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A fascinating number of different components are continuously circulating in the human 

blood. While these components all have their own function, they largely play together in 

a complex arrangement to assure a - most of the time - healthy day-to-day life. The 

human circulation provides the infrastructure of the body, with the large arteries and 

veins serving as the highways, and the smaller, organ- and tissue-specific vessels 

facilitating the local transportation. It supplies the whole body with all necessities in the 

form of red blood cells, white blood cells, platelets, proteins, sugars, lipids, hormones, 

salts, vitamins and many other cells and substances. In addition to the nutrient-, defense-, 

and messenger-components that are constantly being distributed, the blood circulation 

ultimately picks up the waste created in the distant areas of the body, in order to remove 

it. Altogether, the specific composition of the human blood provides an extensive 

overview of a large part of the intriguing processes going on in the body. This can be 

sampled and studied with current medical and chemical technologies. In normal, healthy 

conditions, a blood sample represents the balanced processes of the body, homeostasis. 

Disruption of the homeostasis will result in the up- or down- regulation of one or more 

components. A minor, temporary imbalance might reflect the body restoring its own 

equilibrium. However, fierce or persisting disruptions of the normal situation might 

indicate the presence or emergence of a serious underlying pathology. Medical tests 

studying these processes are, for example, used for the diagnosis, prognosis or treatment 

monitoring of various diseases. Expanding and improving these tests will be beneficial for 

the early diagnosis of pathologies and personalized treatment of patients. 

One of the most diverse groups of molecular species circulating in the blood is the group 

of the proteins, performing functions ranging from protection of the body and the 

coordination of biological processes, to aiding the synthesis, modification or 

transportation of other molecules. Fine-tuning the properties of the vast majority of these 

blood proteins happens by, so called, post-translational modifications of which 

phosphorylation, acetylation and N-linked glycosylation form the top three of most 

occurring modifications [1]. Of these three, N-linked glycosylation is by far the most 

diverse. This makes it highly challenging, and at the same time highly interesting, to 

investigate this protein modification for the identification of potential diagnostic and 

prognostic markers.  

Antibodies are immune proteins that play an important role in the defense of the body 

against pathogenic substances, like viruses and bacteria. The working mechanism of 

antibodies is often highly dependent on their glycosylation, and the development of 

suitable analytical tools is crucial to map the glycans attached to these glycoproteins. The 

possibility to discriminate between differentially glycosylated antibodies has high 

potential in precision medicine by contributing to the sensitivity and specificity of medical 
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tests. Immunoglobulin G (IgG) is the major antibody in human plasma, plays an essential 

role in the humoral immunity and will be one of the key players in this thesis. 

 

1.1 Protein glycosylation 

Protein glycosylation describes the process of the co- or post-translational attachment of a 

combination of monosaccharides (also known as sugars or carbohydrates) to a protein [2]. 

N-glycosylation, comprising the addition of a glycan to the nitrogen atom of an asparagine 

residue, is one of the most occurring PTMs as well as the most occurring form of protein 

glycosylation. Another often occurring form of protein glycosylation involves the 

attachment of a glycan to the oxygen atom of serine or threonine residue (O-

glycosylation) [1, 3]. As glycans often contribute to a large fraction of the total 

glycoprotein size and have distinct physicochemical properties, including a high 

hydrophilicity, one can imagine that the influence of a glycan on the structure and 

function of a protein is substantial [4]. The presence of a large hydrophilic structure 

indirectly alters the interaction possibilities of the glycoconjugate with other proteins by 

influencing its folding and/or stability [4]. In addition, specific monosaccharide residues 

can have a direct interaction with glycan recognizing proteins, like lectins [5-7].  

1.1.1 N-glycan structure and biosynthesis 

The biosynthetic coupling of an N-glycan to an asparagine almost exclusively occurs when 

the asparagine is present in the N-glycosylation consensus sequence, asparagine-x-

serine/threonine, where “x” can be any amino acid except for proline [8]. Additionally, N-

glycosylation is reported to take place, to a lower extent, in the asparagine-x-cysteine 

motive [9, 10]. During, or right after, the synthesis of the protein in the endoplasmic 

reticulum (ER), a precursor N-glycan structure, consisting of two N-acetylglucosamines 

(GlcNAc), nine mannoses (Man) and three glucoses (Glc; Figure 1.1A), is transferred in its 

entirety from a dolichol anchor to the asparagine in the consensus sequence [11]. During 

the folding of the protein, still in the ER, the terminal Glc residues are enzymatically 

removed, one-by-one, serving as a protein folding-quality control. Only after proper 

folding, the protein enters the Golgi apparatus, where the Man residues may be trimmed 

further, reaching a structure with two GlcNAcs and five Mans (Man5, a high-mannose 

glycan; Figure 1.1B). Later in the Golgi, the glycan is extended with a GlcNAc, forming a 

hybrid-type glycan (Figure 1.1B). The ongoing interplay between glycosidases and 

glycosyltransferases results in the formation of complex-type N-glycans, which can be 

extended by different GlcNAc branches (antennae), a bisecting GlcNAc, core and/or 

antennary fucoses (Fuc) and antennary galactoses (Gal), N-acetylgalactosamines 

(GalNAc), Gal-GlcNAc (LacNAc) repeats, GalNAc-GlcNAc (LacdiNAc) repeats and N-

acetylneuraminic acids (Neu5Ac; in humans) or N-glycolylneuraminic acids (Neu5Gc; in 
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other mammals; Figure 1.1) [11]. The latter two monosaccharides belong to the group of 

sialic acids (Sia), a group of large monosaccharides containing a carboxylic acid functional 

group [12].  

