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1.1: General introduction 
Carbohydrates, also known as sugars or saccharides, are commonly thought of solely as 

energy repositories, but they are also a vital part of many other cellular biomolecules. In 

plants and fungi, respectively cellulose and chitin give the cell wall its strength, and in 

nucleic acids the sugars deoxyribose and ribose form the backbone involved in storage of the 

genetic code. A lesser known function of carbohydrates is the alteration of proteins by 

attachment of an oligosaccharide, called a glycan. It is estimated that half of all mammalian 

proteins is glycosylated (1), and the purpose of these glycans is manifold: some alter the 

stability or half-life of proteins, others influence the interaction with ligands, and for many 

others the function is still unknown.  

1.1.1: Glycan structure 

 
Figure 1.1: N-linked and O-linked glycosylation, and the most common types thereof. 
Monosaccharides are represented schematically. 

Glycans consist of monosaccharides which are linked together by enzymes through 

glycosidic linkages. The number of monosaccharide building blocks in humans is limited: 

glycans can consist of hexoses (mannose, galactose, glucose and fucose), N-

acetylhexosamines (N-acetylglucosamine and N-acetylgalactosamine), and sialic acid (N-

acetylneuraminic acid). Additional types of monosaccharides can be found in other 

organisms, such as N-glycolylneuraminic acid in other mammals and xylose in plants. 
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Each glycosylation site is usually occupied by a range of glycan structures, called 

glycoforms. Glycans are an exceedingly heterogeneous class of polysaccharides. Most are 

oligosaccharides consisting of less than 20 monosaccharides, but some are large sprawling 

structures with the total mass of glycans exceeding that of their carrier protein (2). Glycans 

can be linear, but more often are branched. The reason for this vast diversity of glycan 

structures lies in their synthesis: this is not a template-driven process as with DNA or 

proteins, but rather the types of monosaccharides and glycosidic linkages are governed by the 

activity of glycosyltransferases and glycosidases which assemble and trim the glycan as the 

glycoprotein travels through various compartments within the cell. Even after secretion, 

glycans can still be altered by glycosyltransferases and glycosidases which are present in the 

extracellular matrix (3). Furthermore, the surrounding protein structure influences the 

structure of the glycan, by stereochemically restricting enzyme access to a site. Moreover, 

sorting sequences guide the path of proteins through cell compartments, thereby controlling 

their access to the glycosylation machinery. Hence, two glycosylation sites on the same 

protein can be occupied by very different glycan structures, exhibiting different functions. 

There are two main types of protein glycosylation: N- and O-glycosylation.  

1.1.2: N-glycosylation 
The presence of an N-glycosylation site in mammalian proteins is relatively easy to predict 

when the protein sequence is known: N-glycans are covalently attached to the nitrogen (N) of 

the amino acid asparagine (Asn) in the consensus sequence Asn-X-Ser/Thr, with X being any 

amino acid except for proline. However, even though the consensus sequence is necessary, 

this alone is not sufficient for N-glycosylation, and many potential N-glycosylation sites 

remain unoccupied. All N-glycans share a common core which consists of 5 

monosaccharides: two N-acetylglucosamines (GlcNAcs) and three mannoses (Figure 1.1).  

Synthesis is initiated with the assembly of an N-glycan precursor onto a lipid dolichol 

embedded in the membrane of the endoplasmic reticulum (ER). This precursor consists of an 

N-glycan core with 2 additional mannoses, facing the cytoplasm. The orientation of the 

phospholipid is then reversed by the enzyme flippase, so that the N-glycan precursor faces the 

lumen of the ER, followed by the addition of mannoses to a total of 9, as well as 3 glucose 

residues. The glycan is then covalently attached to the substrate asparagine, several 

monosaccharides are trimmed and the glycoprotein is transported to the Golgi system. Here, 

the N-glycan is subjected sequentially to various glycosidases and glycosyltransferases as it 
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moves through compartments of the Golgi. These glycosidases and glycosyltransferases are 

generally very specific and can remove or add only one type of monosaccharide with a 

specific linkage.  

In the Golgi, first the glucose residues and outer mannoses are removed. Then, the sequential 

addition of GlcNAc, galactose and sialic acid leads to the formation of branches, called 

antennae; most N-glycans are diantennary, but tri- and tetra-antennary N-glycans are also 

frequently observed. In addition, a fucose can be added either to the protein-bound GlcNAc 

(core fucosylation) or in some cases to an antennary GlcNAc (antennary fucosylation). 

Furthermore, a GlcNAc can be added to the innermost mannose with a β1-4 linkage 

(bisecting GlcNAc). This concise summary of N-glycan diversity applies to humans as well 

as some other mammals, whilst other vertebrates have a slightly different set of 

glycosylation-related enzymes.  

N-glycans can be subdivided into three types: high mannose (also known as mannosidic), 

hybrid and complex. High mannose N-glycans consist of only the core structure with up to 

six additional mannoses; these glycans underwent only the first part of the N-glycan synthesis 

pathway. In contrast, complex N-glycans have been fully processed in the Golgi and contain 

at least two antennary GlcNAc residues. Hybrid N-glycans fall in between: they have one 

complex arm bearing a GlcNAc, often elongated with galactose and sialic acid, and one 

mannosidic arm. 

1.1.3: O-glycosylation 
Compared to N-glycans, O-glycans are less predictable both in structure as well as in their 

site of attachment. O-glycans are usually attached to the oxygen in either a serine (Ser) or a 

threonine (Thr), but tyrosine (Tyr) or modified hydroxyl-amino acids may also serve as 

attachment site. A range of different types of O-glycan classes exist which are distinguished 

on the basis of the nature of the first sugar which is attached to the protein (4). In the 

following, mucin-type O-glycosylation will be considered, which is the most common form 

of protein O-glycosylation in humans. 

For mucin-type O-glycosylation, a GalNAc is first added to the protein in the Golgi, then 

various types of monosaccharides are added sequentially. The two most common core 

structures can be seen in Figure 1.1, but a variety of different structures have been found. O-

glycans usually have a more linear structure than N-glycans, and they can vary greatly in size: 

many consist of only a few monosaccharides while others can consist of as many as a 
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hundred, often organised into tandem repeats. There is no clear consensus sequence for O-

glycosylation, which is in part due to the fact that humans express 20 different GalNAc 

transferases initiating the first step of protein O-glycosylation. However, mucin-type O-

glycosylation often occurs in protein regions rich in proline (preferentially at +3 or -1 relative 

to the O-glycosylation site) and alanine residues. 

1.1.4: Functions of glycosylation 
Much like their structures, the functions of glycans are highly diverse as well (5). Firstly, 

addition of a glycan can alter the folding or basic thermodynamic properties of a protein. In 

some cases, a protein cannot be produced in its non-glycosylated form, because incorrect 

folding leads to degradation or otherwise prevents secretion. Glycosylation can also influence 

the interaction with other proteins, such as receptors. In some cases, interaction with another 

protein occurs exclusively through the glycan, as is the case for lectins, which recognize 

specific glycan motifs. 

In addition, glycosylation plays a role in the management of protein quality. The chaperone 

proteins calnexin and calreticulin exist to ensure correct folding of proteins, and incorrectly 

labelled proteins are tagged by the addition of glucose on their N-glycan structures, 

preventing them from leaving the ER and sending them back to be re-folded (4, 6). 

Furthermore, asialo receptors capture extracellular non-sialylated glycoproteins and target 

them for degradation. It is speculated that this pathway clears proteins which have been in the 

circulation for some time and are thus prone to loss of sialic acids, thereby introducing a kind 

of expiration date on proteins (4).  

Finally, some glycans appear to fulfil a purely structural role. Mucins contain extensively O-

glycosylated regions which retain water and form a mucous layer, while a separate kind of O-

glycans, proteoglycans, provide a firm padding in structures like cartilage (7). It should be 

noted that glycosylation, while it is essential for the functioning of higher organisms, is not 

necessary for the survival of many single-cell organisms. This is reflected by the fact that 

bacteria do not produce N-glycoproteins and that archaea, which lack a Golgi system, 

produce only simple precursor-like N-glycans. The glycosylation machinery fulfills an 

important task by managing inter-cell interaction and signalling, and it has evolved to become 

more complex in multicellular organisms. Lower eukaryotes such as yeast produce solely 

high mannose N-glycans with extensive branching of mannoses. Furthermore, pathogen 
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evasion is thought to have provided additional evolutionary pressure in favour of 

heterogeneity of glycan structures.  

1.1.5: Glycosylation of immunoglobulins 
The importance of immunoglobulins (Igs) in the immune system is well-known: they can 

function independently to impede pathogens, as well as mount an organized defence reaction 

by activating the adaptive immune system. They are produced by B-cells and are either 

secreted or presented on the plasma membrane. Igs are constructed of two heavy chains and 

two light chains, held together by disulphide bridges. Igs are usually referred to by the name 

of the heavy chain, of which there are five isotypes: IgG, IgA, IgM, IgD and IgE. The light 

chains occur in two varieties: lambda and kappa. Each heavy chain is composed of a variable 

domain (VH) and 3 or 4 constant domains (CH), while a light chain consists of two domains 

(VL and CL). Igs can also be structurally subdivided by function: the antigen-binding Fab 

portion, which encompasses the variable and the CH1 domain and binds to the antigen, and 

the fragment crystallizable (Fc) portion, which encompasses CH2-3/4 and binds to Fc 

receptors and complement to activate the immune system. Within the five antibody isotypes 

there are still variations in the protein sequences, and based on this IgG and IgA are further 

categorized into respectively 4 and 2 subclasses. Based on genetic differences between 

individuals, these can be further subdivided into allotypes. IgG, IgE and IgD exist only as 

monomers, while IgA and IgM can also be present as secretory protein complexes in dimeric 

and pentameric form, respectively, bonded together by a J-chain and secretory component 

(8). 

All human antibodies carry one or multiple glycosylation structures, many of which have 

been shown to influence their properties and function. A single well-characterized complex 

N-glycan is located in the Fc region of IgG, and this glycan has been shown to influence 

receptor binding (9). In their constant domain, IgA1 and IgA2 carry 2 and 5 N-glycans, 

respectively. IgM carries 5 N-glycans, while IgD carries three (9). IgE is the most heavily 

glycosylated with six N-glycans in the conserved protein sequence (10). In addition, IgA1 

and IgD exhibit multiple O-glycosylation sites in their hinge region (9). The J-chain and 

secretory component found in multimeric antibody complexes are also glycosylated. 

Furthermore, the variable domain of both the heavy and light chain, which varies for each 

antigen-specific type of Ig due to somatic hypermutation, can sometimes contain 

glycosylation sites (11). 
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Figure 1.2: The main immunoglobulin isotypes with their reported N- and O-glycosylation sites. 
Heavy chain domains, conserved (C) and variable (V), are shown in dark grey, while the light chains 
are shown in light grey. 
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1.2: Recent advances in clinical glycoproteomics of immunoglobulins (Igs)  

1.2.1: Introduction  
Glycosylation of immunoglobulins (Igs) plays a key role in the regulation of immune 

reactions: glycans located at various sites modulate a diversity of immunoglobulin properties 

including protein conformation and stability, serum half-life, as well as binding affinities to 

antigens, receptors and glycan-binding proteins (GBP) (12-14).  

The five classes of human antibodies – IgG, IgA, IgM, IgE and IgD – each contain one to six 

sites for N-linked glycosylation within the conserved sequence of each heavy chain (9). IgA1, 

IgD and IgG3 also carry O-linked glycans on their hinge-region (9, 15). In addition, 

immunoglobulins can be glycosylated in the variable domain of the Fab (antigen-binding 

fragment) (16-18). Importantly, glycosylation adds a formidable degree of complexity to 

protein species, since a range of glycan structures is usually present at each glycosylation site.  

Studies on the functional consequences of immunoglobulin glycosylation, especially for IgG, 

have shown that glycans linked to the Fc (fragment crystallizable) part of the antibody 

influence the interaction with Fc receptors and GBPs, thereby regulating the pro- or anti-

inflammatory immune response (12, 19-22). For example, lack of a fucose on the IgG Fc 

glycan can enact a 100-fold increase in antibody-dependent cellular cytotoxicity (ADCC) (23, 

24). Fc-linked glycans may also influence the endocytosis, transcytosis and half-life of some 

classes of immunoglobulin, such as IgA (25, 26). Next to Fc-linked glycosylation, glycans 

attached to the Fab region also influence Ig properties and inflammation, especially by 

modulating antigen recognition and antibody aggregation, as well as through the binding to 

GBP (11, 17). Importantly, antibody glycosylation has been shown to reflect the 

physiological and pathological condition of an organism (27-29). 

Because of the impact on the immunological response and thus the efficacy of therapeutic 

antibody treatment, it is crucial to monitor and in some cases alter the glycosylation profile in 

order to optimize antibody effector functions (19, 23). Glycosylation of antibodies can vary 

widely depending on the expression system and cell culture conditions during production 

(23). Because non-human glycan structures can trigger immunogenic responses, therapeutic 

antibodies are currently produced exclusively in mammalian cell cultures. Due to 

improvements in glyco-engineering, it is expected that non-mammalian expression systems 

will soon be applicable as well (23, 30). Robust and high-throughput methods are needed to 
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monitor the glycosylation of therapeutic antibodies. Additionally, glycosylation analysis 

should be site-specific since the function of a glycan can depend on its location, as illustrated 

by the different influence of glycans located at the Fc and at the Fab part of IgG (11, 22). 

Glycosylation profiling of antibodies is usually done using one of the following approaches: 

1) by releasing glycans from the protein, which is easily done for N-glycans by digestion with 

PNGase F, while O-glycans can be released chemically through hydrazinolysis or beta-

elimination; 2) by using a proteolytic enzyme to digest the glycoprotein, resulting in 

glycopeptides; or 3) by analyzing the intact glycoprotein or portions thereof (e.g. Ig heavy 

and light  chains) (31-33). Recent years have seen major methodological advances in all three 

approaches as detailed in this review. In addition, selected examples are given of antibody 

glycosylation studies in both biotechnological and biomedical research. 

In the field of immunoglobulin (glyco)proteomics, several nomenclatures for the 

glycosylation sites are used (Table 1.1). The one most commonly used refers to the Asn 

positions as determined in the old days based on Edman sequencing of both variable and 

heavy chains (e.g. (9)). Alternatively, the homology-based nomenclature by the international 

ImMunoGeneTics information system (IMGT) is available for immunoglobulins, which has 

the advantage of a more intuitive comparison between the different immunoglobulins (e.g. 

site homology between CH2 84.4 on IgG and IgD, as well as similarity with CH3 84.4 on IgE 

and IgM). (34). In this review we will use the UniProt based site annotation, since this is 

more easily integrated with proteomic databases (35). 

Analysis of the antibodies themselves is complicated by the variable domain which dictates 

the specificity of the antigen-binding site. Protein sequencing of monoclonal antibodies or 

affinity-purified antibodies is done using high resolution liquid chromatography tandem mass 

spectrometry methods, coupled to DNA sequence information generated by next-generation 

sequencing of the B-cell antibody repertoire (36, 37). Post-translational modifications, such 

as glycosylation, further complicate antibody analysis and require specific analysis strategies, 

as will be detailed in this review. 
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Table 1.1: Several different immunoglobulin protein sequence nomenclatures are used in 
literature. The nomenclature most frequently used in literature is based on archaic sequencing data of 
both immunoglobulin variable and constant domains, whereas the UniProt numbering is based on the 
conserved sequences, and the IMGT nomenclature is based on homology between the 
immunoglobulins. 

Ig conventional literature1 UniProt2 IMGT3 
IgG1 297 180 CH2-84.4 
IgG2 297 176 CH2-84.4 
IgG3 297 227 CH2-84.4 
IgG3 392 322 CH3-79 
IgG4 297 177 CH2-84.4 
IgA1 263 144 CH2-20 
IgA1 459 340 CHS-7 
IgA2 166 47 CH1-45.2 
IgA2 211 92 CH1-114 
IgA2 263 131 CH2-20 
IgA2 337 205 CH2-120 
IgA2 459 327 CHS-7 
IgM 171 46 CH1-45 
IgM 332 209 CH2-120 
IgM 395 272 CH3-81 
IgM 402 279 CH3-84.4 
IgM 563 439 CHS-7 
IgE 140/1454 21 CH1-15.2 
IgE 168/1734 49 CH1-45.2 
IgE 218/2194 99 CH1-118 
IgE 265 146 CH2-38 
IgE 371 252 CH3-38 
IgE 394 275 CH3-84.4 
IgD 354 225 CH2-84.4 
IgD 445 316 CH3-45.4 
IgD 496 367 CH3-116 

1 As used in e.g. (9) 
2 (35) 
3 (34) 
4 alternative nomenclature used in (38) 
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1.2.2: IgG 

1.2.2.1: Fc glycosylation at Asn180/176/227/177 ( ‘Asn297’) 
The majority of IgG glycosylation analysis has been focused on the Fc glycan because of 

both the known influence of this glycan on IgG effector functions and the established high-

throughput methods which are available to selectively monitor this glycosylation site (22, 32, 

33). In human IgG, the conserved N-glycosylation site is located at Asn180 (IgG1; UniProt 

P01857), Asn176 (IgG2; P01859), Asn227 (IgG3; P01860) or Asn177 (IgG4; P01861), 

alternatively referred to as position CH2-84.4 (34) or Asn297 (e.g. in (9); Table 1.1). In all 

IgG subclasses, the Fc-glycosylation site has been shown to harbor complex type diantennary 

N-glycans which carry between zero and two galactoses, with the majority carrying a core 

fucose, and a minority having a bisecting N-acetylglucosamine (GlcNAc) and one or two 

sialic acids (39). The glycan at this site has been shown to influence the inflammatory 

capacity of IgG through modulation of the binding to Fc-gamma receptors (FcγRs) and C-

type lectins: in general, the absence of a core fucose and/or absence of galactoses and sialic 

acids appear to convey pro-inflammatory properties, while the presence of terminal sialic 

acids triggers an anti-inflammatory response (12, 22, 40). 

Changes in Fc glycosylation, i.e. a decrease in galactosylation and sialylation which 

contributes to a more inflammatory antibody profile, have been observed in various 

autoimmune disorders, most recently inflammatory bowel disease (IBD), systemic lupus 

erythematosus (SLE), multiple sclerosis (MS) and chronic inflammatory demyelinating 

polyneuropathy (CIDP) (41-44). In addition to autoimmune disorders, IgG glycosylation 

changes can also occur in infectious diseases, as was shown by recent studies on HIV 

infection, chronic hepatitis B and the parasitic disease visceral leishmaniasis (45-47). 

Furthermore, new reports reaffirm the potential role for IgG glycosylation as a biomarker for 

cancer progression (48, 49). Finally, congenital defects in glycosylation or carbohydrate 

metabolism also alter IgG glycosylation, as shown recently for Man1B1 deficiency and 

galactosemia (50, 51).  

1.2.2.1.1: Analysis of released glycans 

The gold standard for studying IgG glycosylation relies on enzymatic N-glycan release, 

subsequent fluorescent labeling by reductive amination and analysis of the labeled glycans by 

high-performance liquid chromatography (HPLC) using hydrophilic interaction liquid 

chromatography (HILIC) with fluorescence detection (52). First, this approach has been 
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further developed by implementing HILIC stationary phases for ultra-performance liquid 

chromatography (UPLC) instrumentation, thereby improving both throughput and resolution 

(53). Second, sample preparation has been simplified through the use of 96-well filter plates 

to increase the throughput of glycan purification (54), as well as by introducing fluorescent 

tags to label the glycosylamine species released by PNGase F, instead of targeting the 

aldehyde species that arise from acid-catalyzed hydrolysis of the glycosylamine (55). Of note, 

the increased throughput capacity allowed for analyses of large sample sets, which could for 

example show the potential of the IgG N-glycans as a marker of chronological and biological 

age (56). Third, sample preparation has been robotized, resulting in a highly automated, 

higher-throughput workflow and leading to more robust results (55). However, this method 

has a disadvantage: because the glycans are released from the IgG, it is impossible to 

distinguish between Fab and Fc glycans as well as between glycans originating from different 

IgG subclasses.  

Next to HILIC UPLC of fluorescently labeled glycans, various methods for repetitive IgG 

glycosylation analysis (“profiling”) have reached maturity as evidenced by the high 

consistency of the results obtained in extensive method comparison studies (31-33). 

Remarkably, various mass spectrometric methods showed very good performance with 

respect to resolution, sensitivity and robustness, which opened the way to their broad 

application in both biotechnological (32, 33) and biomedical applications (31). 

1.2.2.1.2: Analysis of glycopeptides 

A bottom-up proteomics approach, with trypsin digestion followed by liquid chromatography 

(LC) coupled to mass spectrometric analysis, is most commonly applied for site-specific 

analysis of IgG Fc glycosylation (32). Tryptic digestion results in distinct glycopeptides that 

allow discrimination of the different IgG subclasses – with the peptide moieties 

EEQYNSTYR for IgG1, EEQFNSTFR for IgG2 and EEQFNSTYR for IgG4. The peptide 

sequence of the IgG3 glycopeptide shows allotype variation in the amino acid at the position 

N-terminal of the Asn227, causing a mass that is identical to either the IgG2 peptide 

(EEQFNSTFR; predominant allotype in Caucasian populations) or the IgG4 sequence 

(EEQYNSTFR; predominant allotype in Asian and African populations) (57). While trypsin 

digestion forms the gold standard for Fc IgG glycopeptide analysis, we have recently found 

that incomplete denaturation and digestion of IgG might lead to biases in glycoprofiling (58). 
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To prevent ion suppression of the glycopeptides by unglycosylated peptides during mass 

spectrometric analysis, a glycopeptide separation or enrichment step is often applied. This 

separation is usually performed using either reverse phase LC with C18 or graphitized carbon 

as a stationary phase, or by HILIC (13). While a variety of stationary phases exist for HILIC, 

amide is most frequently used, although polysaccharide-based stationary phases may show 

similar performance. Notably, the affinity of current HILIC materials is often dependent on 

glycan structure, which can lead to a bias in enrichment (13). The lack of a gold standard 

method has led to the development of various new HILIC materials for glycopeptide 

enrichment of tryptic IgG (glyco)peptides, with stationary phases consisting of various 

polysaccharides (chitosan, dextran, cyclodextrin, maltose) coupled to magnetic particles, 

silica particles or metallo-organic frameworks (59-62), or functionalized amide polymers 

embedded in a monolith capillary (63). Furthermore, electrostatic repulsion HILIC (also 

known as ERLIC) has been successfully employed to enrich IgG glycopeptides, although a 

thorough analysis of the potential skewing of IgG glycoforms in ERLIC enrichment is still 

lacking (64). Zwitterionic (ZIC) HILIC has also gained popularity: this technique makes use 

of highly hydrophilic materials carrying both positive and negative charges and shows a very 

good performance in glycopeptide enrichment (65). Novel ZIC HILIC materials, consisting 

of zwitterionic polymers coupled to silica particles or magnetic nanoparticles, have been 

developed and feature high sensitivity in post-enrichment MALDI-MS measurements (66-

68).  

Multiple reaction monitoring (MRM) is well-suited for high-throughput quantitative analysis 

of complex samples and has only recently been applied to glycopeptide Ig analysis (69-71). 

Hong et al. developed a method which simultaneously performs glycoprofiling of IgG and 

absolute quantitation of IgG and its separate subclasses, which can help determine if a 

relative change in glycosylation is due to changes in post-translational modification or 

changes in the level of protein production (71). For the quantification of glycopeptides, MRM 

was set to specifically detect oxonium ions, fragment ions that originate during the 

fragmentation of glycopeptides. Similar methods are being developed for IgA and IgM (69). 

A comparable protocol describing MRM detection of IgG glycoforms was separately 

developed by Yuan et al., with the added feature of a prior separation of IgG3 so that 

glycosylation could be observed separately for each of the four IgG subclasses (72).  
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Capillary electrophoresis (CE) coupled to MS has likewise been applied for tryptic IgG 

analysis and shows a vastly increased sensitivity compared to the LC-MS approach (73). The 

sensitivity gain may be largely ascribed to the very low flow rates achieved in CE-MS. 

Compared to LC-ESI-MS or CE-MS, MALDI-MS offers higher sample throughput as well as 

lower data complexity. However, detection of glycopeptides is complicated by the loss of 

sialic acids through in-source decay. Of note, this can be prevented by neutralizing the charge 

on the sialic acid by (dimethyl-)amidation (39, 74) or ethyl esterification (75). The 

derivatization methods target carboxyl groups on the peptide moiety as well as on the glycan, 

which can provide useful structural information from a combination of positive- and 

negative-ion MS/MS analyses (74). An additional advantage of these methods is the 

introduced mass difference between α2,3- and α2,6-linked sialic acids, caused by the sialic 

acid linkage-specificity of the reactions. While the ethyl esterification method is highly 

specific for sialic acid linkages on the level of released glycans (76), the modification of the 

peptide moiety of glycopeptides was found to be not completely specific, resulting in 

unwanted byproducts. This issue has been addressed and overcome by a recently published 

method using dimethylamidation, which provides sialic acid linkage information on a stably 

modified glycopeptide (Figure 1.3) (39). Currently, the dimethylamidation of sialylated 

glycopeptides is optimized for IgG Fc-glycopeptides and would need further optimization 

when used for different glycoproteins, such as other immunoglobulins. MALDI-TOF-MS/MS 

of sialylated glycopeptides, using laser induced fragmentation, highly benefits from the 

derivatization, as the loss of the sialic acid is no longer the dominant fragment. In addition to 

analysis with MALDI-TOF-MS(/MS), the derivatization method has been shown to be 

applicable for the analysis of IgG Fc-glycopeptides, using LC-MS(/MS), enabling 

differentiation between differently linked sialic acids, without having a major influence on 

the fragmentation of the analytes (data not published). Pyrene derivatization is an alternative 

method for glycopeptide analysis by MALDI-MS and also allows discrimination between 

α2,3- and α2,6-linked sialic acids, although its application on immunoglobulins has not been 

established (77, 78).  
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Figure 1.3: MALDI-TOF-MS spectra of human plasma IgG Fc-glycopeptides (A) without 
derivatization, and (B) after dimethylamidation. Derivatization results in the stabilization of the 
sialylated glycopeptides, improving their detection and preventing the formation of metastable 
signals. With the use of dimethylamidation, no unspecific side reactivity on the peptides was observed 
and the linkage of the sialic acids could be determined (39). 

 
Furthermore, stable isotope labeling of glycopeptides has recently been achieved: succinic 

anhydride was used to introduce a mass increment of 8 Da to tryptic IgG1 glycopeptides (79). 

This method can be used to perform absolute quantification of IgG glycopeptides, or can be 

used to reduce bias during sample analysis by parallel analysis of two samples. Isobaric 

labeling using tandem mass tags (TMTs), which lead to different masses upon fragmentation, 

has also been used for the analysis of pepsin-generated IgG glycopeptides (80). 

1.2.2.1.3: Analysis of intact glycoprotein or glycoprotein fragments 

Alternatively, a middle-down or middle-up proteomics approach can be applied for assessing 

IgG Fc glycosylation. The Fc portion can be cleaved from the Fab portion in whole IgG, or 

from fused proteins in Fc-fusion proteins, by limited proteolytic digestion with the protease 

IdeS (FabRICATOR®), followed by either mass spectrometric analysis of the protein 

fragment or purification of the Fc portion and release of the glycans using PNGase F (16, 81-

83). The latter method has recently been applied to a clinical sample set, as is discussed later 

in this review (16).  
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Finally, technical advances in the recent years have allowed for top-down mass spectrometric 

analysis of monoclonal antibodies, allowing the integrated analysis of post-translational 

modifications (32, 83-86). An extensive review has been recently published by Zhang et al., 

describing several applications of these techniques, and a comparison between ‘normal’ and 

native MS, furthermore including ion mobility (87). More recently, ultra-high resolution 

machinery (e.g. Fourier transform ion cyclotron resonance (FTICR)) allowed for the 

detection of intact monoclonal antibodies with isotopic resolution, showing several 

glycoforms (85). Additional top-down MS/MS information was obtained in conjunction with 

online electrochemical reduction of the antibody (85). Furthermore, isobaric labeling has 

been applied to intact antibody-drug conjugates (80). Native MS is often applied to analyze 

intact mAbs (86). The advantage of this approach is the limitation of charge states because of 

the native 3D protein configuration, causing increased signal-to-noise for the few charge 

states that do occur. The downside of native MS is a lack of information regarding the 

glycosylation site(s) or the precise structure of the glycan(s) (86, 87).  

1.2.2.2: Fab glycosylation 
The structural features of IgG Fab glycosylation and its emerging importance in immunity 

have been recently reviewed (11). It has been estimated that approximately 15-25% of serum 

IgG of healthy individuals contain N-glycosylation sites and carry N-glycans (Fab-

glycosylation) in their variable domains, in addition to the almost fully occupied IgG Fc N-

glycosylation site (88, 89). Of note, the percentage of Fab-glycosylation and glycan structures 

varies during certain pathological and physiological conditions, as shown in RA, lymphoma 

and pregnancy (16, 17, 90, 91). Since only a few germline-encoded sequences contain an N-

glycosylation site, the sites present in the variable domains of immunoglobulins are mainly 

introduced by somatic hypermutation during the process of affinity maturation (18, 92). 

Within an affinity-purified population of antigen-specific IgG, identification of Fab 

glycosylation sites has been achieved by labeling the sites with 18O during deglycosylation 

with PNGase F. This was followed by mass spectrometry-assisted proteomics analysis which 

revealed the mass shift denoting the site of glycosylation and the peptide sequence 

surrounding the site (17). The human immune system comprises of an enormous antibody 

repertoire, recognizing an estimated billion or more different antigens. Antibody specificity is 

determined by a unique amino acid sequence in the Fab portion, thus making the analysis of 

Fab N-glycopeptides derived from polyclonal antibodies very difficult, if feasible at all.  
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Therefore, in order to analyze polyclonal IgG Fab glycosylation, the currently used analytical 

methods consist of the release of N-glycans from purified Fab fragments followed by their 

analysis using capillary electrophoresis with laser-induced fluorescence detection (CE-LIF), 

(ultra)high performance liquid chromatography and/or mass spectrometry (16, 17, 93). In 

order to improve the throughput of IgG Fab glycosylation analysis, we recently set up a new 

sample preparation method. The method relies on IgG affinity capturing in a 96-well filter 

plate, on-bead proteolytic release of the Fab portions, and collection of Fab (flow-through) 

and Fc portions (eluate) followed by enzymatic glycan release. Detailed glycan information 

was obtained by MALDI-TOF-MS after sialic acid stabilization. The method was applied to 

study the differences between Fab and Fc glycosylation in young women, and the pregnancy 

associated changes thereof (16). The levels of galactosylation, sialylation and bisection were 

significantly higher on the Fab portion compared to the Fc. During pregnancy Fab and Fc 

glycans showed similar patterns in their changes. Interestingly, the Fab portion was also 

shown to carry minor amounts of α2,3-linked sialic acids. In general, the N-glycans on the 

Fab are more extended, and some species seem to be Fab-specific. Diantennary fucosylated 

glycans with two sialic acids are hardly present on the Fc, while they are the major species on 

Fab. Similarly, the presence of a bisecting GlcNAc on glycans with two galactoses appears to 

be more prominent in Fab versus Fc (16). Of note, these data result from the analysis of 

solely young women, while characterization of Fab glycosylation in males as well as different 

age groups is still lacking. 

High-sensitivity analysis of released Fab glycans can also be performed by CGE-LIF (93). 

However, the glycosylation data obtained via these techniques, especially regarding both the 

levels of N-glycan bisection in IgG Fab portions and various glycosylation features of murine 

IgG, has shown some discrepancies as compared to results obtained with other analytical 

methods (16, 94, 95). Additional studies are needed to further unravel Fab glycosylation 

changes with age, sex and diseases. 

1.2.2.3: Additional N- and O-glycosylation of IgG3 
In addition to the well-known Fc N-glycosylation site, several allotypes of IgG3 possess a 

second N-linked site in the CH3 domain at Asn322 (UniProt P01860; alternatively referred to 

as CH3-79 (34) or Asn392; Table 1.1) (96). Only 10% of Asn322 was found to be occupied; 

the N-glycans found at this site were mainly complex type diantennary structures, which 

differ from those at Asn227 in that the majority is afucosylated and contains a bisecting 
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GlcNAc, and a minority of high mannose type N-glycans is also present (96). Since trypsin 

digestion produces a very large glycopeptide containing this site, the glycan structures may 

alternatively be examined after digestion with aspecific proteases. Aspecific proteases such as 

pronase are particularly useful for the study of glycoproteins since they tend to produce small 

glycopeptides which are well suited for mass spectrometric analysis (97, 98). Sequential 

chromatography of resulting digests on a C18 reversed phase (RP) column and a porous 

graphitized carbon column provides the broad retention range necessary to observe all 

glycopeptides regardless of the heterogeneous retention properties of both the glycan and the 

peptide moiety. Using collision-induced dissociation with a combination of lower- and 

enhanced-energy, which produced both glycan and peptide fragmentation, respectively, 

identification of both the glycan and the peptide moiety in one run could be achieved (96).  

