody conjugation should demonstrate the hybrid 

features of both antibody and the conjugated element, like dyes, with minimal effect on the 

independent features. Theoretically, it is possible to envisage the preservation of remarkable 

features of two proteins coming into splicing; however, it does not necessarily happen. Therefore, a 

right approach should help to minimize the detrimental effects due to bioconjugation. In the case of 

antibody conjugation, the appropriate chemistry should yield the products with the best possible 

retention of antigen binding activity. Among the three most common strategies employed in 

antibody conjugation, we found that -NH2 based method was hassle free and easy to perform 

approach. It included fewer steps with faster reaction kinetics thus permitting higher yield of      

dye-antibody conjugates at lower cost. Next to -NH2 method was -SH method due to its advantage 

in generating functional half-antibodies with minimal non-specific binding and preservation of 

antigen binding function. However, issues pertaining to the yield of dye-antibody conjugates have 

to be addressed. The performance was below par in contrary to its assumptions of preserving 

antibody binding function in the case of -CHO method.  Especially, the use of reagents like NaIO4 

seems to alter the binding affinity of antibody. Furthermore, the reaction kinetics in -CHO method 

is also very slow; therefore, selective chemical reagents that can have defined effect in the antibody 

should be explored or biological approach, like the use of special enzymes, for instance, 

galactosidase,  neuraminidase, etc., should be critically evaluated (233, 234). In summary, based on 

the yield of conjugates, ease of operation, experimental optimization and finance, the performances 

of three antibody conjugation methods were in the following order: -NH2 >-SH>-CHO. Thus, 

despite the challenges posed by -NH2 and -SH methods of labeling due to their susceptibility to 

hydrolysis under conditions of bioconjugation, the advantages offered by these methods outweigh 

the inadequacies and are better than -CHO based labeling strategy.   

 

8.2. Finer landscapes of CD1d distribution in the plasma membrane 

With our microscopic and flow-cytometric studies, we are able to show that CD1d harbors a close 

relationship with MHC and GM1 gangliosides on the plasma membrane. Some features were quite 
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distinct for CD1d proteins. β2m association is indispensable for MHC I-HC plasma membrane 

expression whereas most CD1d seems to be independent of β2m on the cell surface. Similarly, 

CD1d seems to be tightly associated with GM1 gangliosides, a raft marker, based on FRET, 

however, detergent resistance analysis of CD1d enriched regions suggested otherwise. Interestingly, 

cholesterol depletion had mild but non-significant effect on the association of CD1d and GM1 

gangliosides, therefore, CD1d enriched regions in the plasma membrane seem to be low in 

cholesterol. Such a feature is also supported by the fact that CD1d rich regions in the              

plasma membrane of B cells only had a mild dependence on cholesterol during iNK T cell 

activation. In our study, we used flow cytometry which provides statistically robust data; however, 

it does not offer any distinctive information regarding the spatial regions that generally differ in the 

distribution of proteins in the plasma membrane of a cell. Likewise, confocal microscope suffers 

from the diffraction limit thus has a spatial resolution of about >200 nm in XY plane. Emergence of 

novel super-resolution optical microscopes (or nanoscopies) such as stimulated emission depletion 

microscopy (STED) or fluorescence photoactivation localization microscopy (fPALM)/ direct 

stochastic optical reconstruction microscopy (dSTORM) or near-field scanning optical microscope 

(NSOM) etc has helped to overcome such limitations. Most of these microscopes allow far greater 

resolution with a feasibility of imaging molecular distribution below 100 nm in living cells thus 

confer several advantages over confocal microscopes (235-237). Such advantage renders 

nanoscopes with an ability to provide far greater insights into the active physiological processes 

occurring in the plasma membrane of a cell. Since plasma membrane is not static rather it is a 

dynamic yet structured assemblies of proteins and lipids. Therefore, studies using such nanoscopies 

would provide significant details on the features of CD1d proteins. Particularly, fluorescence 

methods, like fluorescence correlation spectroscopy, using nanoscopies would be able to shed light 

into the lateral homotypic and heterotypic cis-interactions occurring between proteins and lipids 

over different scales of time and space (235). The diffusion features of a molecular species depend 

upon the environment it resides within the plasma membrane. A monomer diffuses faster than the 

multimolecular blocks of the same protein. Furthermore, organization of proteins in the membrane 

is critical in defining the biological events; therefore, studying the assembly, organization and 

interaction dynamics of CD1d would significantly advance our understanding of the signaling 

pathways mediated by this protein. Thus, it would pave the ways for the development of therapeutic 

opportunities exploiting CD1d immune axis. 
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9. SUMMARY 

In the first part of the thesis, we generated dye-antibody conjugates by three different strategies 

which are commonly employed in most research laboratories (amine, sulfhydryl and 

carbohydrate targeted  approaches) so that it could be used for studying membrane protein 

dynamics. The goal was to obtain conjugates which retained the maximum antigen recognition 

features and that produced the highest fluorescence intensities. We found that only amine 

targeted approach could produce higher dye per antibody variants (>3) with a maximum yield of 

antibody conjugates. Sulfhydryl and carbohydrate targeted approaches are site-specific, however, 

they led to the generation of low amount of functional dye-antibody conjugates. Therefore, 

amine targeted approach is the best method of antibody conjugation in comparison with the other 

two approaches in totality.  

In the second part of the thesis, our goal was to unravel the topological features of a membrane 

protein termed cluster of differentiation 1d (CD1d). These proteins are involved in lipid-based 

antigen presentation. We wanted to demonstrate the relationship of CD1d with peptide antigen 

presenters i.e. major histocompatibility complex (MHC) proteins on the cell surface. We 

documented using fluorescent dye-antibody conjugates and biophysical tools that CD1d harbors 

a close relationship with MHC I, β2-microglobulin (β2m), MHC II and GM1 gangliosides on the  

plasma membrane of human B cells at resting state. Surprisingly, β2m dependent CD1d 

constituted only ~15% of the total membrane CD1d proteins. In addition, fluorescence resonance 

energy transfer (FRET) studies revealed only minimal effect of membrane cholesterol depletion 

on the association between CD1d and GM1 ganglioside on the cell surface. Instead, CD1d rich 

regions were highly sensitive to low concentration of Triton X-100. Therefore, CD1d is either 

located at the periphery of GM1 gangliosides or is enriched in low cholesterol containing 

detergent sensitive membrane regions of the plasma membrane which could be a distinct raft 

subtype.  

In summary, we generated dye-antibody conjugates which were suitable for studying the 

membrane distribution of CD1d proteins. We believe the investigated antibody conjugation 

approaches can provide researchers with up-to-date information in the field of bioconjugation. 

Likewise the membrane topological features of CD1d discovered in our study might be 

immunologically relevant considering the importance of CD1d mediated lipid antigen 

presentation in linking the innate and adaptive immunity. 
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