The aforementioned monosaccharides are the most common N-glycan building blocks in 

humans and other mammals. They usually form six-membered cyclic structures consisting 

of five carbons and one oxygen in the ring (Figure 1.1A) [13]. The five carbon atoms of the 

ring are all chiral (except from C-3 in sialic acids), resulting in the existence of multiple 

different monosaccharide stereoisomers. Monosaccharides that only differ from each 

other by the configuration of one of their chiral carbon atoms are known as epimers [14]. 

For example, Gal and Glc are epimers due to their different configurations at C-4. 

Additionally, exact mirror images, enantiomers, are denoted by the prefix L- or D-, based 

on the configuration at C-5. Most monosaccharides in humans are D-enantiomers, with 

the exception of L-fucose (Figure 1.1A) [14]. Finally, while the configurations at C-2 to C-5 

are stable within a structure, the configuration of C-1 (or C-2 in sialic acids; the anomeric 

carbon) can be altered in solution, resulting in a mixture of α-anomers (when the 

configuration at C-1 and C-5 is the same) and β-anomers (when the configuration at C-1 

and C-5 is different; Figure 1.2A) [14]. 

Two monosaccharides can be enzymatically linked by condensation between the 

hemiacetal group of one monosaccharide and one of the hydroxyl groups of the other 

monosaccharide [13]. Branched structures can be formed as multiple hydroxyl groups of 

one monosaccharide can form simultaneous glycosidic bonds [11]. This in contrast to, for 

example, the almost exclusively linear connection between amino acids to form a protein. 

The linkage between two monosaccharides can vary on the basis of the hydroxyl groups 

that are involved, resulting in different regioisomers. Additionally, the configuration 

around the involved anomeric center determines whether an α- or β-stereoisomer is 

formed (Figure 1.2B) [15]. The anomeric carbon not involved in a glycosidic bond is 

referred to as the reducing end of a glycan [13]. The formation of both regio- and 

stereoisomers is under specific enzymatic control and has a high influence on the 3D-

structure of the resulting glycan, eventually influencing its function and activity [11].  
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Figure 1.1 N- and O-glycan monosaccharides and the three common types of N-glycan structures. 

(A) The monosaccharides commonly found in mammalian N- and O-glycans and their representative 

symbols. While humans exclusively incorporate the sialic acid variant N-acetylneuraminic acid in 

their N- and O-glycans, other mammals additionally, or exclusively, feature N-glycolylneuraminic 

acids. The monosaccharide masses shown are the residue masses of the sugar units upon 

condensation with a glycan. (B) Symbolic representations of the three N-glycan types found on 

human proteins, including high mannose-, hybrid- and complex-type N-glycans. High mannose-type 

glycans carry five (as shown) to nine mannoses. Hybrid- and complex-type glycans carry optional 

core or antennary monosaccharide residues, indicated with a plus/minus sign (±). 
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Figure 1.2 Monosaccharide anomers and linkages. (A) The α- and β-anomer of D-galactose. The 

anomeric center at C-1 is indicated by an asterisk (*). (B) A galactose linked to an N-

acetylglucosamine via a β1,4-linkage, the hydroxyl group at the anomeric center (reducing end) of 

the N-acetylglucosamine is connected with a wavy line, indicating the configuration is either α or β, 

alternatingly present in solution via an open ring intermediate. 

1.1.2 O-glycan structure and biosynthesis 

Different types of O-glycosylation exist, of which the O-GalNAc-type of glycosylation is 

most common (also known as mucin-type O-glycosylation). While the building blocks for 

the construction of a mucin-type O-glycan (further referred to as O-glycan) are matching 

the building blocks used for N-glycan synthesis (GalNAc, GlcNAc, Gal, Fuc and Sia; Figure 

1.1A) and the glycosidic linkages formed are the same, the biosynthesis pathway is rather 

different between the two [16]. While N-glycosylation happens both co- and post-

translationally and is initiated in the ER, O-glycosylation exclusively occurs post-

translationally in the Golgi apparatus, starting with the enzymatic transfer of one GalNAc 

to a serine or threonine residue [16, 17]. Additionally, there is no known amino acid 

consensus sequence for the O-glycosylation to take place. A broad repertoire of enzymes 

can initiate the initial GalNAc transfer, which all have their own substrate specificity. 