Next to N-glycosylation, IgG3 may carry up to 3 O-glycosylation sites per heavy chain within 

a triple repeat in the hinge region (15). Proteolytic digestion with trypsin, proteinase K or 

pronase followed by LC-MS/MS analysis revealed that approximately 10% of each of these 

sites is occupied, mainly by sialylated core 1 type O-glycan structures (15, 96). As both the 

Fc N-glycosylation at Asn322 and the O-glycans of IgG3 have been described only recently, 

their function and clinical relevance remain to be investigated.  

1.2.2.4: Antigen-specific IgG 
The glycoprofiling of antigen-specific antibodies in clinical samples after vaccination or 

during disease started less than a decade ago. This was made possible by the numerous 

improvements in sensitivity and throughput of methods for both antibody purification and 

glycosylation analysis. Antigen-specific antibodies are generally purified by affinity 

chromatography using antigens coated on 96-well plates or on chromatography 

beads/columns. Antigens are usually synthetic peptides or recombinant (glyco)proteins. For 

instance, the high-throughput purification of anti-citrullinated peptide/protein antibodies 

(ACPA), i.e. autoantibodies specific for rheumatoid arthritis (RA), has been achieved by 

repeated capturing on 96-well plates coated with a synthetic circular peptide containing 

citrulline, called CCP2 (cyclic citrullinated peptide 2) (28, 99, 100). Likewise, antibodies 

directed against multiple HIV and influenza antigens (e.g. HIV gp41 and gp120 or influenza 

hemagglutinin) have been enriched using amino-link antigen resin or antigen-functionalized 

streptavidin resins packed into cartridges (46, 101, 102). Alternatively, antigen-specific 

antibodies can be captured by using viral particles, microorganisms or cells. Thus, Vidarsson 
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and coworkers have isolated anti-platelet antibodies (causing neonatal alloimmune 

thrombocytopenia) and anti-red blood cell antibodies (responsible for haemolytic disease of 

the fetus and newborn) by incubating serum of pregnant women directly on platelets and red 

blood cells (103-105). Fc- and/or Fab-linked glycosylation of antigen-specific IgG has been 

analyzed either at the glycopeptide level mainly using LC-MS, or by releasing glycans using 

a middle-down/middle-up proteomics approach as described above. Of note, unlike 

glycopeptide detection, analysis of released glycans from antigen-specific IgG requires 

another purification step prior to or after antigen-specific capturing in order to separate IgG 

from other serum glycoproteins or other immunoglobulins (101).  

Antigen-specific IgG displays different sialylation, galactosylation, fucosylation and/or 

bisection patterns compared to total IgG isolated from the same individuals. Importantly, 

these structural differences are clearly associated with clinical and functional consequences 

including disease outcome, disease severity and/or antiviral control responses. For instance, 

as compared to total IgG, anti-platelet IgGs found in the serum of pregnant women exhibit an 

exceptionally low level of fucosylation in their Fc-glycans, which enhances the binding 

affinity for the FcγRIIIa/b and the phagocytosis of platelets, and correlates with increased 

severity of neonatal alloimmune thrombocytopenia (105). Likewise, HIV-specific IgG 

antibodies isolated from HIV-positive subjects present a higher frequency of afucosylated, 

agalactosylated, and asialylated N-glycans compared to total IgG. Importantly, this glycan 

difference, especially the greater percentage of agalactosylated glycoforms, is far more 

pronounced in HIV elite controllers than in (un)treated chronic progressors and is associated 

with an enhanced capacity to bind to FcγRIIIa, probably explaining the more potent antibody-

dependent cellular viral inhibition activity that characterizes antibody from elite controllers 

(46). A disruption in the balance between type I (part of the Ig receptor superfamily which 

includes FcγRI, II and III) and type II (C-type lectin receptors) Fc receptor signaling also 

very likely occurs in several autoimmune diseases such as rheumatoid arthritis and 

granulomatosis with polyangiitis (GPA), in which changes in autoantibody-specific 

glycosylation have been observed. Thus, the Fc-galactosylation, sialylation, and bisection of 

anti-proteinase 3 (PR3) antibodies IgG1 are reduced compared to total IgG1 in GPA patients 

(106). Despite an early study reporting a negative correlation between the level of anti-PR3 

specific IgG sialylation and disease activity as measured by the Birmingham Vasculitis 

Activity Score (BVAS), recent evidence demonstrated that the BVAS is strongly associated 

with the presence of bisecting GlcNAc on anti-PR3 IgG but not with 
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galactosylation/sialylation percentages (106, 107). Interestingly, the level of anti-PR3 IgG 

galactosylation was associated with pro-inflammatory cytokine concentrations and time to 

remission (106). Similarly, in RA patients, ACPA-IgG autoantibodies exhibit a decrease in 

Fc galactosylation and sialylation levels that occurs a few months before disease presentation, 

correlates with disease severity, and potentially determines osteoclast differentiation and 

bone loss during RA (28, 99, 108). Variations in antigen-specific IgG glycosylation have also 

been observed following vaccination and, more importantly, can predict the efficacy of 

vaccination (102, 109). Ravetch and coworkers recently showed that the sialylated Fc glycan 

abundance on anti-hemagglutinin IgG produced by day 7 following influenza virus 

vaccination predicts the quality of the vaccine response (102). It was proposed that immune 

complexes formed with Fc-sialylated IgG signal through the type II FcR CD23 on activated B 

cells and triggers the expression of FcγRIIb, thereby driving the selection of higher affinity B 

cells and the generation of higher affinity and more protective anti-HA IgG (102). 

1.2.3: IgA 
There are two subclasses of immunoglobulin A (i.e. IgA1 and IgA2), and two known 

allotypes for the IgA2 subclass (i.e. A2m(1) and A2m(2)). IgA1 contains a slightly elongated 

hinge region compared to IgA2. This elongated hinge contains 9 potential O-glycosylation 

sites, of which up to six have been reported to be occupied (110). In addition, IgA1 harbors 

two N-glycosylation sites at Asn144 and Asn340 (UniProt P01876; alternatively referred to 

as CH2-20 and CHS-7, respectively (34), or Asn263 and Asn459 (e.g. in (9)); Table 1.1), 

whereas IgA2 harbors four sites at Asn47, Asn131, Asn205, and Asn327 (UniProt P01877; 

also referred to as CH1-45.2, CH2-20, CH2-120, CHS-7 (34), or Asn166, Asn263, Asn337,  

and Asn459 (e.g. in (9)); Table 1.1). In the A2m(2) allotype of IgA2 an additional consensus 

sequence is present due to the replacement of a proline by a serine, thus forming a 

glycosylation site at Asn92 (CH1-114 / Asn211; Table 1.1). The analysis of (s)IgA 

glycosylation is generally performed at the level of released glycans (111) or by lectin 

ELISA, although a few glycopeptide-based LC-MS/MS methods have been described (110, 

112-115).  

For the analysis of tryptic O-glycopeptides, the use of FTICR-MS/MS coupled online to an 

RP-LC system has been described (110). Electron transfer dissociation, which preferentially 

fragments the peptide backbone and not the glycan, was used to determine the location of 
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each glycosylation site. By applying a few additional separation steps using less advanced 

laboratory techniques, others have achieved similar results by MALDI-TOF/TOF-MS (116).  

The IgA N-glycosylation is less frequently studied, although it may have important functional 

consequences as demonstrated by the influence of N-glycan sialylation on the transportation 

of secretory IgA across an in vitro model of follicle-associated epithelium via binding to 

Dectin-1 and Siglec-5 (26). 

Nowadays, the use of IgA instead of IgG monoclonal antibodies for biopharmaceutical 

purposes is being explored, with a focus on anti-HIV drugs (117-119). Therefore, several 

site-specific glycosylation analysis methods have recently been developed. An LC-ESI-

MS/MS method primarily developed for the analysis of HIV gp140 has been adapted and 

applied to secretory IgA1 produced in plants as well as to human IgA (119, 120). In brief, 

IgA was digested by sequential application of trypsin and GluC after reduction and 

alkylation. Next, glycopeptide analysis was performed by first identifying the elution position 

of deglycosylated peptide moieties. Glycopeptides are known to elute a short time ahead of 

the deglycosylated variant, with some spread due to the various glycans attached. The 

addition of a buffered formic acid solution to the flow ascertained very close or even identical 

elution times for glycosylated peptides bearing sialylated structures. A targeted search for the 

peptide plus potential glycan m/z using selected ion chromatograms completed the analysis. 

Several high mannose type structures were identified using the applied technique. The 

analysis did not reveal any hinge region O-glycosylation, which could be attributed to the 

production in plants.  

The N-glycans of IgA are nevertheless still mainly studied at the level of released glycans. 

For example, the comparison of released glycans from different IgA constructs obtained from 

various cell lines showed profound differences, especially regarding the level of sialylation, 

which correlated with the half-life of these antibodies (121). 

Of note, the secreted form of IgA consists of a dimer, which forms a complex with the (also 

glycosylated) joining (J)-chain and the secretory component. The J-chain harbors a single 

glycosylation site at Asn71 (UniProt P01591; also referred to as Asn48), which appears to be 

important for IgA dimerization (122). This site bears mainly highly sialylated diantennary N-

glycans (111, 114). The secretory component is also highly glycosylated, with seven N-

glycosylation sites at Asn83, Asn90, Asn135, Asn186, Asn421, Asn469 and Asn499 

(UniProt P01833; also referred to as Asn65, Asn72, Asn117, Asn168, Asn403, Asn451, and 
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Asn481, e.g. in (123); Table 1.1). The protein contains a wide variety of glycan species: di-, 

tri- and tetraantennary glycans, bearing all Lewis epitopes (111, 114). It was suggested that 

these glycans are meant to bind to lectins of bacteria (111). 

1.2.4: IgM 
Human serum IgM mainly circulates as a pentamer of 950 kDa consisting of ten light chains, 

ten heavy chains and one joining chain (J-chain). Each IgM monomer contains five conserved 

N-glycosylation sites at Asn46, Asn209, Asn272, Asn279 and Asn439 (UniProt P01871; also 

known as CH1-45, CH2-120, CH3-81, CH3-84.4, CHS-7 (34), or Asn171, Asn332, Asn395, 

Asn402, and Asn563; Table 1.1) located within the constant region of the heavy chain. In 

addition, the previously mentioned J-chain contains one N-glycosylation site at Asn71 

(UniProt P01591). In two recent studies, a site-specific N-glycosylation mapping of human 

serum IgM was achieved by analyzing IgM glycopeptides, generated by trypsin or 

trypsin/GluC digestion, using either the classical LC-ESI-MS method or a nano-LC-

microarray-MALDI-MS platform (124, 125). The latter consists of a nano-LC reverse phase 

separation of IgM (glyco)peptides, including the J-chain glycopeptide, followed by high 

frequency droplet-based fractionation of the nano-LC outflow on microarray chips. Each spot 

on the microarray is then analyzed by MALDI-MS, with or without pre-digestion with 

PNGase F to remove N-glycans. Both studies demonstrated that glycans linked to Asn279 

and Asn439 are predominantly oligomannose structures, whereas glycans attached to Asn46, 

Asn209 and Asn272 mainly consist of complex-type structures (124, 125). The glycosylation 

site Asn71 of the J-chain also exhibits complex-type N-glycans. The main complex-type N-

glycans found in IgM heavy chains are diantennary species carrying one or two sialic acids, 

bisecting GlcNAc and/or a core fucose. Minor proportions of oligomannosidic and hybrid-

type glycans were also detected on Asn46 (124). Likewise, Asn279 carries 10% of hybrid-

type structures, which are also present in very low amount on Asn209. Based on computer 

modeling of the IgM structure, the clear distinction between glycosylation sites carrying 

oligomannose structures (on Asn279 and Asn439) or complex-type N-glycans (on Asn46, 

Asn209, Asn272) has been proposed to be the consequence of the low accessibility of 

glycans on Asn279 and Asn439 for the glycosyltransferase/glycosidases within the Golgi 

(125). Finally, although the functional aspect of IgM glycosylation on immunity has not been 

examined yet, the recent possibility of producing human-like glycoengineered 

heteromultimeric IgM in plants may help to provide new insights in this field (125).  
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1.2.5: IgE 
With six oligosaccharides on each heavy chain at Asn21, Asn49, Asn99, Asn146, Asn252 

and Asn275 (10) (UniProt P01854; also referred to as CH1-15.2, CH1-45.2, CH1-118, CH2-

38, CH3-38 and CH3-84.4 (34), or Asn140, Asn168, Asn218, Asn265, Asn371 and Asn394 

e.g. in (9); Table 1.1), IgE is the most heavily glycosylated of the immunoglobulins. 

Characterization of the glycan structures on polyclonal IgE was achieved with a combination 

of proteolytic enzymes and LC-MS/MS analysis (10). Glycosylation sites Asn21, Asn49, 

Asn99, Asn146 and Asn252 are occupied by complex type N-glycans, which are primarily 

fully galactosylated diantennary structures, containing a core fucose and one or two sialic 

acids (10, 126). A high mannose type glycan is present at Asn275, the sixth site, which is 

homologous to the Fc glycosylation site in IgG. Glycosylation at this site has recently been 

shown to be essential for the binding of IgE to the high affinity receptor FcεRI and initiation 

of anaphylaxis (127). Individuals with PGM3-related hyper IgE syndrome or with a 

hyperimmune condition displayed similar IgE glycosylation compared to healthy individuals 

(10, 126). Glycosylation analysis of IgE is challenging due to the low concentration in 

biological fluids: at approximately 130-300 ng/mL, the concentration in human serum is 

roughly 50 000 times lower than that of IgG (128, 129). Due to this limitation, no large-scale 

glycosylation analysis of IgE in clinical cohorts has been performed as of yet. However, 

recent advances in LC- and CE-MS sensitivity and robustness may allow for some attempts 

in the near future. 

1.2.6: Conclusions and perspectives  
Thanks to the improvement of sample preparation methods and analytical technologies, 

recent years have seen an increase in sensitivity, accuracy and robustness of IgG 

glycosylation analysis. These methodological and technological advances are beneficial for 

biopharmaceutical companies, allowing a better characterization of antibody-based 

biopharmaceuticals, biosimilars and bio-betters, but are also crucial tools in both basic and 

clinical research. Thus, this enables, among others, the characterization of glycosylation of 

antigen-specific IgG, including autoantibodies, alloantibodies and some anti-pathogen 

antibodies, which directly impact the immune response and the outcome, progression and/or 

severity of diseases (28, 46, 99, 101-105, 109). Therefore, methodologies and technologies 

dedicated to IgG glycosylation analysis have great prospects regarding the early detection and 

diagnostic of some diseases. Of note, most studies on IgG glycosylation have focused on 

serum/plasma antibodies, while IgG in other biofluids and tissue remain largely unstudied.  
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In addition to IgG, the substantial recent advances in purifying and analyzing small amounts 

of samples have helped to analyze the glycosylation of other immunoglobulin subclasses (i.e. 

IgA, IgM and IgE) in a more precise and comprehensive manner. Today’s technological level 

allows for the simultaneous analysis of multiple immunoglobulin classes in one run (70).  

We expect that in the near future, several hiatuses in immunoglobulin-related glycomics will 

be covered. Not only by thorough analysis of the glycosylation of all immunoglobulin 

classes, but additionally by complementary glycoproteomics analysis of many interacting 

proteins, such as cell surface derived Fc receptors. This may reveal a regulatory role of both 

antibody and receptor glycomic variation and the interaction thereof in the regulation of 

antibody effector functions (24). 
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1.3: Scope of thesis 
The aim of the studies presented in this thesis is to contribute to the knowledge within the 

field of immunoglobulin glycosylation. The glycosylation of IgG, specifically the N-glycan 

located in the Fc portion, has been extensively studied, but its function as well as its 

regulation still in part eludes us. Glycosylation of the other antibody isotypes has attracted 

much less attention from researchers. This can be attributed both to the lower abundance of 

the other Ig isotypes, which can make analysis challenging, and to the fact that the 

pharmaceutical industry focusses on IgG for monoclonal antibody therapeutics.  

IgE is the antibody which is responsible for allergic reactions: it can trigger the strongest 

reaction of all of the immunoglobulins, and conversely is found at the lowest concentration in 

blood. IgE is also the most abundantly glycosylated, with roughly 12% of its mass consisting 

of saccharides (38). In chapter 2, we provide a detailed profile of the N-glycan structures 

present at each of the six N-glycosylation sites, in a polyclonal sample from pooled plasma of 

healthy donors. A seventh site was found to be unoccupied. Since the publication of this 

paper, compelling evidence has arisen that the N-glycan at Asn394 (Asn275 using the 

Uniprot nomenclature) can influence receptor binding, analogous to the IgG Fc glycan (127).  

While research in the past few decades has largely mapped the glycosylation sites on 

antibodies and is now moving on to functional and clinical studies, structural analysis can 

still turn up new findings. Chapter 3 describes a hitherto unreported O-glycan found in the 

hinge region of IgG3. Because only 10% of each of the two to three O-glycosylation sites on 

IgG3 are occupied, this glycan has evaded discovery until recently. 

Chapter 4 describes the application of the same analysis method to a cohort of patients with 

ANCA-associated vasculitis, an autoimmune disease with an established pathogenic role of 

autoantibodies (130). Various glycosylation features were found to be associated with a 

relapse of disease symptoms. This study reinforces the potential of IgG glycosylation as a 

biomarker to reflect disease severity. 

In chapter 5, the glycosylation of Fc IgG is examined in a large population cohort of healthy 

individuals using liquid chromatography mass spectrometry (LC-MS). A clear association 

was observed between specific glycosylation features and the inflammation-associated 

proteins C-reactive protein and interleukin-6.  

Finally, concluding notes and points of further discussion are presented in chapter 6.  
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2.1: Summary 
Immunoglobulin E (IgE) is a heterodimeric glycoprotein involved in anti-parasitic and 

allergic immune reactions. IgE glycosylation is known to exhibit significant inter-individual 

variation, and several reports have indicated its relevance in determining IgE activity. Here, 

we present site-specific glycosylation analysis of IgE from three different sources: IgE from 

the serum of a hyperimmune donor, from the pooled serum of multiple non-diseased donors, 

and from the pooled serum of 2 patients with IgE myeloma. The heavy chains were isolated 

and digested with either trypsin, proteinase K or chymotrypsin, which permitted coverage of 

all seven potential N-glycosylation sites. The resulting (glyco-)peptides were analyzed by 

nano-reverse phase-LC-MS/MS and MALDI-TOF/TOF-MS/MS. Site Asn264 was shown to 

be unoccupied. In all three samples, site Asn275 contained exclusively oligomannosidic 

structures with between 2 and 9 mannoses, while sites Asn21, Asn49, Asn99, Asn146 and 

Asn252 contained exclusively complex-type glycans. For the non-myeloma IgE, the majority 

of these glycans were biantennary, core-fucosylated and contained one or two terminal N-

acetylneuraminic acids. In contrast, myeloma IgE showed a higher abundance of triantennary 

and tetraantennary glycan structures, and a low abundance of species with a bisecting N-

acetylglucosamine. Our approach allows comparison of the glycosylation of IgE samples in a 

site-specific manner.  
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2.2: Introduction 
Immunoglobulin E (IgE) is the least abundant of the immunoglobulins in human blood, 

present at an average concentration of approx. 150-300 ng/ml in serum (1-3). It exists in both 

a soluble form and as a membrane-bound receptor. Like several other immunoglobulins, IgE 

consists of two heavy and two light chains, with the variable regions of both chains together 

forming the antigen binding site. In contrast to other members of the immunoglobulin family, 

which contain a hinge region, IgE adopts a more rigid, asymmetrically bent conformation (4). 

IgE is involved in anti-parasitic immune reactions (5), but is mostly known for its role in 

allergic responses (6). Allergic responses originate when allergen-bound IgE triggers mast 

cell and basophil degranulation, thereby releasing pro-inflammatory mediators. Furthermore, 

IgE serum levels have been found to be elevated in individuals with allergies (3). 

Roughly 12% of the molecular mass of IgE can be attributed to oligosaccharides, making it 

the most heavily glycosylated immunoglobulin (7). The biological function of IgE 

glycosylation is still largely unclear. While glycosylation is essential for the secretion of IgE, 

further processing of the precursor glycans (Glc3Man9GlcNAc2) is not required for secretion, 

allergen binding or mast cell activation (8). Several IgE Fc receptors have been described. 

The high affinity IgE receptor FcεRI is expressed on the surface of basophils and mast cells, 

and is preloaded with IgE under physiological conditions (9). When antigen binds to IgE and 

crosslinks the receptors, this triggers the release of histamine and other pro-inflammatory 

mediators from the cells. While a severe loss in binding between IgE and FcεRI after glycan 

release has been described (10), others observed that glycosylation appears to account for 

only a minor or no contribution to receptor binding (11-13). CD23, also known as the low 

affinity IgE receptor FcεRII, is present on the surface of various immune cells, as well as in a 

soluble form in serum (6). Glycosylation of IgE does not appear to be required for IgE-CD23 

binding, but it has been shown to shield IgE from interacting with CD23, as evidenced by an 

increase in binding affinity observed after enzymatic deglycosylation of myeloma-derived 

IgE (13). In addition to the Fc-receptors, several galectins have been shown to interact with 

IgE in a glycosylation-dependent manner. Galectin-3, formerly known as IgE-binding 

protein, is a secretory protein which can bind to both IgE and FcεRI (14). It is thought to 

trigger mast cell degranulation by crosslinking IgE and/or FcεRI (14). Galectin-9, a lectin 

known to suppress mast cell degranulation, also binds to IgE (15). 
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Human IgE possesses 7 potential N-glycosylation sites within the conserved region of the 

heavy chain. In studies performed on myeloma-derived IgE and on recombinant IgE, six of 

these sites were found to be occupied (7, 16-18). No N-glycans were attributed to site 

Asn264. Asn275 was found to contain solely oligomannosidic glycans, while the remaining 5 

sites were reported to be occupied by complex-type glycan structures (7, 17-19). The 

presence of a majority (85%) of complex and a minority (14%) of oligomannosidic glycans 

was confirmed for non-myeloma IgE by Arnold et al. using IgE from a single hyperimmune 

donor (20). Over 20 different kinds of released oligosaccharides were identified in this study. 

Oligomannosidic glycans were found to carry between 4 and 8 mannose residues, while 

complex-type glycans appeared to be largely biantennary (97%), core-fucosylated (68%), 

containing 1 or 2 terminal N-acetylneuraminic acids (88%), with a minority (15%) containing 

a bisecting GlcNAc residue (an N-acetylglucosamine β1-4-linked to the innermost mannose) 

(20). Most studies on IgE have been performed using monoclonal myeloma-derived IgE, 

which probably does not resemble overall serum IgE glycosylation. In addition, it is known 

that inter-individual differences are present in the glycosylation of IgE, although this has not 

been explored using site-specific glycosylation analysis (21). Hence, studies on IgE 

glycosylation from different sources, resembling different (patho)physiological conditions, 

preferably in a site-specific manner, are needed. 

To this end, an in-depth glycoproteomics analysis of polyclonal IgE is required and the aim 

of the current study was to develop such a method. IgE heavy chains from different sources 

(control, hyperimmune and myeloma) were digested using either trypsin, proteinase K or 

chymotrypsin. Resulting (glyco-)peptides, covering all 7 potential N-glycosylation sites, were 

analyzed by nano-reverse phase (RP)-LC-ESI-ion trap (IT)-MS/MS and MALDI-TOF/TOF-

MS/MS. These techniques have been shown to be well suited for glycopeptide detection and 

characterization (22-24). From these spectra, the N-glycans present at each site were inferred, 

and a site-specific glycosylation profile was established for each of the three types of IgE. 
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2.3: Methods 

2.3.1: IgE sources 
Polyclonal IgE was acquired from 3 commercial sources. IgE from Athens Laboratories 

(Athens, GA) was derived from the serum of a single donor with a hyperimmune condition. 

IgE from US Biological (Swampscott, MA) was isolated from the pooled serum of non-

diseased donors. IgE from Scripps Laboratories (San Diego, CA) was purified from the 

pooled serum of two IgE myeloma (kappa and lambda) patients. 

2.3.2: SDS-PAGE and in-gel enzymatic digestion 
Five µg of IgE was reduced with 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO) at 95°C 

for 10 min and analyzed by SDS-PAGE on a NuPage 4-12% gradient Bis-Tris gel (Life 

Technologies, Carlsbad, CA) using NuPage MES SDS running buffer (Life Technologies). 

The gel was stained with Coomassie G-250 (SimplyBlue SafeStain, Life Technologies). The 

bands containing the heavy chain (at approx. 75 kDa) and the light chain (at approx. 27 kDa) 

were excised and cut into pieces. The gel pieces were washed with 25 mM ammonium 

bicarbonate (Sigma-Aldrich) and dehydrated with acetonitrile (ACN) (Biosolve, 

Valkenswaard, the Netherlands). The proteins were then reduced in-gel for 30 min at 56°C 

with 50 µl of a 10 mM DL-dithiothreitol (DTT) (Sigma-Aldrich) 25 mM ammonium 

bicarbonate solution, followed by dehydration of the gel pieces in ACN and cysteine 

alkylation for 20 min with 50 µl of a 55 mM iodoacetamide (Sigma-Aldrich) 25 mM 

ammonium bicarbonate solution in the dark. The gel pieces were subsequently incubated in 

25 mM ammonium bicarbonate, followed by removal of the solution and incubation in ACN. 

This was repeated once, and the gel pieces were subsequently dried in a centrifugal vacuum 

concentrator (Eppendorf, Hamburg, Germany) at 30°C for 5 min.  

Proteolytic digestion was performed by adding 30 µl of 25 mM ammonium bicarbonate 

containing either 0.15 μg trypsin (sequencing grade modified trypsin, Promega, Madison, 

WI), 1 μg proteinase K (from Tritirachium album, Sigma-Aldrich) or 0.25 μg chymotrypsin 

(sequencing grade from bovine pancreas, Roche Applied Sciences, Penzberg, Germany) to 

the dried gel particles. The samples were kept on ice for 1 h to observe whether the gel pieces 

were fully submerged (10 μl 25 mM ammonium bicarbonate was added if this was not the 

case) and were subsequently incubated overnight at 37°C. The solution surrounding the gel 

pieces was collected and stored at -20°C. We then added 20 μl of 25 mM ammonium 
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bicarbonate to the gel pieces, and incubation was continued at 37°C degrees for another hour. 

The solution was again collected and added to the first fraction prior to freezing. 

In order to identify the amino acid sequence of the peptide moiety of glycopeptides, several 

samples were deglycosylated with N-glycosidase F (N-glycosidase F of Flavobacterium 

meningosepticum, Roche Applied Sciences), either in-gel (before the addition of a proteolytic 

enzyme) or in-solution (after in-gel proteolytic digestion had already taken place). For in-gel 

deglycosylation, the same digestion protocol as described above was implemented, but 

instead of a proteolytic enzyme, 0.04 μg (1 unit) of N-glycosidase F in 30 μl 25 mM 

ammonium bicarbonate was added to the dried gel particles. After overnight incubation at 

37°C, the solution surrounding the gel pieces was discarded, followed by incubation in 25 

mM ammonium bicarbonate, dehydration in ACN, drying with a centrifugal vacuum 

concentrator, and the addition of a proteolytic enzyme. For in-solution deglycosylation, 

around 1.5 μg of digested IgE and 0.02 μg N-glycosidase F (0.5 units) were brought to a total 

volume of 20 μl with Milli-Q-purified water and incubated overnight at 37°C. 

2.3.3: LC-ESI-MS(/MS) and MALDI-TOF-MS(/MS) analysis  
(Glyco-)peptides were analyzed by nano-RP-LC-ESI-ion trap-MS(/MS) on an Ultimate 3000 

RSLCnano system (Dionex/Thermo Scientific, Sunnyvale, CA) coupled to an HCTultra-ESI-

IT-MS (Bruker Daltonics, Bremen, Germany). Five μl of sample was injected and 

concentrated on a trap column (Acclaim PepMap100 C18 column, 100 μm x 2 cm, C18 

particle size 5 μm, pore size 100 Ǻ, Dionex/Thermo Scientific) before separation on an 

Acclaim PepMap RSLC nano-column (75 μm x 15 cm, C18 particle size 2 μm, pore size 100 

Ǻ, Dionex/Thermo Scientific). 

A flow rate of 300 nl/min was applied. Solvent A consisted of 0.1% formic acid in water; 

solvent B of 0.1% formic acid in 95% ACN and 5% water. A linear gradient was applied with 

the following conditions: t=0 min, 3% solvent B; t=6 min, 3% solvent B; t=54 min, 40% 

solvent B; t=64 min, 65% solvent B; t=71 min, 65% solvent B; t=71.5 min, 90% solvent B; 

t=75 min, 90% solvent B. 

Samples were ionized in positive ion mode with an online nanospray source (1000-1300 V) 

using fused-silica capillaries and a Distal Coated SilicaTip Emitter (New Objective, Woburn, 
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MA) with an internal diameter of 20 μm (10 μm at the tip) and a length of 5 cm. Solvent 

evaporation was performed at 170°C with a nitrogen flow of 10 l/min. 

For the detection of glycopeptides, the MS ion detection window was set at m/z 600-1800 and 

the MS/MS detection window at m/z 140-2200, with automated selection of the 5 highest 

peaks in the spectrum for MS/MS analysis. Singly charged ions were excluded from 

fragmentation. For the analysis of N-glycosidase F-treated peptide samples, the ion detection 

window was set at m/z 300-1800 for MS and m/z 140-2200 for MS/MS. 

The amino acid sequence of several glycopeptides could not be identified through LC-

MS/MS analysis of N glycosidase F-treated samples. Therefore, MS3 was performed on the 

original glycopeptide sample. For this, the precursors for both MS2 and MS3 were defined 

manually in the MS software. In the MS2 fragmentation spectrum of the glycopeptide, the 

peak corresponding to the peptide with only a single N-acetylglucosamine (GlcNAc) or with 

a GlcNAc and a fucose residue was fragmented, leading to an MS3 spectrum containing b 

and y ion fragments which allow identification of the amino acid sequence. 

In addition, MALDI-TOF-MS and MALDI-TOF/TOF-MS/MS with laser-induced 

dissociation were performed for peptide analysis on an UltrafleXtreme (Bruker Daltonics) 

using FlexControl 3.3 software (Bruker Daltonics) in positive ion mode. Proteolytic digests 

were spotted on an MTP 384 polished steel target plate (Bruker Daltonics) together with 1 μl 

of 2,5-dihydroxybenzoic acid (DHB) matrix (20 mg/ml in 50% ACN, 50% water). A peptide 

calibration standard (Bruker Daltonics) was used for external calibration. MALDI-

TOF(/TOF)-MS/(MS) data was analyzed with FlexAnalysis (Bruker Daltonics). 

2.3.4: Data processing 
The LC-MS/MS results were analyzed using DataAnalysis 4.0 software (Bruker Daltonics) 

and screened manually for the masses of common oxonium fragment ions (m/z 366.1: [1 

hexose + 1 GlcNAc + H]+; m/z 657.2: [1 hexose + 1 GlcNAc + 1 N-acetylneuraminic acid + 

H]+; m/z 528.2: [2 hexoses + 1 GlcNAc + H]+), which are characteristic for fragmentation 

spectra of glycopeptides. Glycopeptide MS/MS spectra were further analyzed manually to 

derive the oligosaccharide structure and the mass of the peptide moiety, which was then 

searched against a list of theoretical peptide sequences generated by IgE heavy chain 

digestion, using the ExPASY FindPept software tool 
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(http://www.expasy.org/tools/findpept.html). This was done with a mass tolerance of 0.5 Da, 

the enzyme settings on ‘no enzyme’, and while selecting the option of iodoacetamide-treated 

cysteines. The resulting candidate peptide sequences were then confirmed with LC-MS/MS 

analysis of N-glycosidase F-treated samples, using Protein Prospector MS-Product 

(http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msproduct) to calculate 

expected b and y ion fragmentation peaks. 

Mascot generic files (.mgf) were generated with DataAnalysis and analyzed automatically 

with Mascot Daemon version 2.2.2 (Matrix Science, London, UK). The following conditions 

were used when operating Mascot Daemon: database: SwissProt; taxonomy: Homo sapiens; 

enzyme: trypsin/ chymotrypsin/ proteinase K; fixed modifications: carbamidomethyl (C); 

variable modifications: oxidation (M) (and deamidated (NQ) for N-glycosidase F-treated 

samples); maximal amount of missed cleavages: 1; peptide charge: 2+ and 3+; peptide 

tolerance MS: 0.6 Da; peptide tolerance MS/MS: 0.4 Da; #13C: 1. 

Relative quantification of the glycoforms present at each site was achieved by summing the 

m/z over a fixed time window surrounding the elution time of each glycopeptide, and 

determining the average background-corrected intensity of the two highest isotope 

distribution peaks of the glycopeptide in the LC-MS data (if the glycopeptide was present in 

more than one charge state, the background-corrected intensities of multiple peaks were 

summed). This value was then normalized against the sum of the intensities of all 

glycopeptides which contained the same peptide moiety. For some glycopeptide species, 

modifications of approx. +17.0 Da and -18.0 Da were present, which are expected to be the 

result of ammonia addition and water loss, respectively. If the intensity of the modified 

peptide peak exceeded 20% of the intensity of the unmodified peptide peak, the total summed 

intensity of both peaks was used for relative quantification. 

To determine the degree of occupancy of potential N-glycosylation sites, LC-MS or MALDI-

TOF-MS analysis was performed on an N-glycosidase F-treated sample. For peaks belonging 

to peptides containing a potential N-glycosylation site, the isotope distribution was 

investigated to derive the ratio of the deamidated peptide (with the asparagine amino acid 

modified to an aspartic acid, increasing the mass by 1 Da and indicating that a glycan 

structure had been attached prior to deglycosylation) versus the unmodified peptide. This was 

done by using the theoretical isotope distribution of both peptides as determined by the 
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Isotope Distribution Calculator (IDCalc) 3.0 (University of Washington, Seattle, 

Washington). If the deamidated peptide was also found in a non-N-glycosidase F-treated 

sample which was incubated under the same conditions as the treated sample, spontaneous 

deamidation was determined to be present and a correction was performed to account for this 

phenomenon.  

Additionally, a second method was used to calculate the degree of partial occupation. This 

involved relative quantification of glycopeptides and the corresponding unoccupied peptide 

from LC-MS data of a non-deglycosylated sample, by normalizing the background-corrected 

average intensity of the two highest isotope peaks to the total intensity of both glycopeptides 

and unoccupied peptide. A correction was applied to account for the difference in isotope 

distribution between glycopeptides and peptides. 

Protein sequence alignment was performed using two different algorithms: Protein BLAST 

(NCBI) and Clustal Omega (EMBL-EBI), using the default parameters. 
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2.4: Results 
Polyclonal IgE was obtained from three different sources: from the serum of a hyperimmune 

donor (which will be referred to as hyperimmune-IgE), from the pooled serum of multiple 

healthy donors (healthy-IgE), and from the pooled serum of two patients with IgE myeloma 

(myeloma-IgE). All three IgE samples were analyzed by SDS-PAGE, the bands were excised 

and the extracted N-glycopeptides subjected to nano-RP-LC-ESI-IT-MS/MS after tryptic 

digestion, revealing IgE heavy chains and kappa and lambda light chains (Figure 2.1). While 

the myeloma-IgE was reportedly derived from the pooled serum of both a donor with kappa-

type myeloma as well as a donor with lambda-type myeloma, only the kappa chain was 

found. 

Figure 2.1: SDS-PAGE analysis of IgE 
derived from the pooled serum of 
two donors with IgE myeloma 
(myeloma-IgE), from the serum of a 
single donor with a hyperimmune 
condition (hyperimmune-IgE) and 
from the serum of multiple healthy 
donors (healthy-IgE). Proteomics 
analysis of LC-ESI-IT-MS/MS data 
resulted in the identification of 
several proteins, of which the most 
significant are listed with their 
corresponding primary UniProt 
accession number. A more 
comprehensive list of identified 
proteins can be found in 
Supplemental Table S2.5. 
 
 
 

Hyperimmune-IgE and healthy-IgE displayed a double band containing Ig light chains, while 

myeloma-IgE showed a single band. Enzymatic deglycosylation of hyperimmune-IgE prior to 

SDS-PAGE analysis resulted in the appearance of only a single light chain band, indicating 

that the light chain is present in both a glycosylated and non-glycosylated form in healthy-IgE 

and hyperimmune-IgE. This was confirmed by LC-ESI-IT-MS/MS analysis of tryptic 

peptides, which showed that the upper light chain band contained several glycopeptides, 

whereas none were found in the lower light chain band. Since no consensus N-glycosylation 

site is present in the conserved region of the light chain, we assume that the glycosylation in 

these samples is present on the variable part of the light chain.  
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Seven potential N-glycosylation sites are present in the constant region of the human IgE 

heavy chain (Uniprot P01854); Asn21, Asn49 and Asn99 on domain CH1, Asn146 on CH2 

and Asn252, Asn264 and Asn275 on CH3. To study site-specific IgE heavy chain 

glycosylation, in-gel digestions were performed using trypsin, chymotrypsin and proteinase 

K, and these samples were analyzed by LC-ESI-IT-MS/MS. The LC-MS/MS data was 

screened for the masses of oxonium fragment ions (m/z 366.1: [1 hexose + 1 GlcNAc + H]+; 

m/z 657.2: [1 hexose + 1 GlcNAc + 1 N-acetylneuraminic acid + H]+; m/z 528.2: [2 hexoses + 

1 GlcNAc + H]+), which allowed detection of fragmentation spectra belonging to 

glycopeptides. Peptide moieties were assigned by matching the peptide mass derived from 

the fragmentation spectrum (often deduced from the peptide fragment ion with a GlcNAc or a 

GlcNAc and fucose attached) to theoretical peptide masses from IgE covering the potential 

N-glycosylation sites. In most cases, these peptide moieties were confirmed either by LC-

ESI-IT-MS/MS analysis of samples after treatment with N-glycosidase F (Supplemental 

Figure S2.1) or by MS3 experiments. A list of the peptide sequences identified using this 

methodology is outlined in Supplemental Table S2.1. To exemplify our approach and the 

different types of glycosylation observed, several MS/MS spectra will be described below. 

The fragmentation spectrum in Figure 2.2A shows a proteinase K-generated glycopeptide 

(m/z of 971.36 [M+3H]3+) displaying glycan fragments at m/z 366.1 and 657.2. Other 

fragments could be attributed to the glycopeptide after the loss of several sugar residues. 

Overall this revealed a disialylated, biantennary N-glycan structure. While a fragment 

resembling the peptide moiety is not present, the peptide mass can be deduced from the 

fragment at m/z 764.40 ([M+H]+) corresponding to the peptide with one N-acetylglucosamine 

attached. This peptide mass (561.32 Da, [M+H]+) matches with the peptide TINIT (aa 144-

148), containing the N-glycosylation site Asn146. This peptide sequence was confirmed by 

analysis of the deglycosylated sample (Supplemental Table S2.1).  

Figure 2.2B shows the fragmentation spectrum of a tryptic glycopeptide covering Asn99 

which contains a monosialylated, triantennary glycan moiety. The amino acid sequence was 

confirmed after analysis of the deglycosylated sample (Supplemental Figure S2.1 and 

Supplemental Table S2.1). 
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Figure 2.2: Fragmentation spectra obtained by nano-RP-LC-ESI-IT-MS/MS analysis of A) a 
proteinase K-generated glycopeptide from hyperimmune-IgE consisting of oligosaccharide 
structure H5N4S2F1 attached to peptide 144TINIT148; B) a trypsin-generated glycopeptide 
from myeloma-IgE consisting of H6N5S1F1 attached to 87VAHTPSSTDWVDNK100; C) a 
proteinase K-generated glycopeptide from hyperimmune-IgE consisting of H5N5F1 attached to 
16KNIPSNAT23; D) a chymotrypsin-generated glycopeptide from hyperimmune-IgE consisting 
of H5N2 attached to 266STRKEEKQRNGTL278; and E) a chymotrypsin-generated 
glycopeptide from myeloma-IgE consisting of H3N2 attached to 
269KEEKQRNGTL278/275NGTLTVTSTLPV286. H = hexose; N = N-acetylglucosamine; S = N-
acetylneuraminic acid; F = fucose; pep = peptide; green circle = mannose; yellow circle = galactose; 
blue square = N-acetylglucosamine; red triangle = fucose; purple diamond = N-acetylneuraminic acid. 
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Figure 2.2C displays a proteinase K-generated glycopeptide covering Asn21 which contains a 

putative bisecting GlcNAc (an N-acetylglucosamine which is β1–4 linked to the innermost 

mannose). In order to confirm that this was indeed a bisected structure, glycans released from 

hyperimmune-IgE were labeled with 2-aminobenzoic acid (AA) and then characterized using 

both LC-MS/MS and UHPLC with fluorescence detection. LC-ESI-IT-MS/MS analysis 

showed an AA-labeled, protonated fragment consisting of 3 GlcNAc residues, 1 fucose and 1 

hexose (m/z 1057.53) in the fragmentation spectrum of H5N5F1, indicating the presence of a 

bisecting GlcNAc (Supplemental Figure S2.2). Furthermore, UHPLC analysis of AA-labeled 

IgE glycans and AA-labeled IVIg glycans shows that the putative bisected structures in IgE 

elute at the same time as the corresponding structures of human intravenous immunoglobulin 

(IVIg; polyclonal human IgG), which have previously been shown to be bisected 

(Supplemental Figure S2.3) (25, 26). Moreover, if these structures were not bisected but 

instead contained a non-galactosylated third antenna, we would have expected to see non-

galactosylated biantennary structures as well, which was not the case. 

Oligomannosidic glycans were found on Asn275. The structure with 5 mannoses, 

exemplified by the MS/MS spectrum of a chymotrypsin-generated glycopeptide (Figure 

2.2D), was the most prevalent. Furthermore, paucimannosidic glycans with 4 mannoses were 

present in all three types of IgE, and structures with 3 or 2 mannoses were found in myeloma-

IgE and hyperimmune-IgE (Figure 2.2E). The MS/MS spectra of the oligomannosidic 

glycopeptides showed intense signals for [peptide + GlcNAc + H]+, and MS3 analysis of this 

ion was used in some instances to confirm the peptide sequence (Supplemental Figure S2.4). 
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Figure 2.3: A model of IgE, which consists of 2 heavy chains (dark grey) and 2 light chains (light 
grey). Black lines connecting the chains represent disulfide bonds. Seven potential N-glycosylation 
sites are indicated by their amino acid residue number, and the most common oligosaccharide 
structure present at each site in IgE from healthy donors (as found by this study) is shown. For each 
occupied N-glycosylation site, several peptide sequences are shown which were observed during 
digestion with trypsin (shown in red), proteinase K (blue) or chymotrypsin (green). 

Overall (Supplemental Figure S2.5), trypsin digestion allowed detection of glycopeptides 

covering Asn99, Asn252 and Asn275. Using proteinase K, glycopeptides covering Asn21, 

Asn99, Asn146, Asn252 and Asn275 were observed, while chymotrypsin allowed the 

analysis of glycans at Asn21, Asn49, Asn99, Asn252 and Asn275. The peptide sequences 

covered by each of these enzymes are listed in Figure 2.3, along with a scheme of the 

structure of IgE and its seven potential N-glycosylation sites. N-glycosylation sites Asn21, 

Asn49, Asn99, Asn146 and Asn252 were found to be occupied solely by complex-type 

carbohydrate structures in each of the three types of IgE. The vast majority of complex-type 

IgE glycan structures were found to contain a core fucose residue. Galactose residues were 

present on all antennae of complex-type glycans, and most structures also contained one or 

two terminal N-acetylneuraminic acid residues. Structures with a varying number of N-

acetylneuraminic acids eluted at different time points, as can be seen in the extracted ion 
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chromatograms (EICs) of the glycopeptides containing Asn99 shown in Figure 2.4. The 

number of mannose residues present in the oligomannosidic glycan on Asn275 ranged from 2 

to 9 mannoses, and all of these structures eluted at roughly the same time (Figure 2.5). To 

demonstrate the accuracy of our measurements, a comprehensive overview of all glycan 

species found in hyperimmune-IgE can be seen in Supplemental Table S2.2, along with the 

corresponding mass measurements and elution times.  

 

Figure 2.4: NanoLC-ESI-MS of a proteinase K digest of IgE derived from the serum of a single 
hyperimmune donor. A) Extracted ion chromatogram of the sum of the intensities of MS1 peaks of 
[M+2H]2+ and [M+3H]3+ species of glycopeptides corresponding to peptide 95DWVDNK100. Spectra 
are shown with annotated peaks for neutral glycan species (B), monosialylated glycans (C) and 
disialylated glycans (D). Peaks which belong to glycopeptides containing the peptide 
95DWVDNK100 are shown in bold print; peaks that have been shown not to correspond to 
glycopeptides are marked with an asterisk. Green circle = mannose; yellow circle = galactose; blue 
square = N-acetylglucosamine; red triangle = fucose; purple diamond = N-acetylneuraminic acid; pep 
= peptide. 
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Figure 2.5: NanoLC-ESI-MS of a trypsin digest of IgE derived from the serum of a single 
hyperimmune donor. A) Extracted ion chromatogram of the sum of the intensities of peaks of 
[M+2H]2+ and [M+3H]3+ species of glycopeptides corresponding to peptide 
275NGTLTVTSTLPVGTR289. Spectra with annotated [M+3H]3+ peaks (B) and [M+2H]2+ peaks 
(C) are shown. Modified glycopeptides containing an ammonia adduct are present, and are signified 
by a transparent diamond. Peaks which belong to unmodified glycopeptides containing the peptide 
95DWVDNK100 are shown in bold print; peaks that have been shown not to correspond to 
glycopeptides are marked with an asterisk. Green circle = mannose; yellow circle = galactose; blue 
square = N-acetylglucosamine; red triangle = fucose; purple diamond = N-acetylneuraminic acid; pep 
= peptide. 

Relative quantification of the glycan structures at each site was performed by summing the 

intensity of m/z values over a fixed time window around the elution time of each 

glycopeptide, and determining the background-corrected average intensity of the two highest 

isotopic peaks. This value was determined for each glycoform (if present in multiple charge 

states, the intensities of all charge states were summed) and normalized against the total of all 

glycoforms containing the same peptide moiety. The relative quantification profiles gathered 

from multiple digest samples were averaged for each glycosylation site, thus combining 

information from glycopeptides with different peptide moieties. Fortunately, the influence of 

the variation of the peptide moiety on the quantification profile appeared to be limited. This is 

illustrated by Supplemental Figure S2.6, which shows 17 relative quantification profiles 

acquired for site Asn99 in hyperimmune-IgE, based on glycopeptides with 7 different peptide 

moieties generated by either trypsin, proteinase K or chymotrypsin. The average relative 

quantification profile and the corresponding standard deviation of each of the six occupied N-
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glycosylation sites was calculated separately for all three types of IgE, and is shown in the 

form of bar graphs (Figure 2.6). The number of separate profiles on which each average was 

based ranged from 2 to 17 (indicated in the inserts). The overall abundance of several N-

glycosylation features (e.g. core fucose, bisecting GlcNAc, number of antennae, and the 

number of N-acetylneuraminic acids per galactose residue) is presented for each of the sites 

containing complex-type glycan structures (Figure 2.6, right part and Supplemental Table 

S2.3).  
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Figure 2.6: Glycosylation profiles of the 6 IgE N-glycosylation sites. Peak intensities were 
normalized to total intensity per glycosylation site, and averages and standard deviations are 
given based on multiple analyses with different enzymes as detailed in Supplemental Table S2.6. 
The number written behind the IgE type refers to the number of glycopeptide sets (with one 
glycopeptide set consisting of various glycoforms on one peptide from a separate enzymatic digest) 
which were used to calculate the average relative abundance. The complex-type glycosylation sites 
have an adjacent graph which outlines the following glycosylation features: fucosylation, incidence of 
bisecting N-acetylglucosamine, the number of N-acetylneuraminic acids per galactoses and the total 
percentage of triantennary and tetraantennary glycans. H = hexose; N = N-acetylglucosamine; S = N-
acetylneuraminic acid; F = fucose; green circle = mannose; yellow circle = galactose; blue square = 
N-acetylglucosamine; red triangle = fucose; purple diamond = N-acetylneuraminic acid. 
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Low levels of non-fucosylated structures were observed in hyperimmune-IgE and healthy-

IgE, whereas in myeloma-IgE all complex-type glycans were found to contain a core fucose. 

In all three types of IgE, the majority of complex-type glycans contained one or two terminal 

N-acetylneuraminic acid residues. Structures without N-acetylneuraminic acid were present at 

all five glycosylation sites which contain complex-type glycans in healthy-IgE and 

hyperimmune-IgE, while they were found only at sites Asn99 and Asn275, at very low levels, 

in the myeloma-IgE sample. In healthy- and hyperimmune-IgE, roughly 96% of complex-

type glycan structures were found to be biantennary, while the remainder was triantennary. 

The myeloma-IgE sample was characterized by elevated levels of triantennary glycans (37%) 

and the presence of tetra-antennary structures (5%), at sites Asn21, Asn49, Asn99 and 

Asn146. Interestingly, at Asn252 myeloma-IgE does not contain tetra-antennary glycan 

structures, and the level of triantennary glycan structures at this site is actually lower for 

myeloma-IgE than for healthy- and hyperimmune-IgE. At most N-glycosylation sites, 

bisected glycans form a minority. The exception is formed by site Asn252, where bisected 

glycan structures are more abundant than non-bisected glycans in healthy-IgE and 

hyperimmune-IgE. In myeloma-IgE, the level of bisected glycan structures is substantially 

lower: less than 1.5% of all glycans at Asn21, Asn49, Asn99 and Asn146 and approx. 8% at 

Asn252.  

The potential N-glycosylation site Asn264 was not covered by any peptide in the LC-MS/MS 

results of the proteolytic digests. It was suspected that this was due to the hydrophilicity of 

the amino acid sequence surrounding this site. This was confirmed by LC-MS/MS analysis of 

the synthetically produced peptide 258ASGKPVNHSTR268, corresponding to the in silico 

tryptic peptide covering this potential glycosylation site. When this sample was analyzed by 

LC-MS/MS in the same way as the enzymatic digests, which includes trapping and washing 

of a pre-column, the peptide was not found. However, by disabling the pre-column and 

bringing the sample directly onto the nano-column, this peptide was observed in the flow-

through (data not shown). Therefore, MALDI-TOF-MS analysis seemed more appropriate to 

study potential glycosylation at this site. For this purpose, we analyzed tryptic digests of 

myeloma-IgE and hyperimmune-IgE before and after treatment with N-glycosidase F. Both 

samples displayed a near-identical isotope distribution (shown in Supplemental Figure S2.7 

for myeloma-IgE), demonstrating that the apparent partial deamidation was spontaneous and 

that Asn264 is not occupied by carbohydrate structures.  
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The sites Asn99, Asn252 and Asn275 were found to be partially unoccupied, as peptides 

covering these sites were observed in proteolytic digests without N-glycosidase F treatment 

(Supplemental Figure S2.5). This was confirmed by the fact that the unoccupied tryptic 

peptides 87VAHTPSSTDWVDNK100, 249GTVNLTWSR257 and 

275DGTLTVTSTLPVGTR289 (the last one being present only in deamidated form, as has 

been shown to be characteristic for Asn-Gly sequences (27)) were found in ESI-LC-IT-

MS(/MS) and MALDI-TOF(/TOF)-MS/MS analysis of both N-glycosidase F-treated and 

non-N-glycosidase F-treated IgE. To calculate the degree of site occupancy, two methods 

were used. 

The first method involved determination of the ratio of deamidated vs. unmodified peptide 

from the isotope distribution in an N-glycosidase F-treated sample. This was corrected for 

spontaneous deamidation if this was observed in a non-N glycosidase-treated sample which 

was incubated likewise.  

The second method relied on performing relative quantification of both glycopeptides and the 

corresponding unoccupied peptide from LC-MS data of a non-N-glycosidase F-treated 

sample. Notably, these methods produced comparable results. The degree of occupation (% 

of peptides occupied by glycans+standard deviation) of Asn99, Asn252 and Asn275 was 

found to be 80+7% (range: 65-86%), 96+2% (range: 92-98%) and 98+3% (range: 92-100%), 

respectively, in both hyperimmune- and myeloma-IgE (Supplemental Table S2.4).  
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2.5: Discussion 
In this paper we used a combination of various enzymatic digestions and nano-RP-LC-ESI-

IT- and MALDI-TOF/TOF-MS/MS to study site-specific glycosylation in polyclonal 

immunoglobulin E derived from various sources. Previously, site-specific analysis of the 

glycosylation of IgE has only been performed on monoclonal myeloma-derived protein using 

gas-liquid chromatography or on recombinant IgE (7, 16-18). None of these studies have 

investigated all seven potential IgE N-glycosylation sites. We found that by combining the 

data from proteinase K and chymotrypsin digestion, all 6 occupied N-glycosylation sites in 

the conserved region of the heavy chain can be explored. We confirmed the presence of 

complex-type N-glycosylation structures at Asn21, Asn49, Asn99, Asn146 and Asn252 and 

oligomannosidic structures at Asn275, in all three types of polyclonal IgE. In accordance 

with literature, potential N-glycosylation site Asn264 was found not to be occupied by N-

glycans; Asn99, Asn252 and Asn275 were shown to be only partially occupied.  

To evaluate the performance of our method in studying site-specific IgE glycosylation 

profiles and the differences in IgE glycosylation under different physiological conditions, we 

chose to include a myeloma-derived IgE sample. As expected, the glycosylation profile of the 

myeloma-IgE sample was found to be markedly different, while the glycosylation of the 

healthy-IgE and hyperimmune-IgE samples was found to be quite similar. Overall, the level 

of triantennary and tetraantennary complex-type glycan structures was greatly elevated in 

myeloma-IgE. Although the linkage types of the antennae within the glycan structures found 

in this study are not known, it is likely that the increase in tri- and tetraantennary complex-

type structures in myeloma-IgE is due to an increase in β1-6-linked branching, which has 

been observed in previous studies for various types of cancer tissue (28, 29). Accordingly, we 

found the abundance of glycans with a bisecting N-acetylglucosamine to be severely 

decreased in myeloma-IgE, which is likewise a known glycosylation feature of malignancies 

(30). Furthermore, no non-fucosylated complex-type glycans were encountered in myeloma-

IgE, and the level of complex-type structures which did not contain N-acetylneuraminic acids 

was found to be lower than in healthy-IgE and hyperimmune-IgE. It should be stressed that 

these results are based on 3 (pooled) samples. Therefore these findings should be considered 

as examples of how such profiles can be studied using our method, and not as conclusive in 

describing overall IgE glycosylation under these (patho)physiological conditions. 
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The validity of nanoLC-ESI-IT-MS for the determination of site occupancy is not undisputed. 

Recently, Stavenhagen et al. studied the influence of (glyco)peptide characteristics in 

glycoproteomic workflows on signal intensities and consequently on relative site occupancy 

with MS-based techniques (31). Using a limited set of structurally related (glyco)peptides, 

they observed lower signal strength of both di- and non-sialylated biantennary N-

glycopeptides as compared to the non-glycosylated counterparts. Moreover, they observed a 

slight reduction in intensity upon Asn-Asp exchange (analogous to PNGase F treatment), 

especially when the aspartic acid was close to the C-terminus of the (tryptic-like) peptide. 

These ion suppression effects were to a large extent dependent on the ionization source, with 

nano-ESI allowing to avoid the ionization suppression to a large extent. With regard to our 

determination of site occupancies, these results imply that comparing signal strengths of 

glycopeptides and peptides without any correction factor will most likely result in 

underestimation of the glycopeptide relative abundance and consequently the site-occupancy. 

Likewise, direct comparison of peptides with a potential N-glycosylation site containing the 

Asn or Asp (generated by PNGase treatment and/or spontaeous deamidation) may result in 

slightly biased site occupancies. In view of these considerations, it is remarkable that the site 

occupancies determined in our study by different approaches show a rather good agreement. 

In addition, the fact that disialylated glycopeptides were reported to generate a lower signal 

than corresponding non-sialylated species indicates that the level of sialylation found in our 

study might be somewhat lower than the real values (31). 

The type of glycans (complex or oligomannosidic) present at each IgE N-glycosylation site as 

determined by our study matches the findings of previous studies (7, 17, 18). However, this 

comparison is complicated by the fact that the two previous site-specific IgE characterization 

studies were performed solely on monoclonal, myeloma-derived IgE, and by the fact that 

these studies determined only the relative abundance of monosaccharide residues, and not the 

actual glycan structures (7, 17, 18). These findings do not always correspond with our data. 

For example, Dorrington et al. reported only trace amounts of fucose at Asn99 and Asn146, 

while our findings show the majority of glycans at these sites to be fucosylated in all three 

IgE samples (7). A study by Arnold et al. on released glycan structures of the IgE heavy 

chain derived from the serum of a hyperimmune donor also shows several markedly different 

results (20). Contrary to our findings, they reported no tri- and tetraantennary structures, but 

they did encounter four different monoantennary glycans and one hybrid-type glycan. 
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Furthermore, they report that approx. 68% of complex-type IgE glycans contained a core 

fucose, while the degree of fucosylation in the three samples we analyzed was found to lie 

between 98.5% and 100%.  

Heavy chain glycosylation of several other members of the immunoglobulin family has been 

shown to influence protein solubility, transport and lectin- and receptor-binding (32, 33). 

Sequence alignment revealed the IgE N-glycosylation site Asn275 to be homologous to 

Asn297 in IgG, Asn364 in IgD and Asn402 in IgM, indicating functional significance. While 

Asn275 is occupied by complex-type N-glycans in IgG, the homologous sites in IgE, IgD and 

IgM contain oligomannosidic glycan structures (33). Removal of Asn297 in IgG has been 

shown to affect thermodynamic stability and receptor binding (34). Further evidence for 

functional significance of Asn275 emerges from the discovery that, while mutation of 

potential N-glycosylation sites Asn252 or Asn264 (NQ) did not influence IgE-FcεRI 

interaction, mutation of Asn275 or Thr277 resulted in loss of binding (16). However, this loss 

of binding was also observed when the oligosaccharide occupation of Asn275 was not 

affected (T277S mutation). In general, glycosylation is thought to make only a minor or no 

contribution to FcεRI binding (11-13), although one account of a severe loss in binding after 

deglycosylation of IgE has been described (10). Moreover, glycosylation of IgE has been 

shown to affect binding affinity for CD23 (13). It has been theorized that the presence of 

glycans at Asn252 could directly affect the interaction between IgE and CD23 (35). The 

immune regulators galectin-3 and galectin-9 also bind to IgE in a glycosylation-dependent 

manner, and it is speculated that galectin-IgE binding has a negative effect on IgE-antigen 

and IgE-receptor binding (14, 36). These are only a few of the ways by which glycosylation 

of IgE can influence its activity, and more functional research is needed to further elucidate 

the biological role of IgE glycosylation. 

Due to their association with adverse or protective IgE responses, allergy and parasitic 

diseases are favorable candidates for further studies (5, 6). While this study has uncovered no 

significant differences between the IgE glycosylation profile of a single hyperimmune donor 

and that of healthy individuals, it will be interesting to examine if this similarity holds true 

when comparing large numbers of individuals with various allergic conditions.  

In conclusion, this study describes a comprehensive overview of the glycosylation of 

polyclonal IgE and provides a workflow of how this can be studied in a site-specific manner. 
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Our aim is to further develop our method in order to determine disease-associated 

glycosylation changes of IgE. This is motivated by the fact that IgE glycosylation has been 

known to show inter-individual variation (21) and has been implicated in modulating 

biological activity. To this end, we are currently working on setting up a robust method for 

IgE purification from serum, which shall be combined with ultrahigh-sensitivity analysis of 

glycopeptides (37) in order to comply with the often limited amounts of IgE that can be 

obtained from serum or plasma samples (1-3). 
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Supplemental Figure S2.1: MS/MS spectrum from LC-ESI-IT-MS analysis corresponding to 
the deamidated trypsin-generated peptide 87VAHTPSSTDWVDN(deamidated)K100 from 
myeloma-IgE. Glycan release with N-glycosidase F has been performed on the sample, followed by 
trypsin digestion. The m/z values of singly and doubly charged b and y fragment ions are given. Loss 
of water (-18 Da) is denoted by an asterisk. 
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Supplemental Figure S2.2: MS/MS spectrum of the H5N5F1 structure from LC-ESI-IT-MS 
analysis of 2-aminobenzoic acid-labeled IgE glycans. The peak at m/z 1057.53 indicates that the 
glycan contains a bisecting N-acetylglucosamine. The peak at m/z 512.26 corresponds to [HexNAc + 
hexose + fucose + H]+, but this structure is most likely due to fucose migration, as described 
previously (38). Green circle = mannose; yellow circle = galactose; blue square = N-
acetylglucosamine; red triangle = fucose; AA = 2-aminobenzoic acid. 
For in-solution glycan release, 10 µg of hyperimmune-IgE in 20 µl 1.3%SDS Milli-Q-purified water 
was first incubated at 60°C for 10 min. Next, 10µl of 2% Tergitol type NP-40, 10 µl of 5xPBS and 1 
µl of N-glycosidase F (1 unit) were added, and glycan release was performed overnight at 37°C. An 
AA-label was introduced by adding 15 µl labeling solution (48mg/ml AA in 85%DMSO 15% acetic 
acid) and 15µl reducing solution (107mg/ml 2-picoline borane in DMSO). The sample was vortexed 
thoroughly, and incubated at 65°C for 2 h. The glycans were then purified using cotton HILIC SPE, as 
described by Selman et al. (39) The cotton tip was first equilibriated 3x with water and 3x with 85% 
acetonitrile (ACN). The sample with labeled glycans was brought to 85% ACN and run through the 
cotton tip around 40x. The cotton tip was then washed 3x with 85% ACN 1% trifluoroacetic acid and 
3x with 85% ACN, before the glycans were eluted in 10 µl Milli-Q-purified water.  
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Supplemental Figure S2.3: UHPLC analysis of 2-aminobenzoic acid (AA)-labeled glycans from 
hyperimmune-IgE and from human IVIg (Nanogam).  
Glycan release, labeling and purification were performed as described under Supplemental Figure 
S2.2. The samples were analyzed on a Dionex Ultimate 3000 UHPLC system, coupled to an FLD-
3400RS fluorescence detector (Dionex/Thermo Scientific). Separation was achieved on an AQUITY 
UPLC BEH Glycan column (2.1 x 100mm, particle size 1.7 µm, Waters), with a flow of 0.6 ml/min 
and an oven temperature of 60°C. Solvent A consisted of 100 mM ammonium formate in water; 
solvent B of acetonitrile. A linear gradient was applied with the following conditions: t=0 min, 15% 
solvent A; t=0.5 min, 15% solvent A; t=0.5 min, 25% solvent A; t=45.5 min; 43% solvent A; t=45.5 
min, 60% solvent A; t=49.5 min, 60% solvent A; t=49.5 min, 15% solvent A.  
The 2-AA labeled glycans of IgE were identified based on the comparison of their HPLC elution 
patterns with those of fluorescently labeled IgG N-glycans previously described by Lauc et al. (26) 
The H5N5F1, H5N5S1F1 and H5N5S2F1 structures were confirmed by LC-ESI-IT-MS/MS analysis 
of UHPLC fractions. Green circle = mannose; yellow circle = galactose; blue square = N-
acetylglucosamine; red triangle = fucose; purple diamond = N-acetylneuraminic acid; AA = 2-
aminobenzoic acid. 
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Supplemental Figure S2.7: MALDI-TOF-MS spectra of both a deglycosylated and an untreated 
trypsin digest of myeloma-IgE. Before trypsin digestion was performed, one of the digests was 
treated with N-glycosidase F, while the other was incubated in buffer. This was done to observe 
the degree of spontaneous deamidation. The two spectra on the left show the isotope distribution 
corresponding to a peptide containing the potential N-glycosylation site Asn264; the spectra on the 
right correspond to a peptide containing glycosylation site Asn99. The ratio of deaminated (‘D’) 
peptide versus non-deaminated (‘N’) peptide was determined from the theoretical isotope distribution. 
Peptide sequences were confirmed with MALDI-TOF/TOF-MS.  
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3.1: Summary 
Immunoglobulin G (IgG) is one of the most abundant proteins present in human serum and a 

fundamental component of the immune system. IgG3 represents approximately 8% of the 

total amount of IgG in human serum and stands out from the other IgG subclasses because of 

its elongated hinge region and enhanced effector functions. This study reports partial O-

glycosylation of the IgG3 hinge region, observed with nanoLC-ESI-IT-MS(/MS) analysis 

after proteolytic digestion. The repeat regions within the IgG3 hinge were found to be in part 

O-glycosylated at the threonine in the triple repeat motif. Non-, mono- and disialylated core 

1-type O-glycans were detected in various IgG3 samples, both poly- and monoclonal. 

NanoLC-ESI-IT-MS/MS with ETD fragmentation and CE-MS/MS with CID fragmentation 

were used to determine the site of IgG3 O-glycosylation. The O-glycosylation site was 

further confirmed by the recombinant production of mutant IgG3 in which potential O-

glycosylation sites had been knocked out.  

For IgG3 samples from six donors we found similar O-glycan structures and site occupancies, 

whereas for the same samples the conserved N-glycosylation of the Fc CH2 domain showed 

considerable inter-individual variation. The occupancy of each of the 3 O-glycosylation sites 

was found to be approximately 10% in six serum-derived IgG3 samples and approximately 

13% in two monoclonal IgG3 allotypes. 
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3.2: Introduction 
Immunoglobulin G (IgG) is one of the most abundant proteins present in human serum and 

represents approximately three-quarters of the total serum immunoglobulin content (1). As 

the main mediator of humoral immunity and an important link between the adaptive and 

innate immune system, IgG is a fundamental component of the immune system. IgG consists 

of two heavy and light chains, linked by disulfide bonds. The protein can be subdivided into 

the antigen-binding (Fab) and the receptor-binding (Fc) region. There are four subclasses of 

IgG, all of which share an overall structure homology but differ slightly in their amino acid 

sequence; the quantity of the subclasses in human serum is as follows: IgG1 > 2 > 3 > 4 (2). 