Some of these enzymes prefer a serine as substrate and others a threonine. Additionally, 

it is known that a proline or another O-glycan in close proximity of the serine or threonine 
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facilitates O-glycosylation [17, 18]. After the attachment of the first GalNAc, the O-glycan 

can be extended by the interplay of a wide variety of glycosyltransferases, resulting in 

branched structures with one of the four common cores 1 to 4, consisting of GalGalNAc, 

GlcNAcGalGalNAc, GlcNAcGalNAc or GlcNAc2GalNAc, respectively (Figure 1.3) [19].  

 

 

 

Figure 1.3 Symbolic representations of the four common cores of mucin-type O-glycan structures. 

Yellow square: N-acetylgalactosamine (GalNAc); Yellow circle: galactose (Gal); Blue square: N-

acetylglucosamine (GlcNAc). The linkages between monosaccharides are indicated at the connective 

lines. 

 

1.2 IgG glycosylation  

There are four human IgG subclasses, IgG1, 2, 3 and 4, all 150 kDa glycoproteins 

consisting of two heavy (H) and two light (L) chains, connected via disulfide bonds. The 

molecules consist of constant (C) domains (CH1 to CH3, and CL) and variable (V), antigen 

binding domains (VH and VL; Figure 1.4), which together form the Fab (CL, CH1, VL, VH), and 

Fc (CH2 and CH3) region of the antibody. Fab and Fc are connected by the hinge region, 

which has a relatively flexible structure (Figure 1.4) [20]. All IgG subclasses can be 

subdivided into allotypes, based on the genetic variation between individuals in the heavy 

chain sequence of the antibody. With 19 different known allotypes, IgG3 is the subclass 

with the widest variety of constant domain sequence variants [21, 22].  

Within the CH2 domains of the IgG Fc regions an N-glycosylation consensus sequence can 

be found, carrying an N-glycan in over 99% of the IgG in the human circulation [23, 24]. 

IgG Fc N-glycosylation is rather special in its composition as compared to the glycosylation 

of other glycoproteins, as it shows predominantly diantennary complex-type glycans, and 

a minor fraction of hybrid-type glycans [25-27]. The complex-type IgG Fc glycans are 

mainly fucosylated (~93% in healthy adults) and may carry a bisecting GlcNAc (~12%). 

Furthermore, their composition varies from having zero to two antennary galactoses 

(~40% per antenna) and zero to two terminating N-acetylneuraminic acids (~4 % per 

antenna; further referred to as sialic acids when human glycosylation is concerned; Figure 

1.4) [28, 29]. In addition to the aforementioned CH2 N-glycosylation, that is conserved for 
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all IgG subclasses, IgG3 carries an N-glycosylation site in the CH3 domain of most allotypes 

[23, 30] and three O-glycosylation sites in the hinge [31]. The occupancy of these 

additional sites was determined to be about 12% for the CH3 N-glycosylation and about 

10% for the O-glycosylation sites [23, 31]. Furthermore, 15 to 25% of the IgG Fab regions 

carry one or more occupied N-glycosylation consensus sequences. When present in the 

antigen-binding domain of the antibody, the glycans enhance the variability of these 

regions [32, 33]. Compared to Fc glycans, Fab glycans show higher levels of 

galactosylation, sialylation and bisecting GlcNAcs, while their fucosylation is lower [29].   

 

 

 

Figure 1.4 Schematic representation of IgG1 and its commonly found CH2 glycan structures. IgG 

consists of two heavy chains (H; dark green) and two light chains (L; light green), connected via 

disulfide bridges (grey lines). Together, the heavy and light chain form the Fab and Fc portion, 

connected via the hinge region. The variable parts of the heavy and light chain (V) are both involved 

in the antigen binding sites (striped). On one of the constant domains (C), CH2, a conserved N-

glycosylation site is present. This site carries hybrid- and complex-type glycans with optional extra 

monosaccharide residues, like a core fucose, a bisecting N-acetylglucosamine (GlcNAc), galactoses 

and sialic acids, indicated with a plus/minus sign (±). 

1.2.1 IgG Fc glycosylation effector mechanisms  

IgG plays an important role in humoral immune responses, e.g. the immune events taking 

place in the extracellular space, by destroying microorganisms and foreign substances. IgG 

molecules bind antigens with their Fab regions and clear them via neutralization, 

opsonization by Fc receptor binding or activation of the complement system [34]. The 

latter two events involve the Fc region of the antibody and are highly influenced by both 

the presence [35, 36] and the structure [37] of the CH2 N-glycan. Total absence of the Fc 

glycan minimizes the affinity between the IgG-Fc and most of its interaction partners by 

significantly changing the 3D-conformation of the Fc [38-40]. The presence or absence of 
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individual monosaccharides, on the other hand, modulates the binding affinity of the Fc 

for its interaction partners in a more subtle and specific way [41]. A large part of the 

studies into Fc glycan effector functions were performed in murine models, however 

murine glycosylation comprises some distinct glycosylation features as compared to 

human glycosylation. Most noticeable are the presence of different sialic acids, N-

glycolylneuraminic acids, and the possibility to carry terminal α1,3-linked galactoses 

attached to the β1,4-linked antennary galactoses [42-44]. As it has been shown that 

functional results obtained from mouse experiments are not always straightforwardly 

translatable to the human situation [45, 46], in the following, only findings are presented 

obtained from human based in vitro studies, unless reported otherwise.   

Fucosylation  

The absence of a core fucose on complex-type IgG1 Fc glycans is known to enhance Fcγ 

receptor (FcγR)IIIa and b binding by 20- to 100-fold [37, 47], thereby strongly increasing 

the subsequent antibody-dependent cellular cytotoxicity (ADCC) [37, 48]. Both protein-

glycan and glycan-glycan interactions between the uniquely glycosylated FcγRIIIa/b and 

the non-fucosylated Fc showed to play a key role in the increase in binding affinity [49].  

Galactosylation 

In contrast to the aforementioned core fucoses, terminal galactose residues are unlikely to 

be in close enough proximity to the Fc binding site to provide a direct interaction between 

the glycan and a receptor(-glycan) [50]. Still it has been shown that galactosylation slightly 

improves the binding of IgG1 to FcγRI, FcγRIIa/b/c and FcγRIIIa/b [51, 52], which might be 

due to an increase in Fc stability caused by glycan-protein and glycan-glycan interactions 

within the antibody [40, 50]. Although previous research indicated this galactosylation 

effect to be independent from the fucosylation effect [51], a more recent study showed 

the increased IgG1 affinity for FcγRIIIa/b upon galactosylation only to be present for 

afucosylated glycoforms [37]. In addition to the effect on FcγR binding, an increase in Fc 

galactosylation has been shown to improve complement activation via C1q binding and in 

consequence enhance complement-dependent cytotoxicity (CDC) [37, 53].  

Sialylation 

A lot of debate is going on about the effect of IgG Fc sialylation. Changes in sialylation 

often follow the effect of the galactosylation of the glycan, as the terminal galactose is a 

substrate for sialyltransferases [54, 55]. Therefore, the effects of sialylation and 

galactosylation in a biological system are often hard to distinguish. Whereas some report 

no effect of IgG1 sialylation on FcγR binding [52], others report a slight decrease in 

FcγRIIIa/b affinity for sialylated, afucosylated, bisected IgG1 as compared to its non-



19 
 

sialylated, afucosylated, bisected form [37]. Furthermore, sialylation was both reported to 

increase [37] and to decrease [56] C1q binding. The latter discrepancy was suggested to be 

caused by the difference in monoclonal antibody studied, as the spatial distribution of the 

monoclonal antibodies on the cell surface might have a large influence on the activation of 

the complement [37]. In addition to FcγR and C1q binding, sialylation was reported to 

exert its effect via binding to the cell surface receptor DC-SIGN and its murine orthologue 

SIGN-R1, which results in the upregulation of anti-inflammatory components [57, 58]. 

However, also this is under debate as others reported the affinity of IgG to DC-SIGN to be 

independent of Fc glycosylation, but rather influenced by Fab glycosylation [59]. The 

potential cause of this confusion is the large difference between humans and mice in DC-

SIGN and SIGN-R1 cellular and tissue distribution and the different sialic acid variants 

found in both species [45, 60].  

Bisection 

Although the presence or absence of a bisecting GlcNAc has a large effect on the overall Fc 

N-glycan structure [61], it did not seem to directly influence C1q or FcγR binding in any 

way [37]. Little is known about the biological relevance of Fc bisection, although presence 

of a bisecting GlcNAc was reported to inhibit the subsequent fucosylation of N-glycans 

[62]. Additionally, when bisection happens early in the biosynthesis pathway, that is, prior 

to full mannose trimming in the Golgi apparatus, the conversion from hybrid- to complex-

type glycan is blocked, resulting in the propagation of bisected hybrid-type glycoforms [62, 

63]. Together, this suggests that the presence of a bisecting GlcNAc might rather play a 

role as regulatory tool early in the glycan biosynthesis pathway, instead of having a direct 

effect on Fc interactions. 

Hybrid-type glycans 

Hybrid-type glycans occur on IgG in minor amounts [26, 27] and are present when the 

protein leaves the biosynthesis process before the formation of complex-type glycans was 

initiated. Although very little is known about the biological relevance of hybrid-type 

glycans on IgG, one study showed the negative effect of afucosylated, bisected, hybrid-

type glycans on complement activation, as compared to afucosylated, bisected complex-

type glycans [62].  