IgG3 represents approximately 8% of the total amount of IgG in human serum (2), and stands 

out from the other IgG subclasses for a number of reasons. First of all, IgG3 contains an 

elongated hinge region with up to a triple repeat sequence (the actual number ranging from 

one to three depending on the allotype (3)), which is responsible for the increased flexibility 

between the Fab and the Fc part, as well as the wider and more flexible angle between the 

two Fab arms (4, 5). This flexibility is likely the cause of the increased affinity of IgG3, 

compared to the other subclasses, for divalent binding to certain types of antigens (4, 6, 7). 

Secondly, IgG3 has a higher affinity for C1q, which initiates the classical complement 

pathway (5, 8). The interaction between IgG3 and C1q is not due to the elongated hinge 

region, as demonstrated by studies showing that recombinant IgG3 with an IgG1- or IgG4-

like hinge sequence exhibited even greater binding affinity for C1q than wild type IgG3 (8-

10). Thirdly, IgG3 has a higher overall affinity for the Fcγ receptors (FcγRs), through which 

it can influence effector cells of the innate immune system (11). The CH2 domain and hinge 

region of IgG3 were shown to be instrumental in binding to the high affinity FcγRI receptor 

(12). Finally, IgG3 generally has a shorter half-life compared to the other IgG subclasses (1 

versus 3 weeks) (2). This difference was traced back to an H435R mutation that confers a 

positive charge at physiological pH, resulting in a decreased binding to the neonatal Fc 

receptor (FcRn), which is involved in recycling IgG targeted for lysosomal degradation (13). 

The low-efficiency FcRn-mediated transport also gives rise to decreased levels of IgG3 in 

mucosal tissue and impaired transport of IgG3 across the placenta (14). These properties do 

not hold true for all types of IgG3, since a large number of IgG3 allotypes have been 

described, some of which lack the H435R substitution and have a half-life and placental 

transport rates similar to IgG1 (13-16). IgG3 is more polymorphic than the other IgG 

79



Chapter 3: Hinge-region O-glycosylation of Human IgG3 

      
 

 
 

subclasses, as evidenced by the high number of known allotypes (16). Most of the 

polymorphisms reside in the CH2 or CH3 domain, but the length of the hinge region can also 

display a high degree of variation. Depending on the number of sequence repeats, the hinge 

region can vary from 27 to 83 amino acid residues between different IgG3 allotypes (3, 16, 

17). 

An N-linked complex type glycan is highly conserved and found in the CH2 domain of all 

IgG subclasses and allotypes. The type of glycan present at this site has been shown to 

influence the effector functions of IgG (18). N-glycans which lack a core fucose cause IgG to 

have an enhanced pro-inflammatory capacity through stronger binding to FcγRIIIa and 

FcγRIIIb (18-20). In contrast, IgG carrying sialylated N-glycans exhibits anti-inflammatory 

properties, likely due to increased binding affinity to C-type lectins and/or reduced binding to 

FcγR (18, 21, 22). 

O-linked glycosylation has been reported for various immunoglobulins. O-glycans are 

present on the hinge region of human IgA1 and IgD and mouse IgG2b (23-25). IgA1 contains 

nine potential sites for O-glycosylation (serine and threonine) in the hinge region, of which 3-

5 are occupied, while IgD has been reported to carry between 4 and 7 O-glycans (24-26). The 

O-glycosylation in the hinge of murine IgG2b was observed to protect against proteolytic 

digestion (23). Likewise, IgA1 was found to be more susceptible to degradation by 

Streptococci proteases after neuraminidase treatment (27). 

In this study we report partial O-glycosylation of the human IgG3 hinge. We obtained both 

poly- and monoclonal IgG3 from various sources and performed proteolytic digestion with 

trypsin or proteinase K. NanoLC-reverse phase (RP)-ESI-ion trap (IT)-MS/MS was used to 

examine the resulting (glyco)peptides, revealing core 1-type O-glycans on multiple sites 

within the IgG3 hinge region.  
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3.3: Methods 

3.3.1: Immunoglobulin sources  
Polyclonal IgG3 from donor sera. IgG3 was purified from 6 serum samples (average donor 

age: 44.5 + 9 years; 3 male and 3 female; details are listed in Supplemental Table S3.1). The 

serum samples were collected from healthy donors with informed consent in compliance with 

the institutional ethical board. Venous blood was collected in a 9-ml Vacuette serum clot 

activator tube (Greiner BioOne, Kremsmünster, Austria) and incubated at room temperature 

for 30 min, followed by centrifugation for 15 min at 1800 g. The serum fraction was then 

collected and stored at -20°C. IgG was isolated by running the serum over a HiTrap Protein G 

HP column (GE Healthcare, Buckinghamshire, UK) and eluted with 0.1 M glycine-HCl, pH 

2.7. The eluate containing IgG was then applied to a HiTrap MabSelect SuRE column packed 

with recombinant Protein A (GE Healthcare), and the IgG3-containing flow-through was 

concentrated using an Amicon Ultra-15 centrifugal filter device 10 kDa (Merck Millipore, 

Darmstadt, Germany) and dialyzed against PBS using a Slide-A-Lizer Dialysis Cassette, 10K 

MWCO (Dionex/Thermo Scientific, Sunnyvale, CA).  

Polyclonal IgG3 from pooled plasma. IgG3 purified from pooled plasma was obtained 

commercially from Athens Research and Technology (Athens, GA). Upon inquiry, we 

learned that this IgG3 had been treated with dextran sulfate, followed by centrifugation to 

pellet the lipids. The delipidated plasma was then subjected to an ammonium sulfate 

precipitation, followed by boric acid precipitation. The IgG was isolated with ion exchange 

chromatography, and further purification of IgG3 was achieved with affinity chromatography 

(rProtein A), gel filtration chromatography and a jacalin column to remove a minor IgA 

contaminant. This purification method did not expose the IgG3 to extreme pH conditions or 

temperatures above 55°C. 

Monoclonal IgG3. Two monoclonal recombinant anti-GDob1 IgG3 allotypes, G3m(g) and 

G3m(s), were produced in a HEK-293F FreeStyle cell line expression system (Life 

Technologies, Paisley, UK). IgG3m(s) was then purified with a HiTrap MabSelect SuRE 

column packed with recombinant Protein A (GE Healthcare), while IgG3m(g) was purified 

with a Protein G HiTrap HP column (GE Healthcare). 

Monoclonal IgG3 mutants. Three IgG3 G3m(g) hinge mutants were produced 

recombinantly, together with  wild type IgG3 G3m(g) as a control. The variable regions of 
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the heavy and light chains (VH, VL) of the mouse IgG1 anti-2,4,6-trinitrophenol (TNP) 

hapten antibodies were cloned onto human IgG3 and kappa backbones, respectively, as 

described previously (20, 28). Synthetic DNA encoding for IgG3 mutants, replacing the three 

threonines (T) and/or serines (S) with alanines (A), was generated as 5’-NheI and 3’Bsu36I 

fragments by GeneArt (Life Technologies). The NheI-Bsu36I fragments were ligated in anti-

TNP IgG3 heavy chain replacing the corresponding fragment in the wild type heavy chain. 

Antibodies were produced in the HEK-293F FreeStyle cell line expression system (Life 

Technologies) with co-transfection of vectors encoding p21, p27 and pSVLT genes as 

described (29) to increase protein production. The antibodies were purified on a protein G 

HiTrap HP column (GE Healthcare) using the ÄKTAprime plus system (GE Healthcare) and 

dialyzed against PBS overnight. 

Monoclonal IgG3/4 Fc constructs. Four recombinant IgG3 and IgG4 Fc constructs were 

produced in a HEK-293F FreeStyle cell line (Life Technologies) and purified with a Protein 

G column (Protein G Sepharose 4 fast flow; GE Healthcare), as described by Rispens et al 

(30). All constructs contained an IgG4 hinge region, together with either the CH2 and CH3 

regions of two IgG3 allotypes (G3m(b)-Fc-h4 and G3m(c3c5)-Fc-h4) or the CH2 and CH3 

regions of two IgG4 variants (IgG4-Fc-V397M and IgG4-Fc-V397M,K392N). 

Polyclonal & monoclonal IgG4. Several IgG4 samples were collected. A polyclonal IgG4 

sample was affinity-purified from the plasma of a rheumatoid arthritis patient using anti-IgG4 

coupled to Sepharose (clone MH164.4, Sanquin, Amsterdam, The Netherlands). A second 

IgG4 sample was enriched from the serum of an LUMC patient with an extremely high IgG4 

serum titre (14.4 mg/ml). The serum was heat-inactivated and subjected to a 33% cut 

ammonium sulfate precipitation, followed by dialysis to decrease the salt content. The IgG4 

was then enriched on a HiTrap DEAE Sepharose and a Superdex 200 column (GE 

Healthcare) using an ÄKTAprime plus chromatography system (GE Healthcare); IgG4-

containing fractions were identified using ELISA and pooled. A monoclonal anti-TNP IgG4 

sample produced in HEK cells was purified with a protein G column and dialyzed against 

PBS, in the same way as described for the IgG3 mutants. In addition, we obtained a 

recombinant humanized IgG4 sample in the form of the therapeutic antibody natalizumab 

(Tysabri; Biogen Idec, Badehoevedorp, The Netherlands), which is produced in murine 

myeloma cells. 
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The protein sequences of the recombinant samples can be found in Supplemental Table S3.2. 

3.3.2: SDS PAGE analysis and proteolytic digestion 
Five µg of the IgG samples was reduced with 2-beta-mercaptoethanol (Sigma-Aldrich, 

St.Louis, MO) at 95°C for 10 min. The IgG was then run on a NuPage 4-12% Bis-Tris SDS-

PAGE gel (Life Technologies) and stained with Coomassie G-250 (SimplyBlue SafeStain, 

Life Technologies). Bands were excised, cut into pieces, washed with 25 mM ammonium 

bicarbonate (ABC, Sigma-Aldrich), and dehydrated with acetonitrile (Biosolve, 

Valkenswaard, The Netherlands). The IgG was then again treated with a reducing agent by 

adding 50 µl of a 10 mM DL-dithiothreitol (DTT; Sigma-Aldrich) 25 mM ABC solution for 

30 min at 55°C. The gel pieces were subsequently dehydrated by the addition of acetonitrile. 

Alkylation of the cysteine residues was achieved by incubation with 50 µl of a 55 mM 

iodoacetamide (Sigma-Aldrich) 25 mM ABC solution in the dark for 20 min. The gel pieces 

were then washed with 25 mM ABC and dehydrated with acetonitrile. The washing and 

dehydration was repeated a second time, and the samples were subsequently dried down 

completely in a centrifugal vacuum concentrator (Eppendorf, Hamburg, Germany). 

For proteolytic digestion to take place, 30 µl of 25 mM ABC containing either trypsin 

(sequencing grade modified trypsin, Promega, Madison, WI), proteinase K (from 

Tritirachium album; Sigma-Aldrich) or chymotrypsin (sequencing grade from bovine 

pancreas, Roche Applied Sciences, Mannheim, Germany) was added to the dried gel pieces. 

An IgG:enzyme (w/w) ratio of 1:20 for trypsin, 1:3 for proteinase K and 1:20 for 

chymotrypsin was used. The samples were kept on ice for 1 h, to allow the enzyme to enter 

the gel pieces. If the gel pieces were not fully submerged, a further 10-20 µl of 25 mM ABC 

was added. The samples were incubated overnight at 37°C. The solution surrounding the gel 

pieces was collected the next morning. Following the addition of another 20 µl of 25 mM 

ABC, the gel pieces were incubated at 37°C for 1 h. The solution was then again collected 

and added to the first fraction, and stored at -20°C. 

Alternatively, several IgG3 samples were digested in solution without reduction alkylation: 3 

µg of IgG3 was incubated with 0.3 µg of trypsin in a total volume of 25 µl 25 mM ABC at 

37°C overnight. 
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Endoproteinase AspN (NewEngland Biolabs, Ipswich, MA) was used to further digest 

trypsin-generated (glyco)peptides. Digestion was performed by adding 1.5 µl of AspN and 15 

µl of 2x AspN buffer (100 mM Tris-HCl, 5 mM zinc sulfate, NewEngland Biolabs) to 15 µl 

of trypsin-digested IgG3, and incubating overnight at 37°C. 

3.3.3: Exoglycosidase digestion 
Exoglycosidase digestion was performed on tryptic IgG glycopeptides. The trypsin-digested 

IgG3 was first heated to 95°C for 5 min to inactivate the trypsin. The sample was then dried 

in a centrifugal vacuum concentrator (Eppendorf), and resuspended by the addition of 16 µl 

of Milli-Q-purified water, 2 µl 50 mM sodium acetate (pH 5.5), 1 µl sialidase (Glyko 

sialidase A, Prozyme, Hayward, CA) and 1 µl of galactosidase (Glyko beta-galactosidase, 

Prozyme). The samples were incubated overnight at 37°C. 

3.3.4: NanoLC-ESI-IT-MS(/MS) analysis 
The IgG3 (glyco)peptides were analyzed with nanoLC-reversed phase (RP)-electrospray 

(ESI)-ion trap (IT)-MS(/MS) on an Ultimate 3000 RSLCnano system (Dionex/Thermo 

Scientific) coupled to an amaZon speed ESI-IT-MS (Bruker Daltonics, Bremen, Germany). A 

precolumn (Acclaim PepMap C18 capillary column, 300 µm x 5 mm, particle size 5 µm, 

Dionex/Thermo Scientific) was used to wash and concentrate the sample, and separation was 

achieved on an Acclaim PepMap RSLC C18 nanocolumn (75 µm x 150 mm, particle size 2 

µm, Dionex/Thermo Scientific) with a flow rate of 500 nl/min. The following linear gradient 

was used, with solvent A consisting of 0.1% formic acid in water and solvent B of 95% 

acetonitrile, 5% water:  t=0 min, 1% solvent B; t=5 min, 1% B; t=20 min, 25% B; t=25 min, 

70% B; t=30 min, 70% B; t=31 min, 1% B; t=55 min, 1% B. The sample was ionized in 

positive ion mode with an ESI-nanosprayer (4500 V) using a bare fused silica capillary 

(internal diameter of 20 µm). The solvent was evaporated at 180°C with a nitrogen flow of 5 

l/min. A CaptiveSpray nanoBooster (Bruker Daltonics) was mounted onto the mass 

spectrometer and saturated the nitrogen flow with ACN to enhance the sensitivity. The MS1 

ion detection window was set at m/z 350-1400, and the MS2 window at m/z 140-2200. The 

three highest non-singly charged peaks in each MS1 spectrum were automatically fragmented 

through collision-induced dissociation (CID). In order to identify the peptide sequence of 

proteinase K- and trypsin-generated O-glycopeptides, MS3 analysis was performed on 

manually selected precursors: the MS2 peak representing the peptide without sugars attached 
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was targeted for fragmentation. In a separate LC-MS run, electron transfer dissociation 

(ETD) fragmentation was done on selected precursor ions. 

3.3.5: t-ITP-CE-ESI-qTOF-MS(/MS) analysis 
Transient isotachophoresis (ITP)-capillary electrophoresis (CE)-ESI-qTOF-MS/MS analysis 

was performed on a tryptic sialidase- and galactosidase-treated IgG3 sample derived from 

pooled plasma. Separation was achieved on a CESI 8000 system (AB Sciex, Framingham, 

MA), coupled via porous sheathless interfacing to an ultra-high resolution (UHR)-qTOF 

maXis Impact MS system (Bruker Daltonics) operating in positive ion mode. The sample 

migrated over a 90-cm bare fused capillary (i.d. 30 µm, o.d. 150 µm, AB Sciex). A 10% 

acetic acid solution was used as background electrolyte and a 50 mM ammonium acetate 

solution as leading electrolyte. A voltage of 20 kV was applied and 70 nl was injected during 

1 min. The ion detection window for both MS1 and MS2 was set at m/z 50-2200. 

3.3.6: Data processing 
The LC-MS(/MS) data was analyzed using DataAnalysis 4.2 software (Bruker Daltonics). 

Within this program, the function Compounds – AutoMS(n) was used to generate 300 

compound spectra (with sum spectra generated for compounds within an m/z window of 0.5 

Th over a chromatographic peak width of 0.5 min), and this data was deconvoluted and 

exported as a mascot generic file. Protein identification through primary sequence database 

searching was performed using the MASCOT search algorithm (MASCOT Daemon version 

2.2.2; Matrix Science, London, UK). The following MASCOT settings were used: taxonomy: 

Homo sapiens; database: SwissProt; enzyme: trypsin (for trypsin digests) / no enzyme (for 

proteinase K digests) / chymotrypsin (for chymotrypsin digests); fixed modifications: 

carbamidomethyl (C); variable modifications: oxidation (M); max missed cleavages: 1; MS1 

peptide tolerance: 0.3 Da; MS/MS tolerance: 0.3  Da; #13C: 0. 

The fragmentation spectra were screened manually for common oxonium fragment ions, 

which are characteristic for glycopeptide fragmentation: m/z 366.14, [1 HexNAc (N-

acetylhexosamine) + 1 Hex (hexose) + H]+; m/z 292.10, [1 NeuAc (N-acetylneuraminic acid) 

+ H]+; m/z 274.09, [1 NeuAc – H2O + H]+; m/z 657.23, [1 HexNAc + 1 Hex + 1 NeuAc + 

H]+. From the MS/MS spectra of O-glycopeptides, the composition of the glycan and the 

mass of the peptide moiety could be deduced. This peptide mass was used to generate 

matching IgG peptide sequences using the ExPASY FindPept software tool 
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(http://www.expasy.org/tools/findpept.html). The MS3 spectrum of the peptide moiety was 

then used to confirm the peptide sequence, by comparing the peaks in the spectrum to the b 

and y ions expected according to the Protein Prospector MS-Product tool 

(http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msproduct).  

Relative quantification of the O-glycans present on the tryptic IgG3 peptide SCDTPPPCPR 

was done by summing LC-MS spectra over a fixed time window of 0.5 min surrounding the 

elution of each (glyco)peptide, and then summing the background-corrected intensities of the 

first 3 isotopic peaks for each O-glycopeptide. If the compound was present in multiple 

charge states, the background-corrected peak intensities of the different charge states were 

summed followed by normalizing the data so that the total was 100%. A separate correction 

factor was applied to each of the glycopeptides to correct for the fact that higher mass 

compounds have a lower percentage of signal intensity present in the first 3 isotopic peaks. 

First, the percentage of signal intensity present in each isotopic peak was calculated using 

IDCalc version 0.3 (University of Washington). The correction factor consists of the % of 

signal intensity present in the first 3 isotopic peaks of the peptide divided by the % of signal 

intensity present in the first 3 isotopic peaks of the O-glycopeptide.  

In order to obtain a more accurate determination of the percentage of oligosaccharide 

occupation of the tryptic IgG3 peptide SCDTPPPCPR, relative quantification was done using 

LC-MS analysis of a sialidase- and galactosidase-treated tryptic digest sample. The ratio 

between the peptide and the peptide + HexNAc was determined in the same way as described 

above. 

Relative quantification of N-glycosylation of IgG3 was performed using an adjusted version 

of the method reported by Selman et al (31). Targeted alignment was done using a novel in-

house tool, which aligned nanoLC-ESI-IT-MS spectra according to a list of calibrant m/z and 

retention time values. Various IgG3 N-glycopeptides were used as calibrants. The algorithm 

examines the m/z region within a given time window around each calibrant and isolates the 

local maxima. The observed retention times of these maxima and the desired retention times 

are then taken as an input array for a second degree polynomial fit, returning a function 

which is used to transform the observed retention time of the whole spectrum, resulting in 

well-aligned spectra. The in-house tool 3D Max Extractor was used to extract signal 

intensities within specific m/z windows. The program examines all datapoints in m/z-retention 
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time space around a given analyte and reports the maximum intensity observed per analyte. 

Background-corrected intensities of the first three isotopic peaks belonging to IgG2/3 

glycopeptides with a charge state of 2+, 3+ or 4+ were determined from the spectra and 

summed. The glycopeptide values were normalized by dividing by the summed intensity of 

all glycopeptide values. Glycopeptides were included if they exhibited a signal-to-noise ratio 

over 3 in at least 25% of the samples. The tryptic peptide that contains the N-glycosylation 

site has the same mass in both IgG3 and IgG2, and thus with this method we could not 

distinguish between IgG3 and IgG2 glycopeptides. 
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3.4: Results 

3.4.1: O-glycosylation of IgG3 
Various types of IgG3 samples were obtained: polyclonal IgG3 samples purified from the 

serum of 6 donors (44.5 + 9 years, 3 male + 3 female; details in Supplemental Table S3.1); 

polyclonal IgG3 purified from pooled plasma; and two recombinant monoclonal anti-GDob1 

IgG3 allotypes (G3m(g) and G3m(s)) produced in human embryonic kidney (HEK) cells. 

Analysis of these samples by SDS-PAGE in reducing condition followed by Coomassie 

staining revealed an upper band at approximately 60 kDa corresponding to the heavy chain of 

IgG3 and a lower band at approximately 30 kDa corresponding to the kappa and lambda light 

chains (Supplemental Figure S3.1). The IgG3m(s) sample exhibits a slightly lower mass, 

which is expected since this IgG3 allotype lacks one of the hinge repeat motifs. The single 

donor samples were visibly less pure than the other IgG3 samples, which is likely due to 

differences in sample preparation. The bands were excised and the proteins were reduced 

using DTT followed by alkylation of cysteine residues and subsequently overnight digestion 

with either trypsin or proteinase K. The samples were then analyzed by nanoLC-RP-ESI-IT-

MS(/MS), and the resulting data was subjected to automated primary sequence database 

searching for protein identification (Supplemental Table S3.3). All bands at approximately 60 

kDa were confirmed to contain the IgG3 heavy chain, while the lower bands at 25-30 kDa 

contained either kappa light chain (in the monoclonal samples) or both kappa and lambda 

light chains (in the polyclonal samples). The lower band at approximately 52 kDa which was 

visible in the single donor samples (Supplemental Figure S3.1) was found to contain mainly 

IgG1, 2 and 3, as determined by examining subclass-specific peptides (data not shown).  

O-glycopeptides were detected by searching the LC-MS/MS fragmentation spectra for 

oxonium fragment ions, which are characteristic for glycopeptide fragmentation: m/z 366.14 

[HexNAc + Hex + H]+; m/z 292.10 [NeuAc + H]+; m/z 274.09 [NeuAc – H2O + H]+; and m/z 

657.23 [HexNAc + Hex + NeuAc+ H]+. Three types of O-glycans were identified in the 

trypsin and proteinase K digests of all IgG3 samples: [1 HexNAc + 1 Hex], [1 HexNAc + 1 

Hex + 1 NeuAc], and [1 HexNAc + 1 Hex + 2 NeuAc]. The fragmentation spectra of the 

tryptic glycopeptides are depicted in Figure 3.1.  
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Figure 3.1: NanoLC-ESI-IT-CID spectra showing fragmentation of various trypsin-generated 
recombinant IgG3m(g) O-glycopeptides. Non-, mono- and disialylated core 1 type O-glycans (A-
C) were seen attached to the peptide SCDTPPPCPR, as well as a disialylated O-glycan with an 
N-acetyllactosamine (N-acetylglucosamine + galactose) (D). These structures are partially based on 
literature, since it is difficult to distinguish between different types of hexoses and N-
acetylhexosamines with mass spectrometry. The triply charged peak at m/z 895.48 in panel D has a 
higher mass than the precursor mass, and thus likely originates from a contaminant. The MS1 
precursor peak is shown for each fragmentation spectrum. Pep = peptide; yellow square = N-
acetylgalactosamine, yellow circle = galactose; blue square = N-acetylglucosamine; purple diamond = 
N-acetylneuraminic acid. 
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While mass spectrometry does not reveal the exact identity of the monosaccharides, digestion 

of these glycopeptides by sialidase and galactosidase led to complete trimming of the 

oligosaccharides (Supplemental Figure S3.2), thereby confirming the presence of α2-linked 

N-acetylneuraminic acid and β1-linked galactose. Based on literature, we expect the HexNAc 

attached to the peptide to be an N-acetylgalactosamine (32). The encountered glycan 

structures are therefore presumably a non-, mono- and disialylated core 1 type O-glycan. A 

minor fraction but distinct fourth type of O-glycan was seen only in the monoclonal 

recombinant IgG3 samples: [2 HexNAc + 2 Hex + 2 NeuAc] (Figure 3.1D). The peak at 

1313.541+ in the MS/MS spectrum corresponds to the intact O-glycan B-ion (the 

nomenclature for glycan fragmentation is described by Domon and Costello (33)), indicating 

a hexasaccharide O-glycan which may be a core 1 or core 2 type. A comprehensive overview 

of the m/z values in MS1 and MS2 spectra corresponding to the O-glycopeptides can be 

found in Supplemental Table S3.4. 

3.4.2: Localization of the IgG3 O-glycosylation site 
The amino acid sequence of the trypsin- and proteinase K-generated O-glycopeptides was 

identified through MS3 fragmentation of the peptide. In tryptic digests, the same peptides 

were also seen without glycans attached, demonstrating that the O-glycosylation sites are 

only partially occupied. The peptide sequences could be traced back to a triple repeat 

sequence within the IgG3 hinge region (Figure 3.2). This region contains 6 potential O-

glycosylation sites: 3 threonine residues and 3 serine residues. The conventional EU notation 

for IgG3 (34), which is based on homology between all IgG subclasses, does not cover the 

triple repeat sequence, and therefore an alternative notation method was introduced to refer to 

amino acid residues within the IgG3 hinge region. The IgG3 hinge covers four exons, the last 

three of which encode for the same amino acid sequence (allotype IgG3m(s) forms an 

exception since it has only two repeats). The location of an amino acid within the hinge 

region will be specified as ‘HX-Y’, with ‘X’ standing for the exon number (1/2/3/4) and Y 

for the amino acid number within the exon (1-17).  
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Figure 3.2: A schematic overview of IgG3, which consists of two heavy chains (shown in dark 
grey, 1 variable and 3 conserved domains) and two light chains (light grey, 1 variable and 1 
conserved domain). Black bars represent interchain disulfide bonds. An N-glycosylation site is 
present in domain CH2. Each IgG3 heavy chain contains three hinge repeat sequences with two or 
three partially occupied O-glycosylation sites. The peptide sequences of the major trypsin- and 
proteinase K-generated O-glycopeptides are shown. 

The proteinase K-generated glycopeptide H4-6DTPPPCPRCPAPEL234 demonstrates that TH4-7 

is occupied, while H2/3-6DTPPPCPRCPEPKH3/4-3 demonstrates that either TH2-7 or TH3-7 or both 

are also occupied. However, the proteinase K digest did not allow us to either confirm or 

disprove that serine residues were also occupied, since all O-glycopeptides which contain a 

serine residue also contain a threonine residue. 

We therefore attempted to use endoproteinase AspN in order to further digest trypsin-

generated O-glycopeptides derived from monoclonal IgG3 from ‘SCDTPPPCPR’ to ‘SC’ and 

‘DTPPPCPR’. However, while the majority of the non-glycosylated tryptic hinge repeat 

peptides were cleaved by AspN, the O-glycopeptides with the same peptide sequence 

remained undigested. The O-glycopeptides also remained resistant to AspN-digestion after 

226CPRCPEPKSCDTPPPCPRCPEPKSCDTPPPCPRCPEPKSCDTPPPCPRCPAPEL234

Trypsin:

Proteinase K:

CH2 CH3

hinge

mannose
N-acetylglucosamine
N-acetylgalactosamine
galactose
fucose

N-acetylneuraminic acid

TH2-7Glycosylation site: TH3-7 TH4-7
SCDTPPPCPR SCDTPPPCPRSCDTPPPCPR
SCDTPPPCPRCPEPK SCDTPPPCPRCPAPELSCDTPPPCPRCPEPK

DTPPPCPRCPEPK DTPPPCPRCPEPK DTPPPCPRCPAPELProteinase K:
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the tryptic O-glycopeptides were treated with sialidase and galactosidase, trimming most of 

the O-glycans down to a single N-acetylhexosamine (data not shown). 

In order to obtain further evidence about the position of the O-glycans within the IgG3 hinge 

region, we performed nanoLC-ESI-IT-MS/MS analysis with electron transfer dissociation 

(ETD) on a sialidase- and galactosidase-treated tryptic digest of IgG3m(s). Peptide backbone 

fragmentation with retention of the glycan moiety could be observed in the resulting mass 

spectrum and this appeared to be in line with occupation of the threonine residue (Figure 

3.3A). NanoLC-ESI-IT-MS/MS with CID fragmentation also revealed signals which appear 

to show peptide backbone fragmentation with glycan retention, but the signal intensity was 

too low be definitive (data not shown). By using the more sensitive technique t-ITP-CE-ESI-

qTOF-MS/MS with CID fragmentation to analyze  sialidase- and galactosidase-treated 

trypsin-digested IgG3 derived from pooled plasma (Figure 3.3B-C), we were able to observe 

minor peaks (y7 and y8) pertaining to peptide backbone fragmentation without glycan loss, 

indicating occupation of the threonine residue. 
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Figure 3.3 A) NanoLC-ESI-IT-MS/MS with electron transfer dissociation (ETD) fragmentation 
of a sialidase- and galactosidase-treated tryptic glycopeptide of recombinant IgG3m(s). Peptide 
backbone fragmentation (c- and z-ions) and loss of the N-acetylhexosamine (HexNAc) or 
cysteine side chain (C) were observed. B-C) CE-ESI-beam-type CID analysis was done on 
sialidase- and galactosidase-treated tryptic peptides of IgG3 derived from pooled plasma, and 
fragmentation spectra are shown for B) the unoccupied tryptic hinge peptide SCDTPPPCPR 
and C) the O-glycosylated version of the same peptide with a single N-acetylgalactosamine 
attached. The b- and y-ions are annotated. The MS1 precursor peak is shown on the right. The doubly 
charged peak at m/z 694.327 in panel C is likely a coeluting compound which appears in the spectrum 
because it was present within the precursor m/z window, and the peak at m/z 694.321 is the same 
compound after loss of water. The cysteine residues have been underlined to denote 
carbomidomethylation. 
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To further establish that the O-glycan resides only on the threonine residue, several 

recombinant anti-TNP IgG3m(g) proteins were produced, in which either the three serines, 

the three threonines or all six potential O-glycosylation sites in the hinge repeat region were 

replaced by alanine, along with wild type IgG3m(g) as a control (protein sequences are listed 

in Supplemental Table S3.2). As expected, LC-MS/MS analysis of the wild type IgG3, 

digested with trypsin or proteinase K, revealed O-glycosylation of the hinge region, while no 

O-glycosylation was seen on the IgG3 in which all six potential O-glycosylation sites had 

been replaced by alanine. IgG3 that only lacked the hinge region serines contained the same 

O-glycans seen in wild type IgG3. No O-glycopeptides were found in IgG3 lacking 

threonines in the hinge repeat, again suggesting that the O-glycans within the IgG3 hinge 

region reside only on the threonine residue and not on serine (Supplemental Figure S3.3). 

3.4.3: Relative quantification of IgG3 O- and N-glycosylation 
Relative quantification of the O-glycosylation was done using LC-MS data of trypsin-

digested IgG3. The abundances of the different glycans attached to the peptide 

SCDTPPPCPR were normalized to the total of all glycopeptides (Figure 3.4A). When the O-

glycopeptide values were normalized on the sum of both O-glycopeptides and unoccupied 

peptide, we found the following O-glycopeptide abundances: 3.3% (standard deviation +/- 

0.6) for IgG3 from pooled plasma; 21.9% (+/- 2.9) for recombinant IgG3m(g) with three 

hinge repeats; 18.5% (+/- 1.8) for IgG3m(s) with two hinge repeats; and 11.6 % (+/- 1.9) on 

average for single donor-derived IgG3 (Supplemental Table S3.5). We observed a slight 

fluctuation in the ratio of the signals of IgG3-hinge-derived O-glycopeptides vs. unoccupied 

peptide, which results in a larger technical variation than when we normalize on O-

glycopeptides only. It is known that large glycans moieties may result in a considerably 

lowered ionization of the glycopeptide as compared to the corresponding non-glycosylated 

peptide (35), making it difficult to compare peptide and glycopeptide signal intensities. 

Therefore, in an attempt to obtain reliable relative quantification data, tryptic IgG3 O-

glycopeptides were treated with exoglycosidases, which should trim all O-glycans down to a 

single N-acetylgalactosamine, with the exception of the minor hexasaccharide glycoform 

which likely contains an N-acetylglucosamine. We observed a low intensity signal at m/z 

877.85 which appears to be an exoglycosidase digestion product of this hexasaccharide 

glycan with 2 HexNAc and 1 Hex remaining, indicating that the glycan may be core 1 type. 

LC-MS analysis of the exoglycosidase-treated tryptic IgG3 (O-glyco)peptides showed that 
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approximately 10% of the O-glycosylation sites within IgG3 derived from each of the six 

donors carried an O-glycan (Figure 3.4B), and the inter-individual differences appear to be 

relatively small. Monoclonal IgG3 exhibited a slightly higher degree of O-glycosylation, with 

approximately 12-14% of the sites occupied. IgG3 derived from pooled plasma showed a 

much lower level of O-glycosylation (5%), as well as a markedly lower abundance of the 

disialylated O-glycan [1 HexNAc + 1 Hex + 2 NeuAc], while showing increased levels of 

monosialylated O-glycans compared to the other IgG3 samples (Figure 3.4A). Upon 

calculation of the number of N-acetylneuraminic acids per O-glycan (Figure 3.4C), the 

deviation of IgG3 derived from pooled plasma became even more apparent.  