Alternative mechanisms influenced by Fc glycosylation 

The effect of Fc glycosylation on immunological responses is best studied for FcγR binding 

and complement activation via C1q protein. However, IgG has additional interaction 

partners that might influence an immunological response. The dependence on specific Fc 

glycosylation of these interaction partners is less well studied. One example is the DC-SIGN 
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receptor, briefly mentioned above [57, 59]. Others include the family of Fc receptor-like 

proteins (FcRL1 to 6), the neonatal Fc receptor (FcRn) and various lectins [64-66]. FcRL4 

and 5 are expressed on B cells and have been shown to bind IgG. Furthermore, FcRL5 is 

reported to bind IgG in a glycan-specific manner, although it is unknown whether this is 

based on Fc or Fab glycosylation [65]. The FcRn binds IgG-Fc in the placenta thereby 

mediating the transport of IgG molecules from the mother to the fetus. Additionally, FcRn 

present on epithelial cells helps to recycle IgG, resulting in its relatively long half-life of 

about three weeks [67]. Differences – albeit not striking – in binding affinity for FcRn were 

found between differently glycosylated Fc regions [64]. Additionally, the IgG Fc 

glycosylation between mothers and their newborns was reported to be slightly different 

[68]. Although there is no consensus about the biological relevance of Fc glycosylation for 

FcRn binding, large effects can rather safely be ruled out [69, 70]. Furthermore, while for 

other glycoproteins, and also for Fab glycosylation, the asialoglycoprotein receptor 

expressed in the liver binds asialylated glycoforms and in that way reduces the half-life of 

the proteins, for IgG-Fc this receptor plays no role, likely due to restricted accessibility of 

the glycans [71, 72]. For IgG based biopharmaceuticals it is known that the presences of 

high mannose-type glycans of the Fc region does play a role in reducing its half-life, 

possibly caused by the involvement of specific lectins such as the mannose receptor [73]. 

This might be a reason why this glycoform is hardly found on endogenous IgG in the 

circulation. 

1.2.2 IgG Fc glycosylation in health and disease 

Fc glycosylation plays an important role in modulating IgG effector functions, as described 

above. IgG glycosylation is partly genetically regulated [74, 75], but also highly influenced 

by environmental factors [76-78]. The biological relevance of Fc glycosylation is supported 

by its associations found with altered physiological states, both in health and disease. 

First, Fc glycosylation associates with basic descriptors of the human population, like age 

and sex [28, 79-81]. Most pronounced is the lower galactosylation observed with older 

age [28, 79-81]. Notably, while women have higher galactosylation in early adulthood than 

men, this changes around female menopause, and results in similar galactosylation for 

women and men in late adulthood [28]. Fc sialylation follows this trend in the adult 

population, while bisection increases in early adulthood and fucosylation stays relatively 

constant [28, 79, 82]. For children, especially of the youngest age category, less is known 

about their Fc glycosylation differences connected to age and sex. The studies done until 

now only describe IgG glycosylation on the level of released glycans [83, 84], which ignore 

the effects of potential Fab glycosylation or differences in IgG subclass distributions. This 

issue will be assessed later in this thesis (Chapter 3). However, what is known until now is 

that in children agalactosylated species on IgG are lower with higher age and 

monogalactosylated species stay relatively constant [83]. Additionally, for children 
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between 6 and 18 years of age, it was found that bisection increases for boys and 

fucosylation decreases for girls [84]. Furthermore, it was proposed that most of the sex-

related Fc glycosylation differences are introduced during puberty, under the influence of 

sex-related hormones [79, 84].  

Moreover, Fc glycosylation is well characterized in healthy pregnant women [29, 85] and 

their newborns [86, 87], showing a substantial increase in galactosylation with pregnancy, 

which normalizes after delivery [29, 85]. Newborns exhibit similarly high galactosylation 

levels, as their IgG is completely mother-derived [86, 87]. Furthermore, pregnant women 

have high levels of IgG sialylation, while the levels of bisection and fucosylation are lower 

during pregnancy than after delivery [29, 85].  

While age, sex and pregnancy are natural descriptors of the population, there are 

indications that also lifestyle influences IgG glycosylation. For example, smoking results in 

a slightly higher level of bisection [77, 88], and the level of Fc galactosylation is correlated 

to living area (e.g. rural or urban) [76]. Additionally, the food substance all-trans retinoic 

acid, when directly applied on cultured B cells, has shown to influence the galactosylation 

profiles of the IgGs produced in these cells [78].  

All described genetic, environmental and physiological influencers of the Fc glycosylation 

suggest large inter-individual differences in this IgG feature, which were indeed observed 

in numerous IgG Fc glycosylation studies [28, 74, 89]. Although this might complicate the 

discovery of disease-related markers, intra-individual glycosylation changes are in general 

quite minor over restricted periods of time [90, 91] and common disease-related changes 

in IgG Fc glycosylation have previously been identified in the adult population. For 

example, patients suffering from various autoimmune diseases like rheumatoid arthritis 

[92-94], inflammatory bowel diseases [95] and lupus [96] have shown to carry a low Fc 

galactosylation on their total pool of IgG as compared to healthy controls. For ANCA-

associated vasculitis, IgG Fc galactosylation and sialylation levels have shown to be able to 

predict a relapse of the disease [97]. Additionally, other inflammatory conditions, like HIV 

[98], alloimmune cytopenias [99, 100], and active tuberculosis infections [101], and also 

cancers such as ovarian cancer [102] and colorectal cancer [103] did show to associate 

with specific features of the total Fc glycosylation. Interestingly, antigen-specific subsets of 

IgG showed distinct glycosylation profiles from the total IgG. For example, HIV gp120-, 

HPA-1a- and RhD-specific IgGs all carry relatively high levels of afucosylated glycan 

structures, as compared to the total pool of IgG [98-100]. For the RhD-specific IgGs in 

hemolytic disease of the fetus and newborn it was shown that this low fucosylation was 

correlated to their ability to induce FcγRIIIa mediated ADCC of the red blood cells, and in 

that way likely influences the severity of the disease [99].  
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Both the innate and adaptive immune system of the human child are relatively immature 

at birth and their maturation process continues until early adulthood [104]. Therefore, 

one can imagine that the IgG glycosylation effects found in children might be different 

from the ones observed in adults, both in healthy and diseased conditions. In general, 

information on IgG Fc glycosylation in children is scarce, especially when compared to the 

numerous studies performed in human adults. A recent study showed juvenile idiopathic 

arthritis to be associated with a lowered galactosylation and sialylation on the total IgG 

pool [66]. Furthermore, studies into pediatric patients with allergic diseases and asthma 

showed no disease-specific IgG glycosylation effects [76, 105]. Evaluating the similarities 

and differences between IgG glycosylation responses in children and adults might 

contribute to the better understanding of the immune system as a whole and the humoral 

immune responses in children, specifically.  

 

1.3 Mass spectrometric glycosylation analysis 

In order to unravel the exact glycosidic profile of any glycoprotein in a certain sample 

taken from a biological system, analytical methods are required that can assess protein 

glycosylation in a precise, accurate, and preferably protein- and glycosylation site-specific 

manner. Not one method exists that can easily perform the complete characterization of 

the glycoproteome of a complex sample, however various complementary separation and 

detection methods are around that can together give an in-depth overview. One 

important branch of glycosylation analysis methods makes use of mass spectrometry (MS) 

to separate and detect glycans or glycoconjugates based on their mass-to-charge ratio 

(m/z). Using MS, one can have roughly three different approaches studying the 

glycoproteome: 1) By the chemical or enzymatic release of glycans from proteins, resulting 

in a mixture of all glycan structures present in the sample, irrespective from which protein 

they were derived. This provides the opportunity to perform an in-depth characterization 

of the exact chemical structure of all glycans, however this approach fails to provide 

protein- or site-specific information. 2) By the enzymatic digestion of the glycoprotein 

backbone into smaller protein fragments or peptides, resulting in a mixture of 

glycosylated and glycan-free protein fragments. In this way, protein-specificity is 

maintained, as well as site-specificity, if only one glycosylation site is present per created 

fragment. As a downside, this approach will lead to a rapid increase of sample complexity 

when more than one kind of protein is present, making detailed structural glycan analysis 

laborious and the generation of protein- and site-specific glycopeptides challenging. 3) By 

the analysis of intact glycoproteins, often preceded by their specific isolation. Besides 

protein-specific data, this approach also provides the opportunity to assess the 

combination of different glycan structures and other post-translational modifications 
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present at one protein at the same time, however losing knowledge on site-specificity. For 

this approach high-resolution instruments are required. 

The current work will focus on approach number 2, making use of a protease to create 

(glyco)peptides, which subsequently can be characterized by MS. Using MS, the glycan 

composition of a glycopeptide can be determined based on the theoretical mass of the 

peptide and the individual monosaccharides. However, stereoisomers cannot be 

distinguished, neither those arising from isomeric monosaccharides nor those arising from 

linkage isomerism, as they all result in identical m/z values (Figure 1). Additional 

information on the structure of specific glycan compositions and on the sequence of the 

peptide moiety can be obtained by applying tandem mass spectrometry (MS/MS) on 

selected ions, creating fragmentation spectra of the analytes of interest. Depending on the 

fragmentation mode used, either the glycan or the peptide portion of the glycopeptide is 

fragmented. Lower energy collision-induced dissociation (CID) results in glycan fragments, 

while higher energy CID, electron-transfer dissociation or electron-capture dissociation 

provide information about the peptide sequence [106]. A combination of high and low 

energy CID or post-source decay fragmentation results in the fragmentation of both 

portions of the glycopeptide [106, 107]. 

1.3.1 Mass spectrometers 

Two important parts of a mass spectrometer are its ion source and mass analyzer, which 

both exist in different flavors and can be used in various combinations, all providing their 

own advantages in particular situations [108]. One frequently, yet not exclusively, used 

mass analyzer for glycopeptides is the reflectron time-of-flight (TOF) analyzer, which is 

able to separate analytes in a broad m/z range in a relatively short period of time [109]. 