 

Figure 3.4: A) Relative quantification of IgG3 O-glycosylation based on nanoLC-ESI-IT-MS 
analysis of tryptic glycopeptides from various IgG3 samples (IgG3 derived from pooled plasma, 
2 monoclonal IgG3 allotypes and IgG3 purified from six donors (D1-6)). The signal intensities 
were normalized on the sum of all hinge-derived O-glycopeptides. The relative abundance and 
technical variation are based on LC-MS analyses of 4 distinct tryptic digests, each of them 
measured twice. The values given for glycopeptide NHS are expected to be significantly lower 
than the actual values, because the triply charged compound overlapped with the doubly 
charged hinge peptide with a putative acetylation modification in all samples, leaving only the 
doubly charged peak for relative quantification. B) An estimate of the total percentage of O-
glycosylation was derived from relative quantification of tryptic (glyco)peptides which had been 
treated with exoglycosidases, trimming all O-glycans down to a single HexNAc. The averages 
and standard deviation are based on 2 LC-MS analyses of the same sample. C) The number of 
N-acetylneuraminic acids per O-glycan was calculated from the same O-glycopeptide data listed 
under A).  A comprehensive list of values is available in Supplemental Table S3.5. 

In all IgG3 samples, a modified version of the hinge peptide SCDTPPPCPR was observed, 

with a mass increase of +42.04 Da which could consist of acetylation. This modification was 

observed on both the non-glycosylated and glycosylated peptide, and the percentage of 

modified peptide was found to be stable at approximately 15% regardless of the type of O-

glycan attached or the IgG3 sample source. LC-ESI-IT-MS/MS spectra show that the 

modification appears to be present on the N-terminal serine or cysteine residue. When IgG3 

was digested in-solution without reduction alkylation (data not shown), the modification was 

0.0

0.5

1.0

1.5

2.0

2.5

IgG3 source

# 
N

eu
Ac

 p
er

 g
ly

ca
n

C) N-acetylneuraminic acids per O-glycan

pooled plasma
m(g)
m(s)
D1
D2
D3
D4
D5
D6

0

20

40

60

80

100

120

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

A) types of O-glycans

0

2

4

6

8

10

12

14

IgG3 source

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

B) percentage of O-glycan occupation

IgG3 source IgG3 source IgG3 source

95



Chapter 3: Hinge-region O-glycosylation of Human IgG3 

      
 

 
 

not observed on the resulting disulfide bridge-linked hinge peptide dimer, indicating that the 

modification is an artefact of the sample processing. Furthermore, peaks with masses 

corresponding to the a hinge peptide with an acrylamide adduct (m/z 600.75 (2+)) or with an 

oxidized disulphide bridge (m/z 535.70 (2+)) were also seen, but since their signal intensity 

was only around 5% or less than 2%, respectively, of the signal intensity of the main peptide 

peak, we do not expect these modifications to significantly influence our results with regard 

to glycopeptide quantification. 

Because the type and quantity of O-glycosylation appeared similar in IgG3 derived from 

different single donors, we also investigated inter-individual differences in Fc N-

glycosylation at position N297. Relative quantification of Fc N-glycosylation was done using 

tryptic digests of single donor IgG3 (Supplemental Figure S3.4 and Supplemental Table 

S3.6). Minor differences were observed between the IgG2/3 N-glycosylation of these donors, 

most pronounced for the degree of galactosylation. 

In-solution trypsin digestion of IgG3 without reduction alkylation produces a dimer of the 

hinge repeat peptide held together by two interchain disulfide bridges. Mono-glycosylated 

dimers were observed in all IgG3 samples. In the monoclonal IgG3 samples, a dimer with 

two disialylated glycans attached was seen at a very low abundance (approximately 1.0% 

(G3m(g)) and 0.4% (G3m(s)) of the total of O-glycopeptides + peptide) (Supplemental Table 

S3.7); in the polyclonal IgG3 samples we did not observe a di-glycosylated dimer, which may 

be due to the fact that these samples were less pure than the monoclonal samples and thus had 

a higher background in LC-MS.  

3.4.4: O-glycosylation of Fc constructs with an IgG4 hinge 
Four recombinant IgG Fc constructs produced in HEK cells, all carrying an IgG4 hinge (30), 

were also found to carry O-glycans (Supplemental Figure S3.5). The Fc-domains consisted 

either of the G3m(b) or G3m(c3c5) allotypes for IgG3 or IgG4 with V397M or V397M and 

K392N; protein sequences can be reviewed in Supplemental Table S3.2. The O-

glycopeptides observed in LC-MS(/MS) analysis of chymotrypsin and proteinase K digests 

contained one potential glycosylation site: a serine residue in the hinge region at what in 

intact IgG4 would be position 228; the peptide sequences of the encountered O-glycopeptides 

are listed in Supplemental Table S3.4. 
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Because of these findings, we also investigated whether O-glycosylation was present on 

whole IgG4. We obtained IgG4 from the serum of a patient with high IgG4 levels and from 

the serum of a rheumatoid arthritis patient, as well as an IgG4 sample produced in HEK cells 

and a humanized murine IgG4 therapeutic antibody. LC-MS(/MS) analysis of trypsin and 

proteinase K digests revealed the peptide covering S228, but no O-glycans were observed. 
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3.5: Discussion 
IgG3 stands out from the other IgG subclasses due to its elongated hinge region and enhanced 

effector functions. In this paper we demonstrate for the first time partial O-glycosylation of 

threonine residues within the triple repeat sequence in the hinge region of each IgG3 heavy 

chain. Non-, mono- and disialylated core 1 type O-glycans were identified in IgG3 from 

various sources. A hexasaccharide disialylated O-glycan was also present at a very low 

abundance, but only in the monoclonal IgG3 samples.  

3.5.1: Relative abundance and distribution of IgG3 O-glycosylation 
An estimate of the relative abundance of the various O-glycans was determined from 

nanoLC-ESI-IT-MS analysis of trypsin-generated (glyco)peptides. It should be noted that 

because the signal of the monosialylated O-glycopeptide in triply charged state overlapped 

with the doubly charged peak of the hinge repeat peptide with a putative acetylation 

modification in all samples, only the doubly charged signal of the monosialylated O-

glycopeptide was quantified, thereby leading to an underestimation of this O-glycoform. 

Furthermore, it is known that glycopeptides with different glycan structures can have 

different response factors (35), and thus the relative abundances we measured may not 

accurately reflect the real ratios. In order to obtain a more reliable estimate of the percentage 

of the hinge repeat motif bearing an O-glycan, tryptic IgG peptides were incubated with 

exoglycosidases, trimming all O-glycans down to a single N-acetylhexosamine. A previous 

study of quantitative measurements of a single glycosylated peptide using nanoLC-ESI-IT-

MS found that the glycopeptide with a single N-acetylglucosamine produced signal strengths 

similar to the non-glycosylated peptide (35). Given the structural similarities between N-

acetylglucosamine and N-acetylgalactosamine, we expect our method of relative 

quantification of de-sialylated and de-galactosylated O-glycopeptides to give a reliable 

estimate of the degree of O-glycosylation. 

Approximately 10% of the hinge repeat threonines carry an O-glycan in polyclonal IgG3 

derived from donor sera. Despite differences in the age and sex of the donors, the degree and 

type of O-glycosylation appears similar in all 6 samples. This is in contrast to the N-

glycosylation profiles of these samples, which do show inter-individual differences in 

agreement with literature (36). In the two monoclonal IgG3 allotypes we examined, 

IgG3m(g) and IgG3m(s), approximately 12-14% of the O-glycosylation sites were occupied; 
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this increase may be due to the expression system (HEK cells) in which these antibodies were 

produced (37). 

A clear difference in O-glycosylation was seen between the commercially obtained IgG3 

sample derived from pooled plasma and the other IgG3 samples: the former exhibited a much 

lower level of terminal N-acetylneuraminic acids per O-glycan, as well as a lower level of O-

glycosylation overall. Two explanations could be found in the details of the preparation 

process which were supplied by the manufacturer of this IgG3 sample: boric acid was used 

for precipitation and a jacalin column was used to remove a minor IgA contaminant. Acidic 

treatment has been known to cause loss of terminal N-acetylneuraminic acid (38). However, 

the N-glycans of pooled plasma-derived IgG3 did not show a decrease in sialylation 

compared to single donor-derived IgG3, which makes it unlikely that boric acid treatment is 

responsible for the lower level of O-glycan sialylation. Jacalin is a plant lectin with affinity 

for core 1 type O-glycans; it binds O-glycosylated proteins such as IgA1, as well as several 

animal IgGs which are suspected of carrying O-glycosylation (39, 40). However, it has been 

reported that jacalin has a higher affinity for non-sialylated than for sialylated O-glycans in 

the case of fetuin (40), and the same was observed for monoclonal IgG3 which was run over 

a jacalin column and found to be depleted for non-sialylated and partially depleted for 

monosialylated but not for disialylated O-glycans (unpublished data). This does not explain 

why the pooled plasma-derived IgG3 would exhibit lower levels of disialylated O-glycans 

and higher levels of monosialylated O-glycans compared to single donor serum-derived 

IgG3. In any case, it is difficult to say anything about possible depletion without being able to 

observe the O-glycosylation profile of the original non-jacalin-treated pooled plasma sample. 

Because it was shown that jacalin interacts with the O-glycosylated IgG3 hinge and because 

of the deviating O-glycosylation profile obtained from the jacalin-treated pooled plasma-

derived sample vs IgG3 from single human donors obtained without jacalin-depletion, the 

results obtained for this IgG3 sample will not be deemed representative for the overall human 

population. 

It is likely that the O-glycosylation is distributed randomly among all IgG3s, since 

monoclonal cell cultures were found to produce partially O-glycosylated instead of either 

fully or non-O-glycosylated IgG3. Furthermore, hinge peptide-dimer repeats linked by 

interchain disulfide bridges rarely carry two O-glycans, which indicates that the O-

glycosylation is not clustered on a subset of the IgG3 molecules. If the O-glycosylation is 
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distributed randomly, approximately half (1 – probability of 6 unoccupied sites = 1–((1-

0.10)^6) = 47%) of the IgG3s would be expected to carry at least 1 O-glycan. We observed 

that less than 1% of hinge peptide-dimer repeats carried 2 disialylated O-glycans in 

monoclonal IgG3 samples, whereas the expected value assuming random O-glycosylation 

site occupancy would be approximately 3.8% (G3m(g)) and 2.8% (G3m(s)). These findings 

indicate that addition of O-linked glycans is inhibited if a glycan is already present at the 

adjacent site on the opposing heavy chain, thus dispersing the O-glycosylation across a higher 

percentage of IgG3s.  

3.5.2: Criteria determining IgG hinge-region O-glycosylation  
Based on the amino acid sequence of the IgG3 hinge repeat region, it is not surprising that it 

forms a target for O-glycosylation. It is known that O-glycosylation occurs in sequences with 

a high abundance of proline residues, preferentially at position -1 and +3 relative to the 

glycosylation site (41). In the IgG3 hinge repeat, 6 of the 16 amino acid residues consist of 

prolines, including one at position +3 relative to the glycosylation site. Furthermore, due to 

its extended formation, the IgG3 hinge region has a high degree of surface accessibility (42), 

which is also associated with O-glycosylation (43). Surface accessibility may be responsible 

for the slightly lower degree of O-glycosylation observed in recombinant IgG3m(s) compared 

to m(g): the shorter length of the hinge region of IgG3m(s), which contains two hinge repeats 

instead of three, could decrease the accessibility for glycosyltransferases. No O-glycosylation 

was observed at the threonine residues at the N-terminal end of the hinge, TH1-4, TH1-9 and TH1-

10, which may be due to either the local amino acid sequence or the secondary structure of 

this region.  

O-glycosylation was also found to be present on the IgG4 hinge of Fc constructs with IgG4 or 

IgG3 CH2 and CH3 domains. This is not surprising considering the high abundance of 

proline residues (at position -4, -3, -1, 2 and 4 relative to O-glycosylation site S228) in the 

IgG4 hinge region, which are a well-known marker for O-glycosylation (41). However, intact 

IgG4, whether purified from serum or expressed in the same HEK cell expression system as 

the Fc constructs, was not found to carry hinge region O-glycosylation. It is therefore likely 

that the presence of the Fab fragment influences the accessibility of the hinge region, 

preventing the attachment of an O-glycan in the Golgi apparatus in the case of intact IgG4. 

Similarly, O-glycosylation was recently reported on an IgG1 Fc-fragment produced in HEK 

and CHO cells, but not on intact IgG1 produced under the same circumstances (44). This re-
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enforces the notion that accessibility is essential for the attachment of O-glycans (43). For 

human IgG3 this is provided by the extensive length of its IgG3 hinge which in the intact IgG 

molecules for other IgG subclasses is shielded by the Fab fragments.  

3.5.3: Function of IgG3 O-glycosylation 
The function of the O-glycans found on the IgG3 hinge region has not been investigated, but 

previous findings give rise to several options. Firstly, the hinge glycosylation might prohibit 

proteolytic degradation. The IgG hinge is the target of a number of bacterial or endogenous 

proteases (45, 46), and the extended structure of the IgG3 hinge is presumably the reason that 

IgG3 is more susceptible to proteolytic degradation than the other IgG subclasses (47-49). 

We found that tryptic IgG3 O-glycopeptides were resistant against endoprotease AspN 

digestion, while the corresponding non-glycosylated peptides were not, thus providing 

evidence that the hinge region O-glycans can shield the hinge region from proteolytic 

cleavage. In contrast, we did not observe any evidence of incomplete trypsin digestion in the 

form of miscleaved O-glycopeptides. O-glycosylation has also been found to mediate 

protease resistance in other immunoglobulins, such as mouse IgG2b and IgA (23, 27). 

Another function for the hinge region oligosaccharides could consist of helping the hinge 

region maintain an extended conformation, which might contribute to the flexibility and 

orientation of the Fab fragments and thereby influence divalent binding to target antigens.  

Furthermore, it could be speculated that deviations in the O-glycosylation of IgG3 may have 

pathological effects, as has been described for IgA nephropathy (50). Aberrant glycosylation 

of IgA1 is known to play a causal role in IgA nephropathy: the truncated O-glycans are 

recognized by immunoglobulins, leading to the formation of antibody complexes which are 

deposited on blood vessel walls near the glomerulus (50, 51). A similar mechanism involving 

IgG3 O-glycosylation could be theorized to play a role in IgG nephropathy. It has been 

shown that patients with membranoproliferative glomerulonephritis, a subtype of primary 

glomerulopathy, have IgG deposits which consist predominantly of IgG3, which may be in 

line with a causal role for IgG3 O-glycosylation (52). Further research is required to 

determine the exact nature and functional consequences of IgG3 hinge glycosylation. 
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Supplemental information 
A complete overview of the supplemental information is available online at 

http://www.mcponline.org/content/14/5/1373/suppl/DC1. 

 

 

Supplemental Figure S3.1: SDS-PAGE analysis of various IgG3 samples. The bands denoted with 
a numerical code were excised and the embedded proteins were digested with trypsin, followed by 
LC-ESI-IT-MS(/MS) analysis. Automated primary sequence database searching using MASCOT was 
used to identify the IgG3 heavy chain, as well as both kappa and lambda (in polyclonal samples) or 
only kappa (in monoclonal samples) light chains, which are listed here with their primary UniProt 
accession number. A more comprehensive list of the identified proteins can be seen in Supplemental 
Table S3.3. 
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Supplemental Figure S3.5: NanoLC-ESI-IT-CID spectra showing fragmentation of the 
proteinase K-generated glycopeptide GPPCPSCPAPEF belonging to an IgG4 Fc construct 
(IgG4-Fc-V397MA). The following glycan structures were observed: A) a monosialylated core 1 
type O-glycan; B) a disialylated core 1 type O-glycan; C) a disialylated O-glycan with an N-
acetyllactosamine (GlcNAc + Gal). This structure interpretation is partially based on literature, since 
mass spectrometry cannot distinguish between different types of hexoses and N-acetylhexosamines. 
The MS1 precursor peak of each MS2 spectrum is shown in the right-upper corner. Pep = peptide; 
yellow circle = galactose; yellow square = N-acetylgalactosamine; blue square = N-
acetylglucosamine; purple diamond = N-acetylneuraminic acid. 
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4.1: Summary 

Objective: 

The objective of our study is to investigate the Fc glycosylation profiles of both antigen-

specific IgG targeted against proteinase 3 (PR3-ANCA) and total IgG as prognostic markers 

of relapse in patients with Granulomatosis with Polyangiitis (GPA). 

Methods: 

Seventy-five patients with GPA and a PR3-ANCA rise during follow-up were included, of 

whom 43 patients relapsed within a median period of 8 (2-16) months. The N-glycan at 

Asn297 of affinity-purified and denatured total IgG and PR3-ANCA was determined by mass 

spectrometry of glycopeptides in samples obtained at the time of the PR3-ANCA rise and at 

the time of the relapse or time-matched during remission. 

Results: 

Patients with total IgG1 exhibiting low galactosylation or low sialylation were highly prone 

to relapse after an ANCA rise (HR 3.46 [95%-CI 1.73-6.96], p<0.0001 and HR 3.22 [95%-CI 

1.52-6.83], p=0.002, respectively). 

In relapsing patients, total IgG1 galactosylation, sialylation and bisection significantly 

decreased and fucosylation significantly increased from the time of the PR3-ANCA rise to 

the relapse (p<0.0001, p=0.0087, p<0.0001 and p=0.0025), while the glycosylation profile 

remained similar in non-relapsing patients. PR3-ANCA IgG1 galactosylation, sialylation and 

fucosylation of PR3-ANCA IgG1 decreased in relapsing patients (p=0.0073, p=0.0049 and 

p=0.0205), but also in non-relapsing patients (p=0.0007, p=0.0114 and p=0.0002), while 

bisection increased only in non-relapsing patients (P<0.0001). 

Conclusion: 

While Fc glycosylation profiles have been associated with clinically manifest autoimmune 

diseases, in the present study we show that low galactosylation and sialyation in total IgG1 

but not PR3-ANCA IgG1 predicts disease reactivation in patients with GPA who experience 

an ANCA rise during follow-up. We postulate that glycosylation profiles may be useful in 

pre-emptive therapy studies using ANCA rises as guideline. 
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4.2: Introduction 
Granulomatosis with Polyangiitis (GPA; Wegener's), Microscopic Polyangiitis (MPA) and 

Eosinophilic Granulomatosis with Polyangiitis (EGPA; Churg Strauss Syndrome) are 

inflammatory disease entities affecting small to medium vessels. They are characterized by 

the presence of anti-neutrophil cytoplasmic antibodies (ANCA) against proteinase-3 (PR3) or 

myeloperoxidase (MPO) and are frequently grouped together under the term ANCA-

associated vasculitis (AAV) (1).  

The pathogenic potential of ANCA to cause necrotizing glomerulonephritis (NCGN) is well 

established in mouse models (2-4). Patients with severe NCGN are almost always positive for 

either PR3- or MPO-ANCA (5), while ANCA are less often detected in patients with 

localized forms of vasculitis (6, 7). After remission induction, a rise in the ANCA titer is 

detected in some patients and disease reactivation may occur shortly thereafter (8). However, 

the relation between longitudinal ANCA measurements and disease reactivation is far from 

absolute since many ANCA rises are not followed by a relapse and relapses may occur 

without a preceding ANCA rise (9, 10). Recently, it has been shown that ANCA rises are 

highly predictive for disease activity in patients with severe vasculitic disease, e.g. NCGN or 

alveolar hemorrhage, but not in patients with limited granulomatous disease (11-14). Our 

current hypothesis is that the pathogenicity of an ANCA rise is modulated by the quality of 

the auto-antibody, for which the glycosylation profile is an important factor. 

The glycosylation profile of the crystallizable fragment (Fc) of the immunoglobulin G (IgG) 

is characterized by a single N-linked glycan attached to each heavy chain at the asparagine-

297 (15). The Fc N-glycan composition affects Fcy receptor (FcγR) affinity (15-18) and can 

influence complement activation (19). The lack of a core fucose, N-acetylneuraminic (sialic) 

acids and galactose residues on the Fc N-glycan have been found to increase the 

inflammatory capacity of IgG, at least in mice (20-22). The Fc N-glycan is essential for the 

pathogenicity of the antibody, since deglycosylation of MPO-ANCA significantly attenuates 

ANCA-mediated neutrophil activation and reduces glomerular crescent formation in a mouse 

model (23). 

Already in the early eighties, it was recognized that total IgG in patients with rheumatoid 

arthritis (RA) contained less galactose and sialic acid at the non-reducing termini compared 

111



Chapter 4: Galactosylation and sialylation levels of IgG predict relapse in ANCA patients       
 

 
 

to healthy controls (24). A difference in the glycosylation profile of total IgG has since been 

demonstrated in patients with various other auto-immune diseases when compared to healthy 

controls, including systemic lupus erythematosus, inflammatory bowel disease, myasthenic 

gravis, ankylosing spondylitis, primary Sjögren’s syndrome, psoriatic arthritis and multiple 

sclerosis (25-29). Furthermore, significant differences have been observed in the 

glycosylation profile of total IgG and specific auto-antibodies, such as anti-citrullinated 

protein antibodies (ACPA), anti-β2GP1 and anti-histone IgG (30-33). Finally, Fc 

glycosylation of auto-antibodies may change during disease development. For example, the 

glycosylation profile of ACPA changes prior to the onset of RA towards a more 

inflammation-associated phenotype (31, 34).  

In patients with PR3-ANCA, it was previously shown with lectin assays that total IgG 

exhibits a lower degree of galactosylation when compared to healthy controls (35, 36). In 

addition, the degree of sialylation of PR3-ANCA is lower during active disease compared to 

inactive disease (37). Recently, it has been shown with mass spectrometric IgG Fc 

glycosylation analysis that total IgG Fc of patients with severe AAV exhibits lower levels of 

galactosylation, sialylation and bisecting N-acetylglucosamine (GlcNAc) compared to 

healthy controls (38). This finding was more pronounced for PR3-ANCA compared to total 

IgG (38). Correlations were observed between the glycosylation profile of PR3-ANCA and 

several cytokine concentrations, suggesting that the glycosylation of ANCA may be driven 

by T-cell activation in an antigen-specific manner (38). Potential differences and similarities 

in the glycosylation profile of total IgG and antigen-specific IgG between patients with PR3-

ANCA and patients with MPO-ANCA associated vasculitis have not yet been investigated. 

The objective of our study is to investigate differences in the glycosylation profile of both 

PR3-ANCA and total IgG and the prognostic value at the time of a rise in PR3-ANCA in 

patients with GPA. The primary question is whether patients with a particular glycosylation 

profile are more prone to relapse. Furthermore, upon an ANCA rise, changes in glycosylation 

profiles associated with a relapse are examined. To increase the homogeneity of our cohort, 

we included only GPA patients that are PR3-ANCA positive, the disease subgroup that is 

most prevalent in our area. 
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4.3: Methods 

4.3.1: Inclusion criteria 
All patients who visited the clinic at the Maastricht University Medical Center (MUMC) 

between January 1, 2000 and November 1, 2011 were evaluated. Inclusion criteria were a 

diagnosis of GPA according to the EMA classification system and a rise in PR3-ANCA 

during remission (11, 39, 40).  

Clinical characteristics were recorded in all subjects according to the Dutch law on Medical 

Treatment Act (WGBO), the Personal Data Protection Act (Wbp) and the Code of Conduct 

for Health Research (Federa) (41). Ethics approval was waived by our local ethics committee. 

4.3.2: Classification of patients 
Renal involvement was preferably determined by a kidney biopsy showing pauci-immune 

necrotizing glomerulonephritis (42, 43). However, surrogate markers such as haematuria in 

combination with red cell casts, dysmorphic erythrocytes (>10) and/or proteinuria sufficed 

(40). All patients have been treated according to the European League against Rheumatism 

(EULAR) guidelines (43, 44). 

The definitions recommended by the EULAR of 2007 were applied to define disease activity 

states (39). Remission was defined as absence of disease activity attributable to active disease 

during maintenance immunosuppressive therapy of a prednisone dosage of 7.5mg or lower. A 

relapse was defined as re-occurrence or new onset of disease attributable to active disease 

combined with an increase or addition of immunosuppressive treatment. Relapses were 

further subdivided in 'major' or 'minor' depending on whether the relapse was potentially 

organ- or life-threatening or not (39).  

4.3.3: ANCA measurements 
Patients were routinely evaluated during follow-up, generally every three months during the 

first two years after diagnosis and/or a relapse and 2-3 per year later on. At every visit, 

patients were screened for potential symptoms of a relapse (39) and blood was drawn.  

Antigen-specific solid-phase ANCA tests were performed for the detection and quantification 

of PR3-ANCA. Initially, commercially available direct PR3-ANCA enzyme linked 

immunosorbent assays (ELISA) were used (Euro Diagnostica, Malmö, Sweden) (45). On 

October 1, 2005, this assay was replaced by a fluorescent-enzyme immune-assay (FEIA) for 
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PR3-ANCA (EliA, Thermo Fisher, Freiburg, Germany) (46). During the transition, ANCA 

measurements were performed using both methods. 

4.3.4: Definition of an ANCA rise 
For the detection of an ANCA rise, the ANCA titer was compared to all measurements made 

with the same assay in the past 6 months. We defined a rise using the slope of an increase as 

previously described (11), thereby taking into account the relative increase (in %) and the 

time between measurements (in days). A receiver operating characteristics (ROC) curve was 

calculated to determine the optimal cut-off value of the slope. The chosen cut-off values as 

determined by the ELISA and FEIA method were 2.56 and 2.25 %/day, respectively. This is 

equivalent to a relative increase of 78% and 68% over one month or 233% and 205% over 

three months.  

To ensure that small elevations were above the intra-assay coefficient of variation, a rise had 

to constitute to a relative increase of at least 25% and an absolute increase equivalent to a 

doubling of the lowest value of a borderline result (at least 10 AU for the ELISA and 5 U/ml 

for the FEIA). Because our analysis is focused on patients in remission, only serum samples 

drawn at least 3 months after the previous disease activity were eligible for detection of an 

ANCA rise (11).  

4.3.5: Serum selection 
In all 75 patients, a serum sample was selected at the time of an ANCA rise (‘T1’) (11). In 

relapsing patients, either renal or non-renal, a second serum sample was selected prior to the 

start of the immunosuppressive induction therapy at the time of the relapse (‘T2rel’). In non-

relapsing patients, a second serum sample was selected after the ANCA rise during remission 

(‘T2rem’), of which the time between the first and second sample was matched with the time 

between the first and second sample in the renal relapsing patients. For 4 relapsing patients 

no serum sample was available at the time of the relapse, and therefore only 71 T2 serum 

samples were analyzed. 

4.3.6: Total IgG purification  
For total IgG purification, the wells of two filter plates (Multiscreen filter plates with 

Durapore membrane, pore size 0.65 µm; Merck Millipore, Darmstadt, Germany) were filled 

with 15 µl of Protein G Sepharose 4 Fast Flow beads (GE Healthcare, Uppsala, Sweden) in 

200 µl PBS, followed by the addition of 2 µl of the serum samples. Furthermore, 10 of the 
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serum samples were purified in duplicate. Fifteen wells were filled with 2 µl Milli-Q-purified 

water to serve as negative control and 20 wells were filled with 2 µl of the serum of a healthy 

donor to serve as positive control. The plates were incubated on a shaker at room temperature 

for 1 hour. The samples were then washed on a vacuum manifold with 4x 200 µl PBS and 3x 

200 µl Milli-Q-purified water, followed by the addition of 100 µl 100 mM formic acid 

(Fluka, Steinheim, Germany) for elution into a V-bottom 96-well plate (Greiner Bio-One, 

Frickenhausen, Germany), which has been shown to result in near-complete denaturation of 

IgG (47). Eluates were dried in a centrifugal vacuum concentrator (Eppendorf, Hamburg, 

Germany) at 60 °C for approximately 2 hours.   

4.3.7: PR3-ANCA purification  
An ELISA kit (Wieslab PR3-ANCA; Euro Diagnostica) was used for purification of PR3-

ANCA. Eighty µl diluent containing PBS (Wieslab kit) and 20 µl of the serum samples were 

added to two PR3-coated 96-well plates. Ten of the serum samples were purified in duplicate 

in separate wells. Fifteen wells were filled with 20 µl Milli-Q-purified water to serve as 

negative control and 20 wells were filled with 20 µl of the serum of a healthy donor to serve 

as a further negative control. The samples were incubated on a shaker at room temperature 

for 1 hour, followed by washing 4x with 250 µl wash buffer (Wieslab kit) and 1x with 150 µl 

50 mM ammonium bicarbonate buffer (Sigma-Aldrich, St. Louis, MO). The PR3-ANCA was 

eluted by adding 100 µl 100 mM formic acid to the wells and collected into a V-bottom 96-

well plate. The samples were then dried in a centrifugal vacuum concentrator at 60°C for 

approximately 2 hours.   

4.3.8: PR3-ANCA purification  
The dried total IgG and PR3-ANCA samples were resuspended in 20 µl 50 mM ammonium 

bicarbonate and incubated on a shaker at room temperature for 15 minutes. Twenty µl of 0.01 

µg/µl trypsin (sequencing grade modified trypsin, Promega, Madison, WI) was then added to 

each well. The samples were again incubated on a shaker at room temperature for 15 minutes, 

followed by overnight incubation at 37°C. Samples were stored at -20°C.  

4.3.9: LC-MS/MS analysis 
The digested samples were analyzed by nanoLC-reversed phase (RP)-electrospray ionization 

(ESI) –quadrupole time-of-flight (qTOF)-MS on an Ultimate 3000 HPLC system 

(Dionex/Thermo Scientific, Sunnyvale, CA) coupled to a MaXis Impact (Bruker Daltonics, 

Bremen, Germany). The samples were concentrated on a Dionex Acclaim PepMap100 C18 
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trap column (particle size 5 µm, internal diameter 300 µm, length 5 mm) and separated on an 

Ascentis Express C18 nano column (2.7 µm HALO fused core particles, internal diameter 75 

µm, length 50 mm; Supelco, Bellefonte, PA). The following linear gradient was applied, with 

solvent A consisting of 0.1% trifluoroacetic acid (TFA; Fluka) and solvent B of 95% 

acetonitrile (Biosolve, Valkenswaard, The Netherlands): t=0 min, 3% solvent B; t=2, 6%; 

t=4.5, 18%; t=5, 30%; t=7, 30%; t=8, 1%; t=10.9, 1%. The sample was ionized in positive ion 

mode with a CaptiveSprayer (Bruker Daltonics) at 1100 V. A nanoBooster (Bruker 

Daltonics) was used to enrich the nitrogen gas with acetonitrile to enhance the ionization 

efficacy. A mass spectrum was acquired every second (frequency of 1 Hz), with the ion 

detection window set at m/z 550-1800. In between every 12 measurements an external IgG 

standard was run. A mass spectrum of both total IgG and PR3-ANCA can be seen in Figure 

4.1.  

4.3.10: Data processing 
Mass spectrometric identification and processing of tryptic IgG glycopeptide data was done 

as described previously (48), with a few differences as stated below, and was performed 

blindly in order to prevent bias. The LC-MS data files were examined in Compass 

DataAnalysis 4.2 software (Bruker Daltonics). Negative controls were inspected and found to 

contain no significant intensity of IgG signals.  

First, the m/z axis of the mass spectra was calibrated internally using several known IgG 

glycopeptides masses. Next, the files were converted to the .mzXML data format using the 

MSconvert program from the ProteoWizard 3.0 suite (49). The m/z and retention times of all 

the tryptic IgG glycopeptides were manually determined using MZmine 2.10 (50) and can be 

found in Supplemental Table S4.1. The time axes were aligned based on a list of the most 

prominent IgG glycopeptide peaks and their retention times, using an alignment tool designed 

in-house (51). The intensity of the first three isotopes of every analyte was extracted using a 

window of ± 0.04 Thomson and ± 10 s around the manually determined retention time. This 

was achieved using the in-house developed 3D Total Extractor (3DTE) program (software 

code can be found in the supplemental data). A list of analytes is provided to 3DTE, which 

then uses a binary search to find the retention time and mass region around each analyte. 

Afterwards, the maximum intensity of each analyte is determined per mass spectrum that falls 

within the retention time window. The value that is reported for each analyte by 3DTE is the 

sum of the highest intensity values from the individual mass spectra. Lastly, the program 
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generates a tab-separated output file that lists all the compositions and their respective total 

intensities. Background correction was optimized to minimize intensity biases in the 

determination of glycopeptide ratios. In Excel 14.0, the background-corrected signal 

intensities of the three isotopic peaks in both 2+ and 3+ charge state were summed to obtain a 

single value for each glycopeptide. IgG1 G2 and G2S2 were excluded because of overlap 

with contaminant peaks. Isotopic peaks for several other IgG1 glycopeptides were also 

excluded due to peak overlap, and these values were replaced by an estimate based on the 

remaining isotopic peaks and the theoretical isotopic pattern (these isotopic peaks account for 

less than 3% of the total glycopeptide signal intensity). Afucosylated IgG4 glycopeptides 

were excluded due to peak overlap with IgG1 glycopeptides. In order to obtain a percentage 

value for each glycopeptide, this value was then divided by the sum of all signal intensities of 

glycopeptides, and this was done separately for IgG1, IgG2/3 and IgG4. In Caucasian 

populations the tryptic glycopeptide of IgG3 generally has the same peptide sequence as 

IgG2 (52). Therefore it was not possible to distinguish between IgG2 and IgG3 glycopeptides 

with the methods we used, and these glycopeptides will be referred to as IgG2/3. The IgG 

percentage data can be seen in Supplemental Table S4.2. Several glycosylation features were 

calculated from this data: fucosylation (% of glycans bearing a core fucose), bisection (% of 

glycans with a bisecting GlcNAc), galactosylation (% of antennae carrying a galactose) and 

sialylation (% of antennae carrying a sialic acid, see supplemental data for the exact 

definitions). 