This analyzer initially exposes all ions to an electrical field causing their acceleration while 

obtaining the same kinetic energy per charge. After their acceleration, the ions enter the 

flight tube of the TOF analyzer, where they travel with a constant velocity. Under these 

conditions, their velocity (and thus the flight time) is proportional to the m/z of the ions, 

with low mass or highly charged analytes traveling faster than high mass or lowly charged 

analytes [108]. Prior to entering the acceleration field of the TOF, during their ionization, 

the ions did acquire an initial velocity, which is not necessarily the same for all of them. 

This results in a dispersion of the final velocity (the sum of the initial velocity and the 

velocity acquired during acceleration) of identical species, which hampers the resolving 

power of TOF instrumentation. However, this is largely overcome by the implementation 

of delayed extraction of the ions during their acceleration [110] and the reflectron in the 

flight tube [111], both correcting for the spread in kinetic energy between ions with the 

same m/z.  
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As (glyco)peptides are not volatile and are preferably analyzed in their intact form, soft 

ionization technologies are required that allow ionization of the analytes from a liquid or 

solid sample. Next to obtaining a charge during the ionization, the molecules need to be 

brought into the gas phase, either via their own sublimation or desorption, or via the 

evaporation of their solvent or of a matrix. While some ionization techniques cause the 

molecules to fragment during ionization, soft ionization techniques will leave them largely 

intact. Two suitable approaches, often used in combination with a reflectron TOF analyzer, 

are matrix assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) 

[108], both discussed in detail in the following sections.  

1.3.2 MALDI-TOF-MS of glycopeptides 

Ionization with MALDI takes place by the irradiation with a laser of a solid sample in 

vacuum. For this procedure the analyte molecules need to be embedded in a matrix, 

consisting of small organic compounds that absorb the light of the laser, which has a 

wavelength in either the UV or IR range, and are easy to sublimate [108, 112]. The exact 

mechanism behind MALDI is not completely understood as of yet, but ionization likely 

happens either via reactions in the gas phase after matrix ablation, or via the desorption 

and desolvation of ions formed in the solid sample [108, 113]. For the ionization of 

glycopeptides using MALDI with an UV-laser, examples of suitable matrices are α-cyano-4-

hydroxycinnamic acid (CHCA), 4-chloro-α-cyanocinnamic acid (Cl-CCA) and 2,5-

dihydroxybenzoic acid (DHB) [108, 114]. These matrices are soluble in diluted organic 

solvents that are compatible with the glycopeptides and carry an acidic group that 

stimulates the protonation of the analytes.  

MALDI-TOF-MS is a widely recognized approach for the analysis of glycopeptides as the 

technique allows rapid acquisition of data, which are, in addition, relatively 

straightforward to interpret as the ions are usually singly charged [115, 116]. A typical 

MALDI glycopeptide workflow includes the enzymatic digestion of the (isolated) 

glycoproteins, enrichment of the glycopeptides, and co-application of the sample and 

matrix on the MALDI target [117]. Glycosylation profiles obtained by MALDI-TOF-MS of 

glycopeptides have shown to correlate well with the profiles obtained by other 

techniques, based on the high-performance liquid chromatography (HPLC)-fluorescence 

detection of released glycans [117]. However, this is only valid for the non-sialylated 

subset of the glycoproteome, as sialic acids are highly labile during MALDI-TOF-MS [117, 

118]. In addition to the loss of sialic acids due to in-source or metastable decay, the 

negative charge of these sugar residues results in ionization biases for sialylated species, 

both in negative and positive ion mode, and in salt formation. The labile nature of the 

sialylated glycopeptides is especially problematic when they are analyzed in reflectron 

mode TOF-MS, as metastable fragments travel together in the field free region and are 

only separated after passing through the reflectron. Therefore, sialylated glycoconjugates 
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are often analyzed in linear mode TOF-MS, highly compromising the resolving power of 

the measurements. Other means for improving the detection of sialylated glycopeptides 

are the use of cold matrices like DHB or Cl-CCA and/or performing the analyses in negative 

ion mode [114]. However, none of these approaches fully prevent the loss of sialylated 

species, their ionization biases and salt formation. 

In recent years, the neutralization and stabilization of sialylated glycans and 

glycoconjugates has appeared as an attractive approach for their MALDI-TOF-MS analysis. 