In order to guard the quality of the acquired data, an intensity threshold was set. If the sum of 

the signal intensities of G0F, G1F and G2F in triple charge state for an IgG subclass did not 

exceed this threshold, all data for that subclass was excluded. Additionally, data was 

excluded if the signal/background of the highest peak per subclass did not exceed 20. Finally, 

because of the chance of overlap between IgG4 glycopeptide peaks and later eluting IgG2/3 

peaks, IgG2/3 data was excluded if more IgG4 was present than IgG2/3 (as determined by 

G0F+G1F+G2F (3+) signals). Lastly, we determined the average relative standard deviation 

(RSD) of eight prominent glycans (G0F, G1F, G2F, G0FN, G1FN, G2FN, G1FS and G2FS) 

to further examine the quality of the data.  

4.3.11: Statistical analysis 
Numerical variables were expressed as median (interquartile range [IQR]) and categorical 

variables as relative abundances (percentages). Two unpaired variables were compared with 
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the Mann Whitney U test. Two paired variables were compared with the Wilcoxon signed 

rank test. Continuous variables were correlated with the Spearman test. 

Receiver operating characteristic (ROC) curves were constructed for galactosylation, 

sialylation, fucosylation and bisection at the time of an ANCA rise to discriminate relapsing 

patients from patients who remained in remission. If a trend towards significance was 

observed in an ROC curve, an optimal cut-off value was derived that was closest to the upper 

left corner (the cut-off value with the highest sum of sensitivity and specificity). Patients 

were subsequently categorized as high (above or equal to the cut-off) or low (below cut-off) 

level for the concerning glycosylation trait. Differences in the time to relapse between high 

and low were assessed using the log-rank test. The time to relapse was estimated using the 

Kaplan-Meier method. An event was defined as a relapse at the time of the start or increase of 

immunosuppressive treatment. Subjects were censored at the time of last follow-up. Hazard 

ratios (HR) with the 95% confidence interval were derived using the Cox regression analysis, 

adjusted for age and sex. The proportional hazards assumption was assessed by visually 

inspecting log-log plots.  

All statistical analyses were performed using GraphPad Prism version 6.04 for Windows 

(GraphPad Software, La Jolla, California, USA) and SPSS statistics for Windows, version 

23.0 (IBM, Armonk, NY, USA). Bonferroni corrections were applied to the statistical testing, 

in which a p-value of <0.0125 was considered significant and <0.05 was considered as a 

trend. 
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4.4: Results 

4.4.1: Patient characteristics 
Seventy-five patients with Granulomatosis with Polyangiitis positive for PR3-ANCA were 

included in this study, of whom 51 patients had renal involvement in the past and 24 patients 

did not (see Table 4.1). Forty-three (57.3%) patients relapsed within a median time of 8 (2-

16) months since the ANCA rise.  
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Table 4.1: Patient characteristics. The organ involvement refers the organ involvement during any 
previous periods of disease activity in the past (at the diagnosis or any previous relapse). The 
induction treatment refers to the treatment regimen that was used to induce remission during the most 
recent period of disease activity only. Abbreviations: SD, standard deviation. GC, glucocorticosteroid 
therapy. *This patient was included after a minor relapse which was treated with GC monotherapy, 
while remission was induced after diagnosis using cyclophosphamide + GC. ±The follow-up time 
refers to the time from the most recent disease activity to the endpoint of the study (at the time of 
relapse or at the last time of follow-up). 

 Renal Non-renal 

 
Relapse 
(n=31) 

Remission 
(n=20) 

Relapse 
(n=12) 

Remission 
(n=12) 

Demographics  
   

Age (in years + SD) 58.2 (14.5) 54.7 (14.2) 58.1 (9.0) 66.2 (11.3) 
Male 23 (74.2%) 13 (65%) 6 (50%) 4 (33.3%) 
Organ involvement at previous disease activities 
Arthralgia 19 (61.3%) 10 (50%) 7 (58.3%) 5 (41.7%) 
Cutaneous 13 (41.9%) 3 (15%) 2 (16.7%) 0 (0%) 
Eyes 8 (25.8%) 5 (25%) 3 (25%) 3 (25%) 
Ear, nose, throat 26 (83.4%) 17 (85%) 10 (83.3%) 11 (91.7%) 
Lung 23 (74.2%) 14 (70%) 10 (83.3%) 10 (83.3%) 
Cardiovascular 1 (3.2%) 2 (10%) 0 (0%) 0 (0%) 
Renal 31 (100%) 20 (100%) 0 (0%) 0 (0%) 
Central nervous system 1 (3.2%) 0 (0%) 0 (0%) 1 (8.3%) 
Peripheral nervous system 7 (22.6%) 4 (20%) 1 (8.3%) 2 (16.7%) 
Induction treatment at previous disease activity resulting in remission 
Cyclophosphamide + GC 19 (61.3%) 14 (70%) 6 (50%) 10 (83.3%) 
Rituximab + GC 1 (3.2%) 3 (15%) 0 (0%) 0 (0%) 
Methothrexate + GC 5 (16.1%) 0 (0%) 4 (33.3%) 1 (8.3%) 
Mofetil mycophenolate + GC 3 (9.7%) 3 (15%) 0 (0%) 0 (0%) 
Gusperimus + GC 2 (6.4%) 0 (0%) 1 (8.3%) 0 (0%) 
GC monotherapy 1 (3.2%)* 0 (0%) 1 (8.3%) 1 (8.3%) 
Immunosuppressive therapy at the time of the ANCA rise 
Immunosuppressive therapy 27 (87.1%) 16 (80%) 8 (66.7%) 8 (66.7%) 
None 4 (12.9%) 4 (20%) 4 (33.3%) 4 (33.3%) 
Follow-up     
Follow-up time (in months + SD) 
± 12.9 (20.4) 42.0 (20.8) 13.9 (16.1) 45.6 (35.3) 

Persistently ANCA positive 10 (32.3%) 6 (30%) 2 (16.7%) 3 (25%) 
Relapse     
Major 18 (58.1%) - 4 (33.3%) - 
Minor 13 (41.9%) - 8 (66.7%) - 

 

Out of 156 samples total (75 at the time of ANCA rise, 71 at a second time point, and 10 

duplicates), PR3-ANCA IgG1 data was excluded in 16 samples, total IgG1 data in 0 samples, 

total IgG2/3 data in 14 samples and total IgG4 in 20 samples. Because the signal intensity of 

PR3-ANCA IgG2/3 and IgG4 in the majority of samples did not surpass the threshold, we 

excluded this data group altogether. For 8 prominent glycoforms, the external IgG standard 

120



Chapter 4: Galactosylation and sialylation levels of IgG predict relapse in ANCA patients       
 

 
 

run in between every 12 measurements showed an average RSD of 4.2% for IgG1, 4.0% for 

IgG2/3 and 7.1% for IgG4. The on-plate healthy donor serum-derived total IgG samples 

exhibited an average RSD of 4.0% for IgG1, 3.0% for IgG2/3 and 3.5% for IgG4. Finally, for 

the aforementioned 8 glycoforms, the 10 ANCA serum samples which were processed in 

duplicate showed an average RSD of 2.3%, 1.5% and 1.3% for total IgG1, IgG2/3 and IgG4, 

and 3.1% for PR3-ANCA IgG1. Two LC-MS spectra of total IgG and PR3-ANCA IgG, 

belonging to an AAV patient at the time of relapse, can be seen in Figure 4.1. 

For better readability, the results of total IgG1 and PR3-ANCA IgG1 are presented in the 

manuscript, while the results of total IgG2/3 and total IgG4, which exhibit the same general 

trend as total IgG1, can be found in the supplemental data. 

 

Figure 4.1: LC-MS spectra showing tryptic IgG1 glycopeptides for total IgG and PR3-ANCA 
belonging to an AAV patient (#9; details in Supplemental Table 4.1) at the time of relapse. The 
peaks denoted with an asterisk belong to a co-enriched contaminant (an apolipoprotein O-
glycopeptide). Pep=peptide. 
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4.4.2: IgG1 Fc glycosylation of total IgG and PR3-ANCA at the time of the ANCA rise 
At the time of the ANCA rise, we analyzed whether there were differences in the 

glycosylation profile of total IgG1 and PR3-ANCA IgG1. The degree of galactosylation, 

sialylation and fucosylation of total IgG1 was lower compared to PR3-ANCA IgG1 (46.0% 

[39.1-49.7%] versus 47.4% [40.4-57.5%], p=0.0175; 6.2% [5.2-7.1%] versus 6.9 [5.1-9.0%]; 

p=0.0289 and 93.3% [89.9-95.5%] versus 98.4% [97.3-99.0%], p<0.0001, respectively). In 

contrast, the level of bisection of total IgG1 was higher compared to PR3-ANCA IgG1 (19.0 

[15.9-21.7%] versus 11.4% [10.1-13.9%], p<0.0001, see Supplemental Figure S4.1). 

4.4.3: IgG1 Fc glycosylation as a predictor of a relapse at the time of an ANCA rise 
Thereafter, we investigated whether patients with a particular IgG1 Fc glycosylation profile 

at the time of an ANCA rise are more prone to relapse after an ANCA rise. The ROC curve 

of total IgG1 galactosylation and sialylation were found to differentiate relapsing patients 

from non-relapsing patients (Supplemental Figure S4.2; AUC 0.6533, p=0.02385 and AUC 

0.6563, p=0.02131, respectively). Total IgG1 bisection and fucosylation did not yield 

significant discrimination between relapsing and non-relapsing patients (p=0.9488 and 

p=0.9402, respectively; data not shown). The ROC curve of PR3-ANCA IgG1 was not 

significant for any of the glycosylation traits (data not shown). An optimal cut-off value was 

derived from the significant ROC curves, and patients were classified as ‘low 

galactosylation’ if the galactosylation rate of total IgG1 was lower than 46.1% and as ‘low 

sialylation’ if the sialylation rate of total IgG1 was lower than 6.9% (see Supplemental Figure 

S4.2). 

Forty-one of 75 (54.7%) patients were classified as low galactosylation, of whom 30 (73.2%) 

patients relapsed within a median of 6 (1-15) months after the ANCA rise. In comparison, 

only 13 of 34 (38.2%) patients who were classified as high galactosylation relapsed in a 

median of 10 (2.5-17.5) months. Thus, patients with low galactosylation total IgG1 were 

highly prone to relapse after an ANCA rise (HR 3.46 [95%-CI 1.73-6.96], p<0.0001, adjusted 

for age and sex, see Figure 4.2A).  
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Figure 4.2: Time to relapse after an ANCA rise, (A) according to the degree of galactosylation of 
total IgG 1 Fc and (B) according to the degree of sialylation of total IgG 1 Fc. 

Similar results were found for the degree of sialylation. Forty-seven of 75 (62.7%) patients 

were classified as low sialylation, of whom 34 (72.3%) patients relapsed within a median of 8 

(1-17) months after the ANCA rise. In comparison, only 9 of 28 (32.1%) patients with a high 

sialylation relapsed in a median of 7 (2-12) months. Low sialylation patients were highly 

prone to relapse after an ANCA rise (HR 3.22 [95%-CI 1.52-6.83], p=0.002, adjusted for age 

and sex; see Figure 4.2B).  

Because the degree of sialylation and galactosylation are highly correlated (terminal N-

acetylneuraminic acid is attached to galactose), we in addition calculated the sialic acid per 

galactose. No association was observed between the sialic acid per galactose and the time to 

relapse (see Supplemental Figure S4.3 and S4.4). 

4.4.4: Changes in IgG1 Fc glycosylation during follow-up 
Next, we looked at potential changes of the glycosylation profile during follow-up. With 

regards to the total IgG1, the degree of galactosylation, sialylation and bisection significantly 

decreased and fucosylation significantly increased in relapsing patients (p<0.0001, p=0.0087, 

p<0.0001 and p=0.0025, respectively), while the glycosylation profile remained similar in 

patients who remained in remission (see Figure 4.3 and figure S4.5 and S4.6 in the 

supplemental data). 
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Figure 4.3: The glycosylation profile of total IgG1 Fc at the time of an ANCA rise (T1) and at 
the time of a relapse (T2rel) in relapsing patients (black dots) and time-matched during 
remission (T2rem) in patients who remain in remission (gray dots). Dots represent individual 
patients, lines indicate corresponding pairs. The box represents the median with interquartile range, 
the whiskers delineate the min-max range. Significant differences were evaluated using the Wilcoxon 
signed rank test, P-values are shown if <0.10 and in bold if <0.0125.  

With regard to PR3-ANCA IgG1, in relapsing patients, a significant reduction in the degree 

of galactosylation and sialylation and a trend towards a reduction in fucosylation were 

observed from the ANCA rise to the time of the relapse (p=0.0073, p=0.0049 and p=0.0205, 

respectively, see Figure 4.4). Similarly, in patients who remained in remission, a significant 

reduction in the degree of galactosylation, sialylation and fucosylation was observed from the 
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ANCA rise to the time of the second sample (p=0.0007, p=0.0114 and p=0.0002, 

respectively). Moreover, the proportion of bisection of PR3-ANCA IgG1 significantly 

increased from the ANCA rise to the time-matched sample during remission (p<0.0001). 

 

Figure 4.4: The glycosylation profile of antigen specific PR3-ANCA IgG1 Fc at the time of an 
ANCA rise (T1) and at the time of a relapse (T2rel) in relapsing patients (black dots) and time-
matched during remission (T2rem) in patients who remain in remission (gray dots). Dots 
represent individual patients, lines indicate corresponding pairs. The box represents the median with 
interquartile range, the whiskers delineate the min-max range. Significant differences were evaluated 
using the Wilcoxon signed rank test, P-values are shown if <0.10 and in bold if <0.0125.  
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4.4.5: IgG1 Fc glycosylation at the time of relapse or time-matched during remission 
The changes in the glycosylation profile over time lead to significant differences between 

patients in relapse or in remission at the second time point. With regard to total IgG1, a 

significantly lower degree of galactosylation and sialylation and a trend towards a lower 

degree of bisection was observed in relapsing patients compared to patients who remain in 

remission (p=0.0015, p=0.0120 and p=0.0443, respectively, see Figure 4.5 and Figure S4.7 in 

the supplemental data). Conversely, the glycosylation profile of PR3-ANCA was only 

significantly different with regard to bisection, which was lower in relapsing patients 

compared to patients who remained in remission (p=0.0009). 
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Figure 4.5: The glycosylation profile at the time of a relapse in relapsing patients and time-
matched during remission in patients who remain in remission (gray dots). IgG1 Fc 
glycosylation of total IgG (left side, white background) and antigen specific PR3-ANCA (right 
side, yellow background) is shown. Dots represent individual patients. The box represents the 
median with interquartile range, the whiskers delineate the min-max range. Significant differences 
were evaluated using the Mann Whitney U test, P-values are shown if <0.10 and in bold if <0.0125. 
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4.5: Discussion 
In this study we investigate with mass spectrometry the changes in Fc glycosylation over time 

in both total IgG and PR3-ANCA of patients with AAV. In patients who were in clinical 

remission, a first serum sample was taken at the time of an ANCA rise, whereas a second 

sample was acquired either after relapse but before therapy was started, or for patients who 

remained in remission, after a similar length of time. Analysis of the two longitudinal 

samples revealed a significant reduction in galactosylation, sialylation and bisection and an 

increase in fucosylation in total IgG Fc of relapsing patients, while these glycosylation traits 

did not change significantly in patients who remain in remission. Most importantly, the Fc 

glycosylation profile of total IgG at the time of an ANCA rise predicts a relapse. Namely, 

patients with low galactosylation or low sialylation in total IgG are more prone to relapse 

compared to patients with high galactosylation or sialylation in total IgG. In addition, we 

observed that the level of sialylation and galactosylation of PR3-ANCA is decreased over 

time, both in relapsing and non-relapsing patients. Therefore, it appears that PR3-ANCA 

gains a more inflammation-associated phenotype during follow-up in both groups of patients, 

independent of disease course.  

While IgG with a low degree of galactosylation has repeatedly been found to be associated 

with pro-inflammatory autoimmune responses, the underlying mechanisms are still largely 

elusive (53-56). In addition, highly galactosylated IgG may confer anti-inflammatory 

activities through the association with the inhibiting receptor FcyRIIb and the C-type lectin-

like receptor Dectin-1 in mice (21). This latter pathway has been shown to block C5a effector 

functions in vitro and C5a-dependent inflammatory responses in animal mouse models (21). 

This is highly relevant in AAV, since C5a plays a pivotal role in the pathophysiology (1, 57). 

Mouse models have shown that the blocking of C5a or C5a receptor (C5aR) ameliorates anti-

MPO induced necrotizing glomerulonephritis (58, 59). The safety and efficacy in the 

treatment of non-life-threatening AAV with CCX168, a C5aR inhibitor, is currently being 

tested in a phase 2 study (EudraCT Number: 2011-001222-15). The addition of galactose to 

the glycan structure also no longer enables the interaction of MBL with IgG, and may thereby 

block the lectin pathway (19). The clinical relevance of the lectin pathway in AAV is 

questionable however, since mannose-binding lectin (MBL) deposition in the kidney was 

found in only a minority of patients and complement activation in AAV occurs 

predominantly via the alternative pathway (57).  
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Sialylated IgG has been reported to have anti-inflammatory properties likely mediated 

through interaction with the murine C-type lectin receptor SIGN-R1 (a homologue of the 

human DC-SIGN) and FcyRIIb (22, 60). In our study, we found that total IgG preserved an 

anti-inflammatory glycosylation profile in patients who remained in remission, but changed 

to an inflammation-associated phenotype in relapsing patients. It remains unclear whether 

this change merely represent a bystander acute-phase reaction or whether the loss of anti-

inflammatory effector function of total IgG enabled PR3-ANCA to induce disease 

reactivation. Notably, low galactosylation and sialylation at the ANCA rise predicts disease 

reactivation, suggesting that the change of total IgG towards an inflammation-associated 

phenotype precedes the onset of disease reactivation. We hypothesize that these anti-

inflammatory mechanisms of total IgG are involved in the suppression of active disease in 

our AAV patients who remain in remission.    

One may wonder what causes the change of the glycosylation profile of total IgG from an 

anti-inflammatory towards a pro-inflammatory phenotype. One study observed an average 

reduction of total IgG sialylation by 40% upon antigenic challenge in a mouse model (22). 

Based on our findings, we speculate that a second hit that is not related to the presence of 

PR3-ANCA nor the glycosylation profile of PR3-ANCA is required for a relapse after an 

ANCA rise (the “first hit”). Several candidates for such a second hit have been postulated, 

such as microorganisms (61), environmental factors (62, 63), and/or other auto-antibodies 

(64). No functional data are currently available regarding the role of the glycosylation profile 

of total IgG and/or antigen-specific IgG in the capacity of PR3-ANCA to induce 

inflammation and this should be further studied. 

A recent study reported a novel correlation between bisection of PR3-ANCA and disease 

state (38). In our study we find a correlation between bisection and relapse/remission. The 

level of bisection of total IgG decreases significantly in relapsing patients, while it stays 

stable in non-relapsing patients. In PR3-ANCA the level of bisection remains stable in 

relapsing patients, while it increases in non-relapsing patients. While the effect of a bisecting 

GlcNAc on IgG effector functions is minor compared to that of the other glycosylation 

features, it has been reported that bisection can enhance antibody-dependent cellular 

cytotoxicity (ADCC) through increased FcγRIIIa affinity (65, 66). Since a reduction in 

bisection is seen during AAV relapse, it is likely that the minor anti-inflammatory effect of 

decreased bisection is overshadowed by effects of other changes in glycosylation and that 
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ADCC may only play a minor role in the pathogenesis of AAV (67). A decrease in IgG 

bisection has not been reported for any other autoimmune disorders, while an increase in 

bisection has been observed for Lambert-Eaton Myasthenic Syndrome (LEMS) (29). A slight 

increase in fucosylation over time was seen in total IgG of relapsing patients. In contrast, 

PR3-ANCA showed a minor decrease in fucosylation for both relapsing and non-relapsing 

patients. While the absence of a core fucose can greatly enhance the inflammatory properties 

of IgG through increased FcγRIIIa affinity, the differences in fucosylation in our study cohort 

are likely too small to be of much influence. 

Our findings regarding the glycosylation profile of total IgG compared to antigen-specific 

PR3 markedly differ from those of a previous study, which reported a reduction of 

galactosylation, sialylation and bisection of PR3-ANCA as compared to total IgG, while we 

observe that bisection, but not galactosylation and sialylation is reduced in PR3-ANCA. 

These differences may be largely caused by the pronounced differences in study design (38). 

First, we included patients with severe AAV as well as patients with more limited forms of 

AAV, while the previous report only included patients with severe AAV (38). Second, our 

patients were in remission at the time of sampling, while the patients of Wuhrer et al. were 

sampled at the time of active disease (38). Interestingly, both studies observe a lower degree 

of bisection in PR3-ANCA compared to total IgG.  

Our study is limited by the amount of included patients, hence only the N-glycan analysis was 

included in the statistical evaluation. Future validation in other, larger study cohorts is 

warranted in which the predictive value of a multitude of factors, in particular the IgG N-

glycan analysis, should be evaluated using multivariate techniques, including principle 

components analysis. A strong aspect of our study is that our patients are highly characterized 

and we only included patients with GPA positive for PR3-ANCA. Yet differences still remain 

in organ involvement and immunosuppressive therapy. Our findings, however, may not apply 

to patients with MPA or patients positive for MPO-ANCA and this should be further 

investigated.  

Most importantly, we addressed the clinical value of the aberrant glycosylation which we 

observe in AAV patients. Changes in IgG glycosylation, especially galactosylation and 

sialylation, might be useful to screen patients for their risk of relapse. Our data indicates that 

analysis of total IgG would be sufficient for this purpose. Already in the first serum sample, 
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acquired a median time of 8 months before the time of relapse, we could identify patients that 

are at risk for a future disease relapse. Differences in the glycosylation profile between 

relapsing and non-relapsing patients becomes more pronounced as the time of relapse 

approaches. Longitudinal acquisition of serum samples taken every few months would reveal 

changes in the personal glycosylation profile of each patient that could possibly help as a 

guide when to start treatment in these patients. It remains to be studied, however, whether 

treatment based on this information will be able to minimize tissue and organ damage.  
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Supplemental Information 
A complete overview of the supplemental information is available online at 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5360573. 

 

Supplemental Figure S4.2: The glycosylation profile of total IgG (white background) differs 
significantly compared to PR3-ANCA (yellow background) at the time of an ANCA rise (T1). 
IgG1 Fc glycosylation is shown. Dots represent individual patients. The box represents the median 
with interquartile range, the whiskers delineate the min-max range. Significant differences were 
evaluated using the Mann Whitney U test, P-values are shown if <0.10 and in bold if <0.0125. 
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5.1: Summary 
This study indicates that glycosylation of immunoglobulin G, the most abundant antibody in 

human blood, may convey useful information with regard to inflammation and metabolic 

health. IgG occurs in the form of different subclasses, of which the effector functions show 

significant variation. Our method provides subclass-specific IgG glycosylation profiling, 

while previous large-scale studies neglected to measure IgG2-specific glycosylation.  

We analysed the plasma Fc glycosylation profiles of IgG1, IgG2 and IgG4 in a cohort of 

1826 individuals by liquid chromatography-mass spectrometry. For all subclasses, a low level 

of galactosylation and sialylation and a high degree of core fucosylation associated with poor 

metabolic health, i.e. increased inflammation as assessed by C-reactive protein, low serum 

high-density lipoprotein cholesterol  and high triglycerides, which are all known to indicate 

increased risk of cardiovascular disease. IgG2 consistently showed weaker associations of its 

galactosylation and sialylation with the metabolic markers, compared to IgG1 and IgG4, 

while the direction of the associations were overall similar for the different IgG subclasses. 

These findings demonstrate the potential of IgG glycosylation as a biomarker for 

inflammation and metabolic health, and further research is required to determine the additive 

value of IgG glycosylation on top of biomarkers which are currently used. 
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5.2: Introduction 

Glycosylation is known to reflect the physiological state of an organism and changes thereof 

(1). For immunoglobulin G (IgG), which occupies a central role in the immune system, it is 

known that the conserved N-glycan located at asparagine 297 on the fragment crystallisable 

(Fc) part of IgG can modulate inflammatory responses: a lack of core fucose, galactose and 

N-acetylneuraminic (sialic) acid increases the ability of IgG to induce antibody-dependent 

cell-mediated cytotoxicity (ADCC) in mice (2-4). Furthermore, glycosylation of IgG is 

associated with various pathologies. Autoimmune diseases are generally associated with 

decreased galactosylation and sialylation of IgG Fc, which is a hallmark of the inflammatory 

state of these pathologies (5-10). Different types of cancer (11-13) and viral infections (14, 

15) have been shown to exhibit low galactosylation and sialylation of IgG N-glycans similar 

to inflammatory conditions. IgG glycosylation, specifically low galactosylation and 

sialylation, has also been proposed as a biomarker of inflammageing, the state of chronic 

weak inflammation in elderly individuals (16), or more generally as a marker of immune 

activation (17). 

Since IgG glycosylation appears to be altered during a state of inflammation, it is not 

surprising that associations between certain glycoforms and the inflammatory marker C-

reactive protein (CRP) have been reported (18-20). Inflammation often goes hand in hand 

with ageing and poor metabolic health, which are all associated with a higher risk for 

cardiovascular disease (21). However, an overview is lacking of the associations between IgG 

glycosylation and an assortment of clinical markers related to metabolic health in healthy 

individuals. Furthermore, other large cohort studies (>100 healthy participants) on IgG 

glycosylation report either a released glycan profile (22, 23), which does not contain any 

subclass-specific information, or a joint profile for IgG2 and IgG3 (24, 25). This is due to the 

shared peptide sequence of the tryptic glycopeptides of these two subclasses, which prevents 

separate analysis by mass spectrometry, and thereby prevents separate examination of IgG2 

glycosylation. While little is known about the differences in effector functions between IgG 

subclasses in vivo, in vitro assays ascribe to IgG2 a lower overall binding affinity to Fc 

gamma receptors (FcγRs) (26-28) and ADCC capacity (29, 30). 

In order to evaluate the merit of IgG Fc N-glycosylation as a systemic biomarker of metabolic 

health, we here analysed glycosylation of IgG1, 2 and 4 in a cohort of 1826 healthy 
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individuals to investigate associations with known markers related to inflammation and 

metabolic health. The population analysed in this study is part of the Leiden Longevity Study, 

aimed at determining the biological foundation of healthy ageing. In this study we investigate 

the glycosylation of IgG in relation to measurements of inflammation, such as plasma levels 

of C-reactive protein (CRP) and interleukin-6 (IL-6), and of metabolism such as lipids and 

thyroid hormone. IgG glycosylation analysis has previously been performed on this cohort 

with MALDI-MS to facilitate the measurement of 6 N-glycopeptides for IgG1 and IgG2 each, 

allowing only the assessment of galactosylation and bisection (18). The current analysis is 

performed with nanoLC-ESI-QTOF-MS, which offers enhanced sensitivity and a more 

extensive glycoprofiling of the samples: 20 N-glycopeptides were identified for IgG1 and 

IgG2 and 10 for IgG4, providing novel information on the sialylation and fucosylation of 

these samples. 
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5.3: Methods 

5.3.1: Cohort participants and study design 
This study was performed on 1995 available plasma samples from 1170 offspring of 

nonagenarian siblings of the Leiden Longevity cohort and 656 of their partners as controls 

(31). Families were included if the parents were over 91 (for females) or over 89 (for males) 

years of age. Previously we have shown that comparison of the middle-aged offspring of 

long-lived parents and their partners as controls reveals parameters associating with familial 

metabolic health, thereby demonstrating that offspring have a beneficial immune-metabolic 

health (32-34). An overview of the age and sex distribution of the participants can be seen in 

Table 1. All participants have given informed consent prior to sample collection, in 

accordance with the Declaration of Helsinki. The study design and protocols were approved 

by the Ethical Committee of the Leiden University Medical Center. Venous blood was 

collected under non-fasting conditions. 

5.3.2: Metabolic parameter analysis 
Various parameters related to metabolic health were determined for the participants of the Leiden 

Longevity cohort. High-sensitivity measurements of CRP, glucose, total cholesterol (TC), high-density 

lipoprotein cholesterol (HDLC) and triglycerides (TG) in blood samples were performed on the 

Hitachi Modular P-800, while free triiodothyronine (T3) levels were assessed using a Modular E-170 

(both Roche Diagnostics, Almere, the Netherlands) (35-37). Low-density lipoprotein cholesterol 

(LDLC) was derived from these measurements using the Friedewald formula (LDLC = TC - HDLC - 

TG/5) (38). If the level of TG exceeded 4.52 mmol/L, LDLC was listed as missing. The level of insulin in 

blood was assessed with an Immulite 2500 (DPC, Los Angeles, CA) (37). Interleukin 6 (IL-6) levels 

were determined with an enzyme-linked immunosorbent assay (ELISA) (Sanquin Reagents, 

Amsterdam, The Netherlands). Furthermore, the self-reported current smoking status of the 

participants was registered. An ELISA was done on serum to determine if the participants had 

antibodies against cytomegalovirus (PKS Assay, Medac, Wedel, Germany). The distributions of these 

metabolic parameters within the cohort are listed in Table 1. 

5.3.3: IgG glycopeptide sample preparation 

IgGs were purified in 96-well format as described previously (18). An amount of 2 µL of 

plasma was incubated with 15 µL Protein A Sepharose Fast Flow beads (GE Healthcare, 

Uppsala, Sweden) and 150 µL phosphate buffered saline (PBS) on a 96-well filter plate for 1 
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hour at room temperature while shaking. The IgG samples were washed three times with PBS 

and three times with MilliQ-purified water, followed by elution with 100 µL 100 mM formic 

acid. The samples were then dried in a vacuum concentrator for 2 hours at 60 °C and 

resuspended in 40 µL 25 mM ammonium bicarbonate with 200 ng of trypsin (sequencing 

grade modified trypsin, Promega, Madison, WI). Digestion took place overnight at 37 °C. 

Two of the 96-well plates were prepared twice to assess interbatch variation. 

5.3.4: NanoLC-ESI-QTOF-MS analysis 
The IgG glycopeptide samples were analysed using liquid chromatography coupled to mass 

spectrometry (LC-MS), in a setup described previously (39). An amount of 2.5 µL of the 

samples was injected in an Ultimate 3000 RSLCnano liquid chromatography system (Dionex, 

Sunnyvale, CA). The samples were first washed on an Acclaim PepMap100 C18 trap column 

(5 mm x 300 µm i.d., Dionex, Sunnyvale, CA), and subsequently separated on an Ascentis 

Express C18 nanoLC column (50 mm x 75 µm i.d., 2.7 µm HALO fused core particles; 

Supelco, Bellefonte, PA) with a flow rate of 0.9 µL/min. The following linear gradient was 

used, with solvent A consisting of 0.1% trifluoroacetic acid and B of 95% acetonitrile (ACN): 

t=0, 3% solvent B; t=2, 6%; t=4.5, 18%; t=5, 30%; t=7, 30%; t=8, 0%; t=11, 0%. 

Via a sheath-flow electrospray (ESI) interface (Agilent Technologies, Santa Clara, CA), the 

LC was coupled to a Maxis Impact quadrupole time-of-flight (QTOF)-MS system 

(micrOTOF-Q; Bruker Daltonics, Bremen, Germany). A sheath-flow consisting of 50% 

isopropanol, 20% propionic acid (Merck) and 30% MilliQ-purified water was applied at 2 

µL/min, and nitrogen gas was applied at 4 L/min. MS1 spectra were acquired with a 

frequency of 0.5 Hz and within an m/z range of 600-2000. An IgG standard and two blank 

injections were run in between every 12 runs. 

5.3.5: Glycosylation data processing 
Glycosylation profiles were extracted from the data files as described previously (39). The 

three subclass-specific types of tryptic glycopeptides (IgG1: EEQYNSTYR, IgG2: 

EEQFNSTFR, IgG4: EEQFNSTYR) eluted at different time points, with the retention times 

of differentially glycosylated variants of each subclass clustered closely together, since the 

secondary interaction between sialic acids and the silica column which usually leads to later 

elution of sialylated glycopeptides was negated by the use of TFA in the mobile phase 

(Supplemental Figure S1). Based on their mass and previous characterizations of IgG N-
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glycan structures (40-42), 20 N-glycans were identified for both IgG1 and IgG2 

(Supplemental Table S1). For IgG4, only 10 glycopeptides could be identified, as the mass of 

the minor afucosylated species overlapped with the much more abundant IgG1 fucosylated 

glycopeptides, and could thus not be reliably distinguished from tailing of the latter 

(Supplemental Table S1). 

LC-MS data was examined and calibrated in Compass Data Analysis 4.2 (Bruker Daltonics), 

based on a list of four of the most abundant N-glycopeptides (G0F, G1F, G2F, G2FS) in both 

double and triple charge state. The data was then exported in mzXML file format. Alignment 

of the retention times was done using MSalign. Next, the in-house developed software tool 

Xtractor 2D (43) was used to extract the signal intensity of the first three isotopic peaks of 

various glycopeptides in both double and triple charge state, within an m/z window of + 0.04 

Thompson and a time window of + 10 s surrounding the retention time. These N-

glycopeptides were inputted from a list of m/z values (Supplemental Table S1) encompassing 

20 IgG1 glycopeptides, 20 IgG2 glycopeptides and 10 IgG4 glycopeptides (afucosylated 

IgG4 species overlapped with IgG1 glycopeptides and thus could not be properly analysed). 

For each N-glycopeptide, the signal intensity of the three isotopic peaks in double and triple 

charge state were background-corrected and summed. IgG2-G1FNS1  (the IgG2 glycan 

carrying 1 galactose (G1), 1 sialic acid (S1), a core fucose (F) and a bisecting N-

acetylglucosamine) and IgG2-G2FNS1, which each represented less than 0.4% of the total 

IgG2 glycopeptide abundance, were excluded from the data due to a severe batch effect. The 

N-glycopeptide signals were normalised by dividing each by the total signal intensity of all 

N-glycopeptides belonging to that subclass, yielding percentage data amounting to 100% per 

subclass. 

An intensity threshold was determined based on the percentage of the signal intensity which 

was derived from N-glycopeptides with a signal-to-background ratio larger than 3. If the total 

intensity per subclass did not exceed the threshold, data from that subclass was excluded. 

After this exclusion, IgG1 data remained for 1825 individuals, IgG2 for 1826 and IgG4 for 

1742. 
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5.3.6: Data preprocessing  
From the individual N-glycan percentage data, five glycosylation features were determined 

for each IgG subclass (calculations can be found in Supplemental Table S2): fucosylation (% 

of fucosylated N-glycopeptides), bisection (% of N-glycopeptides carrying a bisecting N-

acetylglucosamine (GlcNAc)), galactosylation (% of galactoses per antennae), sialylation (% 

of sialic acids per antennae) and sialic acid per galactose (% of sialic acids per galactose). 

Fucosylation could not be determined for IgG4, since no afucosylated IgG4 glycopeptides 

were measured due to overlap with IgG1 glycopeptides. 

The three most abundant glycopeptides (G0F, G1F, G2F) of the standard IgG samples run in 

between every twelve samples showed a relative standard deviation (RSD) of 4.7%. The 

average intraplate RSD was 1.9%, based on standard IgG samples run during the 

measurement of each plate, and the interplate RSD was 3.3%. Therefore, batch correction 

was done using the ComBat package (44) in R 3.0.1, with the 96-well plates as batches (45). 

Furthermore, any glycosylation feature value which deviated more than 5 standard deviations 

(SD) from the mean was replaced by 5 x SD from the mean. 

The glycosylation features and several of the metabolic parameters (CRP, IL-6, glucose, 

insulin, TG, free T3) underwent natural logarithm transformation, in order to make these 

parameters more normally distributed. 

5.3.7: Reproducibility of the analysis 
Two 96-well plates with samples were purified and analysed twice, to assess the reproducibility of our 

method. To assess the level of correlation between these sample plates, a Pearson’s correlation test 

was performed in R using the function cor.test(). The glycosylation features on the different plates 

showed a high level of correlation, i.e. Pearson’s correlation coefficients (r) of 0.97 (fucosylation), 

0.95 (bisection), 0.98 (galactosylation), 0.93(sialylation) and 0.80 (SA per gal) for IgG1. From the 

two plates which were prepared twice, the plate which showed the highest signals was used for further 

data analysis. 

5.3.8: Statistical association analysis 
Statistical analyses were done in R 3.0.1 (45). A paired t-test from the R stats package was 

performed to see if there was a significant difference in glycosylation features between 

different subclasses. Regression analysis was done using the generalised estimating equation 

package (geepack) (46) to account for family relationship. A linear model with formula 
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‘glycosylation feature Y ~ β1*metabolic parameter X + β2*age + β3*sex + β4*(age*sex) + 

error’ was fitted to the data, to assess the association between each glycosylation feature and 

metabolic parameter, while correcting for confounders, taking into account within-family 

relatedness and under the assumption of an exchangeable correlation structure. The output of 

this regression analysis consisted of a p1-value, β1 coefficient and its standard error (SE(β1)) 

describing the association between each glycosylation feature and metabolic parameter, and 

from this the t statistic was derived using t=β1/SE(β1). To assess the relation of IgG 

glycosylation with familial metabolic health, a logistic regression model was applied using 

the same software, with familial metabolic health as dependent variable Y, coded as 0 for 

controls and 1 for members of long-lived families, and IgG glycosylation features as 

independent variable X, while correcting for the same confounders and within-family 

relatedness, and under the assumption of an independent correlation structure. 

Significance was defined as a p-value below the Bonferroni-corrected threshold α = 

0.000714 (7.14 x 10-4). This threshold was derived from the standard threshold α = 0.05 

divided by 70, which is the number of analyses between 14 variables (metabolic parameters + 

age + sex) and 5 glycosylation features (subclass-specific versions of the same glycosylation 

feature were disregarded since they are highly intercorrelated). 

5.3.9: Data visualization 
Before plotting, glycosylation data was corrected for either age-specific differences or for 

both age- and sex-specific differences, by fitting the linear model (geepack) ‘glycosylation 

feature ~ age’ or ‘glycosylation feature ~ age + sex’, and then taking the residuals. The 

ggplot2 package in R was used for visualization of the data (47). A linear trendline was fitted 

to plots with the geom_smooth function. A heatmap was generated in R with the weighted 

correlation network analysis (WGCNA) package (48). 
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5.4: Results 
By performing nanoLC-ESI-QTOF-MS analysis on tryptic IgG glycopeptides, Fc 

glycosylation profiles of IgG1, IgG2 and IgG4 were determined for nearly 2000 participants 

of the Leiden Longevity study. After data curation, IgG1, IgG2 and IgG4 data remained for 

respectively 1825, 1826 and 1742 participants. From the individual N-glycan data five 

glycosylation features were derived (the calculations can be found in Supplemental Table 

S2): fucosylation, bisection, galactosylation, sialylation and sialic acid per galactose (SA per 

gal). The distribution of the age and sex of the study population, as well as the average 

measurements of metabolic parameters and IgG glycosylation features, can be found in Table 

1. IgG glycosylation was observed to be age-dependent and differences were seen between 

males and females (Supplemental Figure S2), as has been described in earlier reports (25, 49-

51). We observe minor but significant differences between the glycosylation features of the 

three IgG subclasses: t-tests revealed a p-value below 1.0 x 10-10 for all comparisons of 

glycosylation features between IgG subclasses (1 vs 2, 1 vs 4 and 2 vs 4). IgG2 exhibits a 

higher level of fucosylation (IgG1: 91.2 ± 4.1% (mean + SD); IgG2: 97.4 ± 0.9%; IgG4 

fucosylation could not be determined), but a lower level of bisection (IgG1: 19.1 ± 3.3%, 

IgG2: 13.9 ± 2.7%, IgG4: 19.6 ± 4.4%) and galactosylation (IgG1: 50.1 ± 6.4%, IgG2: 39.5 ± 

6.2%, IgG4: 43.7 ± 6.9%). 
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Table 5.1: Distribution of age, sex, glycosylation features and metabolic parameters within the 
Leiden Longevity study population. The mean, standard deviation (SD), range (minimum and 
maximum value) and number of included samples (N) are given. Samples that were excluded based 
on data quality criteria were not used for calculation of values in this table. 

  mean SD range N 
Age (years) 59.1  +/-6.7 30.2 - 79.2 1826 
Sex 47.1 % male  -  - 1826 
CRP (mg/L) 2.86  +/-9.5 0.2 - 228.7 1813 
IL-6 (pg/mL) 0.67  +/-1.2  0 - 19.6 1705 
Glucose (mmol/L) 5.94  +/-1.5 2.5 - 26.3 1816 
Insulin (mU/L) 23.23  +/-22.1 2 - 238 1766 
TC (mmol/L) 5.55  +/-1.2 1.4 - 10.8 1820 
LDLC (mmol/L) 3.33  +/-1.0 0.7 - 7.9 1772 
HDLC (mmol/L) 1.42  +/-0.4 0.2 - 3.2 1819 
TG (mmol/L) 1.82  +/-1.2 0.2 – 21.2 1820 
free T3 (pmol/L) 4.12  +/-0.8 1.8 – 14.3 1819 
smoking 13.6 % smoking  -  - 1587 
CMV serostatus 45.9 % positive  -  - 1437 
longevity  64.1 % offspring  -  - 1826 
IgG1 fucosylation 91.2 %  +/-4.1 69.3 - 99.5 1825 
IgG2 fucosylation 97.4 %  +/-0.9 92.6 - 99.1 1826 
IgG1 bisection 19.1 %  +/-3.3 6.5 - 35.8 1825 
IgG2 bisection 13.9 %  +/-2.7 6.4 - 26.5 1826 
IgG4 bisection 19.6 %  +/-4.4 8.8 - 41.3 1742 
IgG1 galactosylation 50.1 %  +/-6.4 24.6 - 70.8 1825 
IgG2 galactosylation 39.5 %  +/-6.2 9.0 - 61.3 1826 
IgG4 galactosylation 43.7 %  +/-6.9 14.5 - 66.0 1742 
IgG1 sialylation 6.8 %  +/-1.4 2.5 - 14.0 1825 
IgG2 sialylation 6.2 %  +/-1.4 1.4 - 11.9 1826 
IgG4 sialylation 9.1 %  +/-2.0 3.2 - 18.9 1742 
IgG1 sialic acid per gal 13.6 %  +/-1.6 9.0 - 21.5 1825 
IgG2  sialic acid per gal 15.5 %  +/-1.7 9.4 - 22.5 1826 
IgG4  sialic acid per gal 20.7 %  +/-2.0 13.8 - 30.8 1742 

 
 

5.4.1: Association between IgG glycosylation and immune-metabolic parameters 
To investigate the relationship between IgG glycosylation and metabolic health parameters, 

we performed regression analysis. The resulting associations between IgG glycosylation 

features and metabolic parameters are visualised in a heatmap (Figure 1, Supplemental Table 

S3). 

149



Chapter 5: IgG glycosylation is associated with inflammation and metabolic health 

      
 

 
 

 

Figure 5.1: Associations between glycosylation features (y-axis) and metabolic parameters (x-
axis). The colors indicate the magnitude of the association as represented by the t statistic 
(t1=β1/SE(β1)), with positive associations shown in red and negative in blue. Associations with a p1-
value below 0.05 are marked with a point, while associations with a p1-value below 7.14 x 10-4, which 
are significant after Bonferroni correction, are marked with an X. 

5.4.1.1: Inflammation markers 
Low galactosylation and high fucosylation of IgG were associated with low-grade 

inflammation, as determined by the well-known inflammation markers CRP and IL-6 (Figure 

2) (p1 < 1.0 x 10-4 for all but IgG1 fucosylation, for which p1 = 2.0 x 10-3). IgG sialylation was 

also found to be significantly associated with CRP and IL-6 (p1,IgG1 < 1.0 x 10-4), but sialic 

acid per galactose was not (p1,IgG1 = 6.2 x 10-1, p1,IgG2 = 1.9 x 10-2
 for CRP). Notably, CRP 

only has a small contribution to the variance of IgG galactosylation (R2 = 0.0569 with a linear 

model for IgG1). 
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Figure 5.2: IgG1 galactosylation and fucosylation are associated with CRP. Both parameters were 
log transformed, and the glycosylation features were subsequently corrected for age. Males are shown 
in blue and females in pink. A trend line is shown with a 95% confidence interval. P1-values and β1 
coefficients are shown for the total population (males and females).   

5.4.1.2: Metabolic markers  
An increase in IgG galactosylation and sialylation (p1,IgG1 < 1.0 x 10-4), as well as a non-

significant decrease in fucosylation (p1,IgG1 = 5.2 x 10-2; p1,IgG2 = 1.3 x 10-2) was found to be 

associated with high levels of HDLC and low levels of triglycerides (TG), which together 

form beneficial risk profiles for cardiovascular disease, type 2 diabetes and obesity (52, 53). 

A negative association of galactosylation and a positive association of fucosylation were seen 

with insulin and glucose, which are markers for diabetes type 2 and are also known to 

associate with inflammation (54). Interestingly, IgG bisection exhibited a positive association 

with glucose and insulin (p1,IgG4 = 3.1 x 10-4 for glucose). Total cholesterol (TC) and LDLC 

did not significantly influence IgG glycosylation. 

5.4.1.3: CMV and smoking 
The presence of antibodies against cytomegalovirus (CMV), a common herpes virus which 

remains latent in many individuals after infection, was found to be associated with low levels 

of IgG fucosylation. Fucosylation generally shows little variation between individuals (91.2 ± 

4.1% for IgG1), so while the difference in IgG1 fucosylation between seronegative and 

seropositive individuals was small (91.7 ± 3.7% versus 90.6 ± 4.3%), it was nonetheless 
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significant (p1,IgG1 < 1.0 x 10-4, Figure 3A). The other glycosylation features did not show any 

association with CMV serostatus. 

Furthermore, smokers showed significantly higher levels of bisection compared to non-

smokers (p1 < 1.0 x 10-4 for all IgG subclasses, Figure 3B), as well as a low level of IgG2 

fucosylation. Individuals who smoked at the time of sample collection showed a mean IgG1 

bisection of 20.1±3.4% versus 18.9±3.2% in non-smokers. 

 

Figure 5.3: A) IgG1 fucosylation of individuals with and without cytomegalovirus infection. B) 
IgG1 and IgG2 bisection of smokers/non-smokers. The interquartile range is shown. Glycosylation 
data was log transformed and adjusted for age and sex.  

5.4.2: Familial metabolic health 
Since we observed various associations between IgG glycosylation and parameters related to 

metabolic health, we were interested to know whether metabolically healthier middle-aged 

offspring from nonagenarians differed from controls. None of the glycosylation features 

showed, however, a significant difference between these groups, although several trends 

could be observed (Supplemental Table S4). IgG4 galactosylation was increased in offspring 

(p1,IgG4 < 2.2 x 10-2), which is consistent with a ‘younger’ and less inflammatory IgG 

glycosylation profile. Furthermore, weak trends towards lower levels of IgG bisection (p1,IgG4 

= 1.4 x 10-1) and fucosylation (p1,IgG2 = 5.1 x 10-2) could be observed in members of long-

lived families. 
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5.5: Discussion 
In the current study we were able to measure IgG2-specific glycosylation features, in addition 

to those of IgG1 and IgG4. IgG2-specific glycosylation features showed similar associations 

with inflammation and metabolic health markers compared to IgG1 and 4, though IgG2 

glycosylation levels showed in general weaker associations for galactosylation and 

sialylation. Low levels of galactosylation and sialylation, as well as a high degree of 

fucosylation, appear to reflect an inflammatory state, poor metabolic health and potentially 

cardiovascular disease risk. In contrast, sialic acid per galactose was not associated with any 

of the metabolic markers. Furthermore, fucosylation is lower in individuals infected with 

cytomegalovirus, reflecting a low grade chronic inflammatory state, and current smokers 

show higher bisecting GlcNAc levels. 

5.5.1: IgG subclass-specific glycosylation differences 
Tryptic N-glycopeptides of IgG2 and IgG3 share the same peptide sequence in Caucasians 

(55, 56), and so the commonly used protein G enrichment of IgG gives a joint profile for both 

IgG2 and IgG3. In this study we use Protein A for IgG purification, which does not capture 

IgG3 and thus allows for separate glycoprofiling of IgG2. 

The IgG subclasses display subtle differences in their Fc glycosylation, with IgG2 exhibiting 

a higher degree of fucosylation and a lower level of bisection and galactosylation compared 

to the other subclasses, confirming observations from a previous study which examined only 

four blood samples (57). In addition, we find that galactosylation and sialylation of IgG2 

generally display a weaker association (i.e. lower β coefficient) with markers of inflammation 

and metabolic health compared to IgG1 and IgG4. This corresponds with literature, in which 

it is described that IgG2 exhibits the lowest overall affinity for FcγRs (26-28) and has the 

lowest ADCC capacity (29) compared to other IgG subclasses. One may speculate that the 

lower capacity of IgG2 to trigger inflammatory responses, either pro-inflammatory via FcγRI, 

IIa, IIc, and IIIa, or anti-inflammatory via FcγRIIb, could result in a weaker association with 

inflammation and metabolic health as compared to the other subclasses. Furthermore, it has 

been reported that IgG2 antibody production is primarily triggered during T-cell independent 

immune reactions (27, 30), which would also contribute to the weaker association with T-

cell-secreted IL-6 and IL-6-stimulated CRP. Together this points towards a more limited role 

of IgG2 with regard to inflammation compared to the other IgG subclasses. 
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5.5.2: Galactosylation and sialylation 
Low galactosylation and sialylation are associated with a state of inflammation, which is in 

concordance with previous work based on MALDI-MS measurements within the same cohort 

(18, 58) and in children (17). Our observations also agree with observations of decreased 

galactosylation and sialylation in autoimmune diseases (5-10, 59-61) and with several 

experimental findings that IgG without galactose and/or sialic acid has a higher inflammatory 

capacity (3, 4, 62). The mechanism by which IgG galactosylation influences inflammation is 

not yet fully resolved, but the N-glycan in the Fc region is known to confer changes to the 

IgG structure and influence the binding of IgG with Fc gamma receptors (FcγRs) (63-65). 

The association between low galactosylation and sialylation and inflammation may thus 

reflect an active role of IgG glycosylation in the regulation of immune activation.  

Levels of sialylation and galactosylation are highly correlated, reflecting the fact that the 

attachment of a sialic acid requires the presence of a galactose. We find that galactosylation 

and sialylation exhibit very similar associations with metabolic parameters, but the 

association with sialylation is generally slightly weaker than with galactosylation. The 

presence of sialic acid on IgG N-glycans is thought to confer an anti-inflammatory effect (3, 

62). However, we did not observe any significant association with sialic acid per galactose, 

i.e. the percentage of galactoses which carry a sialic acid, indicating that associations with 

sialylation may be mediated by its close correlation with galactosylation. This is in line with 

several previous studies which concluded that galactosylation of human IgG, rather than 

sialylation, appears to show a pronounced negative association with clinical parameters and 

infection (5, 66). Together, this supports the notion that IgG Fc galactosylation may be 

involved in modulating inflammation. 

5.5.3: Fucosylation 
We find that IgG fucosylation is higher in individuals with a higher level of inflammation. 

Despite the fact that functional studies have shown that the lack of a core fucose in IgG 

glycosylation greatly increases the inflammatory capacity through increased binding to 

FcγRIIIa (63, 64, 67, 68), an increase in IgG fucosylation is sometimes observed in 

autoimmune patients (59-61). Furthermore, a previous study using UHPLC found that high 

CRP levels were associated with high fucosylation in non-galactosylated IgG N-glycans (69), 

further demonstrating that IgG fucosylation is increased during a state of inflammation. 
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In individuals who tested seropositive for cytomegalovirus (CMV), a common virus which 

can remain in the body in a latent state after infection, a significantly lower level of 

fucosylation of IgG was observed than in non-infected individuals. Low IgG fucosylation has 

also been observed in alloantibody reactions against platelets and red blood cells during 

pregnancy or blood transfusion (70) and in anti-HIV antibodies, and has been suggested to be 

a defence mechanism by B-cells to increase antiviral control (71). It may be interesting to 

investigate autoantibodies against CMV, as well as other types of infectious agents, to 

determine whether low fucosylation of IgG might be a hallmark of viral infections. 

5.5.4: Bisection 
In our cohort, incidence of a bisecting GlcNAc is higher in current smokers than in non-

smokers. Smoking is associated with inflammation and can enact changes in the levels of 

various cytokines (72). Since cytokine expression has been shown to affect IgG 

glycosylation, including bisection (73), it can be speculated that these smoking-associated 

IgG glycosylation changes are mediated through cytokines. A high degree of bisection is 

further associated with high levels of glucose and triglycerides. This association between 

higher IgG bisection and poor metabolic health could, as a consequence of the association 

between smoking and an unhealthy diet and lifestyle (74), reflect the higher prevalence of 

type 2 diabetes among smokers. 

Though we find that the IgG glycosylation reflects poor metabolic health, we were unable to 

find significant differences between middle-aged members of long-lived families and 

controls, who are known to differ on various metabolic measures (32, 36, 75). Previous work 

which applied MALDI-MS to the same set of samples reported a significant decrease in the 

level of bisection of offspring of long-lived people, but only in individuals below 60 years of 

age (18), and IgG glycosylation features contributed to the differentiation of controls and 

members of long-lived families (76). While in the current dataset we indeed observe a similar 

trend towards decreased bisection in the offspring of long-lived individuals, this was not 

significant in either the total cohort (p1,IgG4 = 4.3 x 10-1), or among individuals below the age 

of 60 (p1,IgG1 = 5.2 x 10-2, p1,IgG4 = 6.3 x 10-1; Supplemental Table S4), even without multiple 

testing correction. From a biological viewpoint the non-significant trends we see are 

consistent with the age-dependence of IgG glycosylation. Bisection is known to increase with 

age , so the changes observed in offspring of long-lived individuals are exemplary of a 

‘younger’ profile. These trends fit the expectation that individuals prone to longevity show 

155



Chapter 5: IgG glycosylation is associated with inflammation and metabolic health 

      
 

 
 

delayed ageing which is reflected in their IgG glycosylation profile. A recent investigation 

into the released N-glycan profile of plasma samples within the Leiden Longevity cohort also 

could not find any association with longevity, while replicating several of the associations we 

find between N-glycans which likely originate from IgG and metabolic markers (58). 

5.5.5: Biomarker potential of IgG glycosylation 
Our study design does not allow for estimation of whether IgG glycosylation features offer a 

predictive value for cardiovascular disease in addition to traditional markers of inflammation. 

However, we did test whether IgG parameters associate with metabolic health markers and 

which of the subclasses features the strongest association. We show that low levels of 

galactosylation and sialylation and high levels of fucosylation correspond with a state of low-

grade inflammation and a detrimental lipid profile. This is likely due to the fact that a chronic 

level of inflammation is a known risk factor for cardiovascular disease (77). This high risk 

profile is also characteristic for ageing – in older individuals, galactosylation and sialylation 

decrease, while bisection increases (Supplemental Figure 2). 

IgG glycosylation is known to be directly involved in the interaction with Fcγ receptors and 

complement, modulating the inflammatory capacity of the antibody (3, 78), whereas CRP 

influences opsonisation of pathogens and complement activation (79). Considering the 

complexity of the immune system and the multitude of pathways therein, these regulatory 

mechanisms might well be (partially) additive rather than overlapping. Furthermore, while 

IgG2 glycosylation appears to be of less consequence for low-grade inflammation, IgG2 is 

more involved in T-cell independent immune reactions compared to the other IgG subclasses 

and CRP (27, 30). This could provide a reason to further investigate associations of this IgG 

subclass with health and disease phenotype. Finally, the complexity of IgG glycosylation 

with its multiple features has the advantage that it could provide more information than the 

level of a single analyte such as CRP, as shown by the IgG glycosylation features exhibiting 

different associations with metabolic markers. For these reasons, subclass-specific 

glycosylation of IgG, independently or in combination with the traditional inflammation 

marker CRP, might be a more informative biomarker regarding inflammation and metabolic 

health than CRP on its own. Further studies are required to review the added value of IgG 

glycosylation as a biomarker in light of prospective data on cardiovascular incidence and 

morbidity.   
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Supplemental Information 
A complete overview of the supplemental information will be made available online upon 
publication. 
 

 
Supplemental Figure S5.1: A) Extracted ion chromatograms (EICs) of various IgG glycopeptides, 
showing that IgG1 glycopeptides elute first, followed by IgG4 and lastly IgG2. B) A mass spectrum 
of IgG1 glycopeptides in both 2+ and 3+ charge state. The peaks marked with an asterisk are 
quadruply charged dimers of two IgG1 glycopeptides. 
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Supplemental Table S5.2: Calculation of glycosylation features from individual N-glycan 
percentages. The difference between glycosylation feature calculations for different IgG subclasses 
arises from the exclusion of IgG2 N-glycopeptides G1FNS1 and G2FNS1 and afucosylated IgG4 N-
glycopeptides. F=core fucose, N=bisecting N-acetylglucosamine, G=galactose, S=N-acetylneuraminic 
(sialic) acid.  
 

glycosylation 
feature 

description calculation 

IgG1 fucosylation % of IgG1 N-glycans 
carrying a core fucose 

G0F + G1F + G2F + G0FN + G1FN + G2FN + G1FS1 + 
G2FS1 + G1FNS1 + G2FNS1 

IgG1 bisection % of IgG1 N-glycans 
carrying a bisecting 
GlcNAc 

G0FN + G1FN + G2FN + G1FNS1 + G2FNS1 + G0N + 
G1N + G2N + G1NS1 + G2NS1 

IgG1 galactosylation % of IgG1 N-glycan 
antennae carrying a 
galactose 

(G1F + G1FN + G1FS1 + G1FNS1 + G1 + G1N + G1S1 + 
G1NS1)*0.5 + (G2F + G2FN + G2FS1 + G2FNS1 + G2 + 
G2N + G2S1 + G2NS1)*1 

IgG1 sialylation % of IgG1 N-glycan 
antennae carrying a 
sialic acid 

(G1FS1  + G2FS1 + G1FNS1 + G2FNS1 + G1S1 + G2S1 + 
G1NS1 + G2NS1)*0.5 

IgG1 sialic acid per 
galactose 

% of galactoses carrying 
a sialic acid on IgG1 

(IgG1 sialylation/IgG1 galactosylation) * 100 

IgG2 fucosylation % of IgG2 N-glycans 
carrying a core fucose 

G0F + G1F + G2F + G0FN + G1FN + G2FN + G1FS1 + 
G2FS1 

IgG2 bisection % of IgG2 N-glycans 
carrying a bisecting 
GlcNAc 

G0FN + G1FN + G2FN + G0N + G1N + G2N + G1NS1 + 
G2NS1 

IgG2 galactosylation % of IgG2 N-glycan 
antennae carrying a 
galactose 

(G1F + G1FN + G1FS1 + G1 + G1N + G1S1 + 
G1NS1)*0.5 + (G2F + G2FN + G2FS1  + G2 + G2N + 
G2S1 + G2NS1)*1 

IgG2 sialylation % of IgG2 N-glycan 
antennae carrying a 
sialic acid 

(G1FS1  + G2FS1 + G1S1 + G2S1 + G1NS1 + 
G2NS1)*0.5 

IgG2 sialic acid per 
galactose 

% of galactoses carrying 
a sialic acid on IgG2 

(IgG2 sialylation/IgG2 galactosylation) * 100 

IgG4 bisection % of IgG4 N-glycans 
carrying a bisecting 
GlcNAc 

G0FN + G1FN + G2FN + G1FNS1 + G2FNS1 

IgG4 galactosylation % of IgG4 N-glycan 
antennae carrying a 
galactose 

(G1F + G1FN + G1FS1 + G1FNS1)*0.5 + (G2F + G2FN + 
G2FS1 + G2FNS1)*1 

IgG4 sialylation % of IgG4 N-glycan 
antennae carrying a 
sialic acid 

(G1FS1  + G2FS1 + G1FNS1 + G2FNS1 + G1S1 + G2S1 + 
G1NS1 + G2NS1)*0.5 

IgG4 sialic acid per 
galactose 

% of galactoses carrying 
a sialic acid on IgG4 

(IgG4 sialylation/IgG4 galactosylation) * 100 

 
 

163



Chapter 6: 

Discussion 
 
 

 
  

164



Chapter 6: Discussion 

 
 

 
 

Table of Contents 
6.1: General thoughts on glycosylation ........................................................................................ 166 

6.2: Analytical challenges ............................................................................................................. 166 

6.2.1: Partial occupancy of glycosylation ................................................................................. 166 

6.2.2: Cell-bound immunoglobulins ......................................................................................... 168 

6.3: Functional aspects of Ig glycosylation ................................................................................... 169 

6.3.1: Immunoglobulin E .......................................................................................................... 169 

6.3.2: Immunoglobulin G .......................................................................................................... 171 

6.4: IgG glycosylation as a biomarker ........................................................................................... 172 

References .................................................................................................................................... 175 

 
 

  

165



Chapter 6: Discussion 

 
 

 
 

6.1: General thoughts on glycosylation 
At a first glance, glycan synthesis in humans may seem to be an energetically costly and 

needlessly elaborate system. The glycosylation machinery takes up an estimated 1% of genes 

in humans (1), and many of the enzymes involved in glycosylation have similar tasks, the 

most egregious offender being the GalNAc-transferase, of which approximately 20 isoforms 

exist in humans (2). Furthermore, during N-glycan synthesis various building blocks are 

added which are removed in subsequent steps. One may well ask whether this level of 

complexity is necessary, especially since some of the structural alterations in proteins 

mediated by glycosylation could likely be achieved by other means as well. This is evidenced 

by the fact that the rat homologue of a human glycoprotein was found not to be glycosylated, 

but instead exhibited similar properties (i.e. receptor binding) through changes in the protein 

sequence (3), and similarly, glycosylation sites are not always conserved in related proteins 

(4). On the other hand, it cannot be stated that there is a high level of redundancy, as the loss 

of a single enzyme, even among the GalNAc-transferases, can result in serious developmental 

disorders (2, 5).  

Glycosylation can thus be seen as a useful process which, due to its multifaceted nature, has 

been integrated into many different pathways over the course of evolution. One advantage of 

glycosylation in contrast to mutations in single protein genes, is the fact that mutations in 

genes involved in the glycosylation machinery can affect a large number of proteins 

simultaneously. In simple, single-celled eukaryotes such as yeast, N-glycans vary only in the 

number and branching of mannoses. As multicellular organisms emerged and grew 

continuously more complex, glycosylation was embedded into new pathways, such as 

cellular adhesion, signalling and degradation of asialylated glycoproteins. Simultaneously, 

glycosylation became more diverse, with a larger number of glycan monosaccharides, 

linkages and motifs, likely to accommodate the growing number of functions, although 

pathogen evasion has also been argued to play a role.  

6.2: Analytical challenges 

6.2.1: Partial occupancy of glycosylation 
Chapter 3 describes the novel discovery of O-glycans in the hinge region of IgG3. The O-

glycosylation sites were not fully occupied, as an O-glycan was only present at approximately 

10% of the sites, but considering the total number of potential O-glycosylation sites, it is 
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possible that roughly half of all IgG3s carry at least one O-glycan. The fact that this structural 

feature evaded notice for over seventy years since the IgG protein was discovered (6) and 

over half a century since the first description of its N-glycosylation (7), is a testament to the 

fact that novel glycosylation discoveries are not limited to less-characterized proteins.  

Partial site-occupancy of post-translational modifications (PTMs), including glycosylation, 

could be present on many proteins that have been sequenced in the past decades. If a 

modification is only present on a fraction of the protein molecules, the non-modified peptide 

will still be identified using a bottom-up proteomics approach. Hence, without specific 

attention to a modification, it can easily be missed using the automatic search routines. 

Therefore, in order to discover modifications, such as glycosylation, one must actively look 

for them, and for many PTMs this option is already available in commonly used software, 

e.g. MASCOT (8). However, for glycosylation this is not as straightforward due to the large 

number of possible glycan structures. Nonetheless, several software programs capable of 

analyzing glycopeptide fragmentation data are available (9-11). Alternatively, the chemical 

cleavage and labelling of glycosylation sites before their analysis may circumvent the 

problem of glycan structure heterogeneity (12-14). Another approach bypasses structural 

diversity by producing O-glycoproteins in a cellular system modified to generate only 

truncated O-glycans (SimpleCell) (15, 16), but unfortunately this method encompasses a 

lectin-purification step, thus eliminating the possibility of assessing the occupancy of O-

glycosylation sites. 

Potential N-glycosylation sites are easily identified due to their consensus sequence, which 

forms an easy target for investigation. Partial occupation of N-glycosylation sites 

occasionally goes unnoticed, as evidenced by the recent finding of a second N-glycan in IgG3 

(17), but in general, for well-characterized proteins, sites of N-glycosylation are known, even 

if the exact range of glycan structures is often unexplored (18).  

O-glycans are much more likely to go unnoticed, for various reasons. Firstly, N-glycans can 

easily be released using the enzyme N-glycosidase F, but for O-glycans chemical methods are 

required, which do not work as well. Secondly, the lack of a single sequence-specific O-

GalNActransferase, and therefore lack of a consensus sequence for O-glycosylation, makes it 

difficult to predict where O-glycans are likely to show up (19). Hence, the prediction tools 

which are available are not yet very accurate. For example, two software tools deemed all 
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three IgG3 O-glycosylation sites described in chapter 3 ‘not O-glycosylated’, based on the 

IgG3 protein sequence, while assigning the status ‘O-glycosylated’ to 17 or 37 other amino 

acid residues in IgG3 (GPP (20) and YinOYang1.2 (21), respectively). A third tool assigned a 

50% chance of O-glycosylation to the three identified O-glycosylation sites, but also assigned 

a higher chance to 13 other threonine and serine residues within IgG3 (NetOGlyc 4.0 (16)).  

A third reason that O-glycosylation analysis is challenging is the heterogeneity in occupation 

of O-glycosylation sites (macroheterogeneity). Potential O-glycosylation sites often occur in 

clusters, with some sites occupied and others not, and the pattern of occupied sites can be 

influenced by environmental factors (13). The hinge regions of IgA1 and IgD are good 

examples of this: IgA1 isomers with differentially occupied O-glycosylation sites have been 

described to occur naturally in human plasma (22). Different O-glycosylation sites have been 

described for IgD, indicating that O-glycosylation isomers could also be present there (23, 

24). While it is difficult to determine due to the sparseness of studies on glycosylation 

occupancy in general and O-glycosylation specifically, we expect that partial occupancy is 

more widespread among O-glycosylation sites than N-glycosylation sites. 

6.2.2: Cell-bound immunoglobulins 
Another aspect of Ig glycosylation which has not yet been explored is cell-bound Ig. 

Glycosylation analysis of Igs has up to now been focused solely on soluble Igs, since these 

are easily extracted from body fluids. However, immunoglobulins are also present in cell 

surface-bound state as B cell receptors. B cell receptors originate from the same genes as the 

secreted Igs by way of differential mRNA splicing, with a transmembrane section at their C-

terminus. Before B-cell maturation, all Igs in B cells are surface-bound, and upon antigen 

exposure the secreted variant is produced (25). It has not been studied whether these surface-

bound Igs express glycosylation similar to that of soluble Igs. Many of the interactions that 

cell-bound Igs undergo are not shared with soluble Igs, such as the interaction with 

glycoproteins Ig-α (CD79A) and Ig-β (CD79B) to induce signalling reactions necessary for B 

cell survival and development, and whether these interactions are influenced by Ig 

glycosylation has not been investigated (25). Therefore, glycans which appear to have no 

discernible function on soluble Ig should be evaluated in the context of membrane-bound Ig 

as well.  
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Immunoglobulins can also be bound to the cell surface in a different way: by non-covalent 

binding to cell-bound receptors. Due to the high concentration of IgG in blood and the low 

binding affinity between FcγRs and non-antigen-bound IgG, the receptor-bound fraction of 

IgG is expected to be relatively small (26). However, N-glycosylation of Fc IgG has been 

shown to affect FcγR binding affinity, with the most influential factor being the core fucose: 

afucosylated glycoforms possess a 50-100x greater affinity for FcγRIIIa (27-29). While the 

level of afucosylated IgGs is on average less than 10% in blood (Chapter 5), one may 

speculate that the IgG fraction bound to FcγRIIIa on immune cells could show considerably 

lower fucosylation. Likewise, preferential binding of afucosylated IgGs to cellular Fcγ 

receptors may contribute to the depletion of these antibodies from the soluble pool. 

In contrast to IgG, a substantial fraction of IgE is bound to FcεRI receptors on mast cells and 

basophils, due to both the exceptionally high affinity between IgE and FcεRI, as well as 

proximity between IgE-producing B cells and FcεRI-expressing cells (26, 30). It has not been 

evaluated whether the type of glycans attached to IgE influences binding to FcεRI, but any 

such preference would greatly influence the distribution of IgE glycoforms between the 

receptor-bound and free fraction. Furthermore, release of FcεRI-bound IgE could facilitate a 

higher yield of IgE from biological samples. The low concentration of IgE in plasma, at 

approximately 150-300 ng/ml (31-33), compared to 10 mg/ml for IgG in healthy individuals, 

is now often a limiting factor for analysis.  

6.3: Functional aspects of Ig glycosylation 

6.3.1: Immunoglobulin E 
Since the publication of the IgE glycosylation analysis described in chapter 2, additional 

studies have been done on the functionality of the glycans on IgE. In their 2015 paper, Shade 

et al. convincingly show that the glycan at N394 (N275 in Uniprot) is essential for binding to 

the Fcε receptor I, and that the removal of this glycan – either enzymatically using the high 

mannose-specific endoglycosidase F1 (Endo F1) or through targeted mutation of the 

glycosylation site – abolishes binding (34). In addition, a second study used streptococcal 

endoglycosidase S (Endo S) to cleave the glycan at N394, and also showed that this inhibited 

receptor binding and mast cell activation (35).  
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Furthermore, Shade et al. adopted the site-specific IgE glycopeptide analysis method 

described in chapter 2 to characterize the glycosylation of their recombinant IgE samples. 

They managed to improve on the method, since they only reported the use of two enzymes – 

trypsin and chymotrypsin – to observe the glycosylation at each of the six IgE glycosylation 

sites, while the original method required a third enzyme – proteinase K – to observe the 

glycosylation at N265 (N146 in Uniprot). Unfortunately, Shade et al. did not list the 

glycopeptide sequences or m/z values which they observed, which makes it difficult to 

compare both methods. They reported using trypsin to observe the glycopeptides at N265, 

which, for the standard IgE sequence as listed by Uniprot (36), would result in a peptide mass 

of over 7 kDa. Considering that most of the N265 glycopeptide masses would then be above 

9 kDa and our measuring range only went up to m/z 1800, which would allow only 

observation of 6+ or higher charged ion species, it is not surprising that we did not observe 

this glycopeptide.   

Shade et al. further report high mannose glycosylation at N394, while the other IgE sites 

show mostly complex-type glycosylation, which is in agreement with our results as described 

in chapter 2. However, they find a high degree of tetra-antennary glycans (over 50% in two of 

the IgE sites), as well as LacdiNAc structures and antennary fucosylation, which we did not 

observe in IgE derived from healthy individuals. This can be attributed to the fact that their 

IgE was produced in HEK cells, which can result in different glycosylation (37, 38). Probably 

for the same reason, Danzer et al. report both high mannose and complex N-glycans at N394, 

while we found solely high mannose N-glycans at this site (35). Moreover, the HEK cell 

origin of the IgE could have been the reason why Shade et al. encounter glycosylation at 

N383 (N264 Uniprot), while in chapter 2 we report that this site was unoccupied on our IgE 

samples. This is supported by another recent study, which confirmed that N383 was 

unoccupied in patient-derived IgE (39). To have a clearer picture of the influence of IgE 

glycosylation on FcεRI binding, experiments with polyclonal IgE samples are warranted.  

A subject of further study should be whether the type of high mannose glycans (i.e. the 

number of mannoses) at N394 can modulate the interaction between IgE and FcεRI. To this 

end, a setup similar to that of Shade et al. could be utilized, with pre-treatment of IgE with 

mannosidases or mannosyltransferases to generate high mannose glycans with a varying 

number of mannoses. Of note, addition of mannose residues with mannosyltransferases has 

the drawback that this could generate structures with over nine mannoses, which are not 
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normally present in humans. Cleavage of mannoses, with mannosidases carefully chosen to 

match the different mannose linkages present in high mannose glycans, therefore appears a 

more appropriate strategy. 

6.3.2: Immunoglobulin G 
Homologous to N394 on IgE is the glycosylation site N297 on IgG, which is occupied by 

diantennary complex-type N-glycans and has been implicated in the effector functions of 

IgG. Despite a significant number of studies devoted to the effect of IgG glycosylation on 

immune reactions using various types of assays, the outcomes are often inconsistent and the 

exact role of IgG Fc glycosylation and its pathogenicity in autoimmune disorders remains 

unclear. 

In autoimmune patients, IgG is often known to exhibit a decreased level of galactosylation 

and sialylation and an increase in fucosylation (40, 41), as described for relapsed ANCA 

vasculitis patients in chapter 4. This is in line with the association between IgG 

agalactosylation and the inflammation marker CRP (chapter 5). Sialic acid attachment 

requires a galactose residue, and therefore sialylation is highly correlated with galactosylation 

and both show similar associations with disease or metabolic markers. However, after 

correction for galactosylation, sialylation did not appear to be associated with either 

autoimmune disorders (chapter 4) (42) or CRP levels (chapter 5). 

In vivo studies in mice have shown that sialylated IgG has an anti-inflammatory effect in an 

arthritis mouse model; sialidase-treated IgG failed to induce such an effect, indicating that 

sialylation, and not galactosylation, is responsible (43). Several other studies also observed 

that sialylated IgG shows decreased FcγR binding and/or ADCC capacity (44, 45). However, 

other studies did not find a negative effect of IgG sialylation on FcγR binding or ADCC 

capacity (46, 47). In contrast, galactosylation is described to augment FcγR-mediated effector 

functions (46-50). 

Complement adds another layer of complexity to the interaction between IgG glycosylation 

and effector functions. Both galactosylation and sialylation show a positive effect on the 

ability of IgG to activate the classical complement pathway according to C1q-binding and 

cell-based assays (47, 51). The lectin pathway, which is triggered by binding of IgG to 

mannose binding lectin (MBL), has been proposed to be involved in immune activation by 

171



Chapter 6: Discussion 

 
 

 
 

aglycosylated IgGs in autoimmune patients (52), but recent studies have not observed any 

involvement of MBL (47, 53). Furthermore, a recent paper by Karsten et al. describes a novel 

pathway by which IgG interacts with inhibitory FcγRIIB and Dectin-1, leading to suppression 

of C5a-dependent inflammatory reactions, but only if the IgG is highly galactosylated 

(sialylation played no role) (54). However, these reports clash with the study by Nimmerjahn 

et al., which reported that complement did not play a role in the in vivo activity of either 

galactosylated or agalactosylated IgG (53). 

To summarize, we have the following conundrums: according to several in vivo studies 

sialylation mediates anti-inflammatory reactions, but patient IgG profiles do not show a direct 

association of disease activity or inflammatory parameters with sialylation after correction for 

galactosylation. Furthermore, galactosylation is low in autoimmune patients, but high 

galactosylation appears to be a more effective immune activator according to in vitro ADCC 

studies. The exact way in which IgG glycosylation and inflammatory responses are linked is 

thus poorly understood. 

6.4: IgG glycosylation as a biomarker 
In chapter 4, we described the changes seen in ANCA vasculitis patients who relapsed, 

compared to patients who remained in remission: IgG of relapsers exhibited a significantly 

lower level of galactosylation and sialylation, as well as a non-significantly higher 

fucosylation and lower bisection. In chapter 5, we described that individuals with a high level 

of inflammation, as determined by high CRP and IL-6, also showed a significantly lower 

level of galactosylation and sialylation and a higher level of fucosylation. As discussed 

above, it is not known exactly how, or even if, the glycosylation of IgG can modulate 

immune reactions. However, similar glycosylation patterns have been seen in many auto-

immune diseases and are thought to reflect a state of inflammation (40, 55). As such, the 

glycosylation of IgG could be utilized as a biomarker for autoimmune diseases or relapse 

thereof.  

The complexity of IgG glycosylation analysis, with various glycosylation features derived 

from individual glycan measurements, may appear to be a disadvantage, but can also be seen 

as a strength. The multidimensionality of IgG glycosylation measurements could provide a 

more specific indication as to the ailment of a patient than the level of a single clinical 
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parameter such as CRP. The aforementioned combination of low galactosylation and 

sialylation and high fucosylation is seen in many autoimmune diseases, while low 

fucosylation appears to be associated with certain infections, as will be discussed below.  

In chapter 5 we described that individuals with a cytomegalovirus (CMV) infection exhibit a 

significantly lower degree of IgG fucosylation within the LLS cohort: seropositive 

individuals exhibited 90.6% fucosylation, while 91.7% was seen in others. While these 

differences are relatively small, it should be noted that these are individuals with a latent, 

asymptomatic CMV-infection, and the amount of CMV-specific IgG as a proportion of the 

total IgG is therefore likely small. We also examined CMV-specific IgG of three unrelated 

samples, and this antigen-specific IgG subpopulation showed a much lower degree of 

fucosylation, at approximately 70% (unpublished data). Literature also reports several 

instances of antigen-specific IgG with low fucosylation: HIV-specific antibodies have been 

reported to exhibit approximately 75% fucosylation (56). Extremely low IgG fucosylation 

levels (as low as 12%) have also been observed for maternal IgGs against foetal red blood 

cells in haemolytic disease (57). In contrast, PR3 ANCA-specific IgGs exhibit significantly 

higher fucosylation compared to total IgG (chapter 4), similar to several other auto-immune 

conditions (40, 41). Thus, it appears that specific glycosylation changes can be induced in 

antigen-specific IgG, and that these vary depending on the nature of the inflammation. 

Autoantibodies show increased fucosylation, while antibodies against foreign compounds 

repeatedly appeared to carry afucosylated N-glycans, which in the case of the often 

predominant IgG1 subclass is considered to be more inflammatory with respect to induction 

of ADCC (27-29). However, the division is likely not as clear-cut as this, since no 

fucosylation difference was reported in total IgG in chronic hepatitis patients before and after 

treatment (58) or in antigen-specific IgG after influenza or tetanus vaccination (59). 

A disadvantage of IgG glycosylation as biomarker is the large inter-individual variation. Part 

of this variation is age- and sex-related, and in fact this may reflect underlying differences in 

inflammation: older individuals are generally known to have a more inflammatory immune 

system, and also display lower galactosylation. Furthermore, post-menopausal women have 

the lowest degree of galactosylation (chapter 5), which fits with the higher abundance of 

auto-immune diseases in this group (60). The problem of large inter-individual variation 

could be circumvented by using IgG glycosylation as a personal biomarker for inflammation, 

for instance in individuals at risk for relapse, as we suggested in chapter 4. 
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In chapter 5 we did not find an association between IgG glycosylation and predisposition to 

longevity. This may be because a high level of immune activation can be either advantageous 

or detrimental, depending on the situation. Many elderly people die of opportunistic 

infections which their immune system is not able to handle. Furthermore, cancer occurs when 

an uncontrolled cell escapes the constraints of the immune system, and occurs more often in 

immunocompromised individuals (61). In both of these cases, it can be generally said that an 

active immune system is advantageous. On the other hand, inflammation is associated with 

and possibly contributes to heart disease, the leading cause of death in industrialized 

countries (62). Moreover, an overactive immune system can lead to auto-immune conditions, 

which, while they are often not fatal, can severely impact the quality of life. We expect that in 

individuals with a genetic predisposition for longevity, the immune system is finely balanced 

to avoid both under- and over-activity. For this reason, in future mortality analysis in the LLS 

study, it may be worthwhile to categorize mortality cases based on the cause of death, with 

two broad groups containing deaths related to over- and underactivity of the immune system.  
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Summary (English) 
Glycosylation of immunoglobulins is suspected to play a key role in the regulation of the 

immune system. Glycosylation of IgG has been shown to influence various effector 

functions, while IgE glycosylation is essential for receptor binding. Furthermore, various 

diseases have been associated with aberrant Ig glycosylation profiles – for instance, low 

galactosylation and sialylation of IgG N-glycans in autoimmune disorders, and low 

galactosylation of IgA O-glycans in IgA nephropathy. 

Glycans can occupy multiple positions within Igs: each heavy chain harbors at least one N-

glycan, which can affect receptor binding; the hinge region of several isotypes carries O-

glycans; and the variable sequence in the Fab part can contain any number of glycans. To 

distinguish between glycans at different positions, glycoproteomics methods can be used to 

generate a site-specific glycosylation profile. Protease-generated glycopeptides can be 

analyzed using LC-MS/MS, which provides both a relatively high throughput and a good 

overview of glycan compositions.  

In this thesis, mass spectrometry-based glycoproteomics methods were used to characterize 

the glycosylation of various immunoglobulins. While the field of glycomics is rapidly 

expanding, antibody glycosylation studies have up to now focused almost solely on IgG, 

ignoring the other antibody isotypes. This can be partially attributed to the high abundance of 

IgG in blood and the relatively low complexity of its glycosylation, which simplifies its 

analysis. Glycosylation of the other isotypes remains largely unstudied, especially for the 

low-abundant Igs such as IgD and IgE.  

Structural Ig glycosylation analysis 
Immunoglobulin E exhibits the lowest abundance of all the Igs in blood, but at the same time 

it has the capacity to ellicit the strongest immune reactions. IgE is involved in protection 

against parasites, but is mainly known for causing allergic reactions. It’s protein sequence 

contains seven potential N-glycosylation sites, but in literature there was no clear consensus 

as to whether all of these were occupied. In Chapter 2, we describe the development of a 

glycoproteomics method to analyze IgE glycosylation: IgE was digested using three different 

proteases, and the resulting glycopeptides were identified using LC-MS(/MS). Using this we 

were able to show that six of the seven potential N-glycosylation sites were occupied, and 

presented a site-specific overview of the N-glycans present at each site. We further showed 

that myeloma-derived IgE exhibited aberrant glycosylation – specifically a higher degree of 
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tri- and tetra-antennary glycans and a lower degree of bisecting GlcNAc – while IgE from a 

hyperimmune donor did not, although both these observations were derived from only a 

single sample. It has since been shown that one of the IgE glycans is essential for binding to 

the high affinity receptor FcεRI.  

In Chapter 3 we reported partial O-glycosylation of IgG3. IgG3 is unique among the IgG 

subclasses in having an extended hinge region which contains a triple repeat sequence. From 

LC-MS(/MS) analyses of tryptic glycopeptides, we found that this repeat may contain up to 3 

sites of O-glycosylation, which carry mainly mono- and di-sialylated core 1-type O-glycans. 

However, only 10% of each site is occupied by a glycan, with little variation in either the 

occupancy or the type of O-glycans seen in six individuals. It can be speculated that the O-

glycans are involved in protection of IgG3 against bacterial proteases, since they were 

observed to inhibit digestion with endoproteinase AspN, and because O-glycosylation of the 

IgA1 and IgD hinge has also been shown to confer protease resistance.  

Ig glycosylation analysis in population studies 
In addition to structural glycosylation research, we also analyzed antibody glycosylation in 

population cohorts. In Chapter 4 and Chapter 5, IgG Fc glycopeptide analysis was 

performed on blood samples using LC-MS(/MS). We found that a low degree of 

galactosylation and sialylation, and a high degree of fucosylation were associated with a state 

of inflammation.  

In a cohort of 76 ANCA vasculitis patients, low galactosylation and sialylation of IgG was 

associated with a higher chance of future relapse. In relapsing patients, the degree of 

galactosylation, sialylation and bisection of IgG significantly decreased, while in patients 

who remained in remission they did not. Interestingly, PR3-specific IgG was not a better 

predictor of relapse than total IgG, though it reflected the same trends as seen in total IgG. 

In the approximately 1800 participants of the Leiden Longevity study (LLS), low 

galactosylation and sialylation of IgG, together with high fucosylation, showed association 

with markers of inflammation. Low galactosylation and sialylation also associated with low 

levels of high-density lipoprotein cholesterol (HDLC) and high levels of tryglycerides, which 

are known risk factors for cardiovascular disease. Together this points towards a potential 

role for IgG glycosylation as a biomarker of inflammation and metabolic health. However, 

the significant inter-individual differences complicate this.  
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Interestingly, galactosylation and sialylation of IgG2 showed a consistently weaker 

association with metabolic markers compared to the other IgG subclasses. This could be 

indicative of a minor role of this IgG subclass in vivo, which is supported by in vitro receptor 

affinity studies in literature. Furthermore, in both the LLS and the ANCA vasculitis cohort, 

we found that after correction for galactosylation, IgG sialylation no longer showed 

association with metabolic markers or functioned as a predictor for ANCA vasculitis relapse. 

This supports the theory that mainly galactosylation, and not sialylation, mediates the 

inflammatory capacity of human IgG. Finally, we found that participants with a latent 

cytomegalovirus infection exhibited a lower degree of fucosylation, while current smokers 

exhibited a higher level of bisection.  

Conclusion and future prospects 
We hope that the novel data presented in this thesis may contribute to the elucidation of the 

role of antibody glycosylation in the immune system, of which the understanding is currently 

still very limited. Overall, our data indicates that IgG glycosylation may hold value as a 

biomarker of inflammation and metabolic health, but the biology behind this proposition is 

not yet clear. Functional studies have shed some light on the role of IgG glycosylation in 

receptor binding and other immune reactions, but at the same time this data often clashes with 

results from in vivo associations studies. Therefore, more comprehensive functional studies 

on IgG glycosylation are warranted, in models which should resemble the human physiology 

as closely as possible, as well as functional studies on glycosylation of other Igs, which up to 

now have been scarce.  

The sensitivity of current (LC-MS) techniques is rapidly increasing, and we hope that this 

will enable investigation of Igs such as IgE and IgD, of which the low amount in blood is 

now a complicating factor for their analysis. Furthermore, in recent years new software tools 

have been developed to facilitate the analysis of mass spectrometric glycosylation data, 

which will be of great use for the analysis of antibodies which carry a large number of 

glycosylation sites, such as IgE and IgM. We therefore expect that high-throughput analysis 

of glycosylation of all Igs will be within reach shortly.  
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Samenvatting (Nederlands) 
De glycosylering van immunoglobulinen (Ig) lijkt een belangrijke rol te spelen bij de 

regulering van het immuunsysteem. Van glycosylering van IgG is aangetoond dat het invloed 

heeft op de functionele werking, en glycosylering van IgE is essentieel voor binding aan 

receptoren. Daarnaast zijn verscheidene ziekten geassocieerd met afwijkende Ig 

glycosyleringsprofielen – onder andere lage galactosylering en sialylering van IgG N-

glycanen bij auto-immuunziekten, en lage galactosylering van IgA O-glycanen bij IgA 

nefropathie.  

Glycanen kunnen meerdere posities bezetten op immunoglobulinen: elke zware keten draagt 

ten minste één N-glycaan, welke invloed kan uitoefenen op de binding met receptoren; het 

scharniergebied van verschillende Ig klassen kan bedekt zijn met O-glycanen; en tenslotte 

kan de variabele sequentie van het Fab gedeelte eveneens glycanen bevatten. Om onderscheid 

te maken tussen glycanen op verschillende posities kan gebruik gemaakt worden van 

glycoproteomics methoden om een site-specifiek glycosyleringsprofiel te bepalen. 

Proteolytisch-gegenereerde glycopeptiden kunnen met LC-MS/MS worden geanalyseerd, wat 

zowel een relatief hoge high throughput als een goed overzicht van de composities van de 

glycanen verschaft.  

In dit proefschrift zijn glycoproteomics methoden op basis van massa spectrometrie gebruikt 

om de glycosylering van verschillende immunoglobulinen te karakteriseren. Hoewel het 

terrein van glycomics zich in rap tempo uitbreidt, zijn studies op het gebied van glycosylering 

van antilichamen tot nu toe bijna geheel op IgG gefocust. Dit kan deels worden 

toegeschreven aan de hoge concentratie van IgG in bloed en de lage complexiteit van de 

bijbehorende glycosylering, wat de analyse relatief eenvoudig maakt. De glycosylering van 

andere Ig klassen is voor het overgrote deel onontgonnen gebied, met name voor de 

immunoglobulinen met een lage concentratie zoals IgD en IgE.  

Structurele analyse van Ig glycosylering  
Immunoglobuline E vertoont de laagste concentratie van alle immunoglobulinen in het bloed, 

maar bezit tegelijkertijd de capaciteit om de sterkste immuunreacties te ontlokken. IgE is 

betrokken bij de bescherming tegen parasieten, maar staat vooral bekend als de oorzaak van 

allergische reacties. De eiwitsequentie van IgE bevat zeven potentiële N-glycosyleringsites, 

maar in de literatuur was geen duidelijke consensus omtrent de vraag of deze allen bezet 

waren. In Hoofdstuk 2 beschrijven wij de ontwikkeling van een glycoproteomics methode 
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om de glycosylering van IgE te analyseren: IgE is gedigesteerd met drie verschillende 

proteases, en de resulterende glycopeptiden zijn geïdentificeerd met behulp van LC-MS/MS. 

Hiermee konden we laten zien dat zes van de zeven potentiële N-glycosyleringssites bezet 

waren en hebben we een site-specifiek overzicht gepresenteerd van de N-glycanen die op elke 

site aanwezig zijn. Wij laten daarnaast zien dat IgE afkomstig van myeloma patienten 

afwijkende glycosylering vertoonde – met name een hoger niveau van tri- en tetra-antennaire 

glycanen en minder bisecting GlcNAc – terwijl dit bij IgE van een hyperimmuun donor niet 

het geval was, al moet gezegd worden dat beide observaties op slechts èèn enkel monster 

gebaseerd waren. Sindsdien is aangetoond dat één van de IgE glycanen essentieel is voor de 

binding met de hoge-affiniteitsreceptor FcεRI.  

In Hoofdstuk 3 rapporteerden wij gedeeltelijke O-glycosylering van IgG3. Uniek aan IgG3 

vergeleken met de andere IgG subklassen is het verlengde scharniergebied dat een 

drievoudige herhalende sequentie bevat. Uit LC-MS(/MS) analyses van tryptische 

glycopeptiden konden wij opmaken dat deze sequentie tot drie sites van O-glycosylering kan 

bevatten, met voornamelijk mono- en di-gesialyleerde core 1-type O-glycanen. Echter, 

slechts 10% van elke site wordt bezet door een glycaan en tussen zes individuen werd weinig 

variatie gevonden in zowel de bezetting als het soort O-glycanen. Men kan speculeren dat de 

O-glycanen betrokken zijn bij bescherming van IgG3 tegen bacteriële proteases, aangezien de 

O-glycanen digestie met endoproteïnase AspN belemmerden, en omdat van O-glycosylering 

in het scharniergebied van IgA1 en IgD ook is aangetoond dat het resistentie tegen proteases 

verleent. 

Analyse van Ig glycosylering in populatie studies 
Naast structurele analyse van glycosylering hebben wij ook de glycosylering van 

antilichamen in populatiecohorten gemeten. In Hoofdstuk 4 en Hoofdstuk 5 is IgG Fc 

glycopeptide analyse uitgevoerd op bloedmonsters met gebruik van LC-MS. Wij vonden dat 

een laag gehalte van galactosylering en sialylering en een hoog gehalte van fucosylering 

geassocieerd waren met een staat van inflammatie.  

In een cohort van 76 ANCA vasculitis patiënten was lage galactosylering en sialylering van  

IgG geassocieerd met een hogere kans op een terugval in patiënten die op dat moment in 

remissie waren. In patiënten die een terugval hadden was het niveau van galactosylering, 

sialylering, en bisecting GlcNAc van IgG significant afgenomen, terwijl dat in patiënten die 
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in remissie bleven niet het geval was. Interessant genoeg was PR3-specifiek IgG geen betere 

voorspeller van een terugval dan de totale pool van IgG, alhoewel het dezelfde trends 

vertoonde.  

In de circa 1800 participanten van de Leiden Longevity studie (LLS) zagen we dat lage 

galactosylering en sialylering van IgG samen met hoge fucosylering associatie vertoonde met 

markers van inflammatie. Lage galactosylering en sialylering waren ook geassocieerd met 

een laag gehalte van hoge-dichtheid lipoproteïne cholesterol (HDLC) en een hoog gehalte 

van triglyceriden, waarvan bekend is dat het risicofactoren zijn voor cardiovasculaire ziekten. 

Dit tezamen indiceert een potentiële rol voor IgG glycosylering als een biomarker van 

inflammatie en metabole gezondheid. Dit wordt echter bemoeilijkt door de substantiële 

interindividuele verschillen.  

Interessant genoeg toonde galactosylering en sialylering van IgG2 een consistent zwakkere 

associatie met metabole markers in vergelijking met de andere IgG subklasssen. Dit kan 

duiden op een ondergeschikte rol van deze subklasse in vivo, wat ondersteund wordt door 

onderzoek naar in vitro receptor binding in de literatuur. Daarenboven vonden wij dat, in 

zowel het LLS als het ANCA vasculitis cohort na correctie voor galactosylering, IgG 

sialylering niet langer associatie vertoonde met metabole markers, noch als voorspeller voor 

een ANCA vasculitis relapse. Dit pleit voor de theorie dat voornamelijk galactosylering, en 

niet sialylering, invloed heeft op de inflammatoire capaciteit van humaan IgG. Tenslotte 

zagen we dat participanten met een latente cytomegalovirus infectie een lager gehalte aan 

fucosylering vertoonden, terwijl huidige rokers een hoger niveau van bisecting GlcNAc in 

hun IgG hadden.  

Conclusie en toekomstperspectief 
Wij hopen dat de nieuwe data die in dit proefschrift wordt gepresenteerd bijdraagt aan de 

opheldering van de rol van glycosylering van antilichamen in het immuunsysteem, waarvan 

het huidige begrip nog zeer gelimiteerd is. In het algemeen wijst ons onderzoek aan dat de 

glycosylering van IgG van waarde kan zijn als biomarker van inflammatie en metabole 

gezondheid, maar de biologische mechanismen die achter dit voorstel schuilen zijn nog niet 

duidelijk. Functionele studies hebben een tipje van de sluier opgelicht wat betreft de rol van 

IgG glycosylering bij binding aan receptoren en andere immuunreacties, maar tegelijkertijd 

botst deze data vaak met resultaten van in vivo onderzoek. Diepgaand functioneel onderzoek 
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naar de rol van IgG glycosylering zijn daarom nodig, met modellen die zo dicht mogelijk de 

humane fysiologie nabootsen, evenals functionele studies naar de glycosylering van andere 

immunoglobulinen, die tot op heden schaars zijn.  

De sensitiviteit van huidige (LC-MS) technieken neemt in rap tempo toe en wij hopen dat dit 

de gelegenheid geeft tot onderzoek naar immunoglobulinen zoals IgE en IgD, waarvan de 

lage concentratie in bloed nu een obstakel is. Daarnaast zijn de laatste jaren nieuwe software 

tools ontwikkeld om de analyse van massa spectrometrische glycosyleringsdata te faciliteren, 

die van grote waarde zullen zijn voor de analyse van antilichamen met een groot aantal 

glycosyleringssites, zoals IgE en IgM. Wij verwachten daarom dat high-throughput analyse 

van de glycosylering van alle immunoglobulinen binnenkort binnen bereik zal zijn. 
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List of abbreviations 
AA 2-aminobenzoic acid 
AAV ANCA-associated vasculitis 
ABC ammonium bicarbonate 
ACN acetonitrile 
ACPA anti-citrullinated protein antibodies 
ADCC antibody-dependent cellular cytotoxicity 
ANCA anti-neutrophil cytoplasmic antibodies 
C1q complement component 1 q 
CDC complement-dependent cellular cytotoxicity 
CE capillary electrophoresis 
CGE-LIF capillary gel electrophoresis with laser-induced fluorescence 
CH conserved heavy chain 
CID collision-induced dissociation 
CMV cytomegalovirus 
CRP c-reactive protein 

DC-SIGN dendritic cell-specific intercellular adhesion molecule-3 grabbing non-
integrin 

DHB 2,5-dihydroxybenzoic acid 
DTT dithiothreitol 
EGPA eosinophilic granulomatosis with polyangiitis 
ELISA enzyme-linked immunosorbent assay 
Endo S endoglycosidase S 
ER endoplasmic reticulum 
ERLIC electrostatic repulsion HILIC 
ESI electrospray ionization 
ETD electron-transfer dissociation 
FA formic acid 
Fab fragment antigen binding 
Fc fragment crystallizable 
FcεR Fc-epsilon receptor 
FcγR Fc-gamma receptor 
FEIA fluorescent-enzyme immune assay 
FRS Framingham risk score 
GBP glycan-binding protein 
GC glucocorticosteroid therapy 

GDob1 chimeric MN12H2 antibodies with V genes from the human 
monoclonal IgG2 antibody DOB1 

GlcNAc N-acetylglucosamine 
GPA granulomatosis with polyangiitis 
HDLC high density lipoprotein cholesterol 
HEK human embryonic kidney 
Hex hexose 
HexNAc N-acetylhexosamine 
HILIC hydrophilic interaction liquid chromatography 
HIV human immunodeficiency virus 
HPLC high performance liquid chromatography 
HR hazard ratio 
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Ig immunoglobulin 
IL interleukin 
IT ion trap 
IVIg intravenous Immunoglobulin 
LC liquid chromatography 
LDLC low density lipoprotein cholesterol 
LEMS lambert-Eaton Myasthenic Syndrome 
MALDI matrix-assisted laser desorption ionization 
MBL mannose-binding lectin 
MPA microscopic polyangiitis 
MPO myeloperoxidase 
MRM multiple reaction monitoring 
MS mass spectrometry 
NCGN necrotizing glomerulonephritis 
NeuAc N-acetylneuraminic acid 
PBS phosphate buffered saline 
PR3 proteinase 3 
PNGase F N-glycosidase F 
PTM post-translational modification 
qTOF quadropole TOF 
RA rheumatoid arthritis 
ROC receiver operating characteristic 
RP reversed phase 
RSD relative standard deviation 
SA sialic acid 
SD standard deviation 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SIGN-R1 specific intercellular adhesion molecule-3 grabbing non-integrin 
related 1 

t-ITP transient isotachophoresis 
T3 triiodothyronine 
TC total cholesterol 
TFA trifluoroacetic acid 
TG triglycerides 
TNP trinitrophenol 
TOF time-of-flight 
UHPLC ultra high performance liquid chromatography 
ZIC HILIC zwitterionic HILIC 
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