One method for this is the permethylation of released glycans or glycopeptides, resulting 

in the methylation of all hydroxyl, amine and carboxyl moieties in the molecules [119, 

120]. Other approaches are sialic acid-specific and include the esterification or amidation 

of the sialic acid carboxyl groups [115]. This involves, on the one hand, the uniform 

modification of all sialic acids, for example by their amidation with the nucleophiles 

acetohydrazide [121] or methylamine [122]. On the other hand, linkage-specific sialic acid 

modifications have been reported, allowing the differentiation between α2,3- and α2,6-

linked sialic acids based on their analysis by MALDI-TOF-MS. For example, α2,6-linked 

sialic acids can be methylesterified [123], ethylesterified [124, 125] or isopropylamidated 

[126], while α2,3-linked sialic acids are simultaneously lactonized [123, 124] or 

methylamidated [125, 126]. Specifically for glycopeptides, the application of a sialic acid 

linkage-specific derivatization method is more complicated than for released glycans, as 

the peptide moieties also carry carboxylic acids (at least one at their C-terminus and 

additionally one at every aspartic acid and glutamic acid residue). Based on the local 

environment of these peptide carboxylic acids, they might either react with the added 

nucleophile or create by-products by forming lactones or lactams with neighboring 

hydroxyl or amine groups, respectively. This was shown for glycopeptides derived from 

IgG that were subjected to the ethylesterification reaction proven to be suitable for 

released glycans [124], resulting in three modification variants of the peptide moiety 

[127]. On the other hand, the uniform derivatization of glycopeptide sialic acids by 

methylamidation resulted in consistent peptide modifications for glycopeptides derived 

from both IgG and fetuin [128].   

1.3.3 ESI-TOF-MS of glycopeptides 

In contrast to MALDI, ESI requires a liquid sample that is passed through a capillary and 

which creates a spray at the end of the capillary upon the application of a strong electric 

field. The solvent droplets in the spray evaporate and charged analytes either desorb from 

the surface of the droplets (small molecules) or stay in the droplet until complete 

evaporation took place (larger (glyco)peptides or proteins) [108]. While MALDI results in 

singly charged analytes, ESI causes multiple charged ions to arise [129]. This has the 

advantage that the mass analyzer used is required to cover a narrower m/z range, 
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however it complicates data analysis as one analyte might be spread over multiple signals 

(charge states) in the mass spectrum.  

A typical ESI-TOF-MS workflow for glycopeptides includes the digestion of (isolated) 

glycoproteins, the online or offline enrichment or fractionation of the glycopeptides and 

their subsequent analysis by ESI-TOF-MS [130]. Sialylated glycans and glycoconjugates 

ionized by ESI suffer less from instability as compared to these analytes ionized by MALDI, 

and usually no derivatization of glycopeptides is incorporated in the ESI-TOF-MS workflow 

[131]. However, one should take into account that also with ESI, sialylated species can 

possibly suffer from ionization biases and salt formation. Additionally, like for MALDI-TOF-

MS, linkage-specific sialic acid derivatization in ESI-TOF-MS has the advantage of 

differentiating between sialic acid linkages without any further separation or 

fragmentation needed [132, 133].  

The online separation of glycopeptides is often achieved by the hyphenation of ESI-TOF-

MS to liquid chromatography (LC). A separation step prior to MS enables the analysis of 

more complex samples and might provide additional structural information on both the 

peptide and the glycan moiety of the glycopeptides [130]. Reversed-phase (RP)-C18-LC is 

an often used separation method, which results in clustering of the glycopeptides that 

share the same peptide moiety and carry equally sialylated glycans. The elution of the 

sialylated glycopeptides relative to the neutral glycopeptides depends on the ion-pairing 

agent added to the mobile phase [134, 135]. Simultaneous elution of all glycoforms on a 

single peptide moiety results in their straightforward identification and relative 

quantification [25, 130, 131, 136]. LC separation techniques complementary to RP-LC 

include hydrophilic interaction liquid chromatography (HILIC) and porous graphitized 

carbon (PGC)-LC. HILIC is especially suitable for the separation of glycopeptides with short 

peptide sequences, which might not be retained by RP-LC [137] and it allows the efficient 

separation between glycosylated and non-glycosylated peptides in complex mixtures [134, 

138]. Additionally, for sialylated glycopeptides, HILIC enables the differentiation between 

α2,3- and α2,6-linked sialic acids without any prior modification of the molecules [139]. 

Similar to HILIC, PGC-LC provides a platform for the separation of glycopeptides with short 

peptide moieties, with the advantage that samples do not have to be loaded in high 

concentrations of organic solvent, as is the case for HILIC and which might cause solubility 

issues [23, 140]. However it should be taken into account that both highly sialylated 

glycopeptides and glycopeptides with longer peptide sequences might be irreversibly 

retained on the PGC stationary phase [141, 142]. As the three mentioned separation 

approaches, RP-LC, HILIC and PGC-LC, all have complementary properties, also 

combinations are used for the characterization of glycopeptides [23, 143-145].  
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Capillary electrophoresis (CE) provides an additional separation method that is regularly 

coupled to ESI-TOF-MS. The separation mechanism of CE is complementary to RP-LC as 

glycopeptides are mainly separated based on their glycan moiety (if the peptide portions 

are short enough), resulting in the co-elution of similar glycoforms attached to different 

peptides [146]. Additionally CE-ESI-MS is extremely sensitive, enabling the profiling of 

glycans on low abundant proteins [146, 147]. While CE-ESI-MS of glycopeptides was 

reported to be used in combination with sialic acid linkage-specific derivatization [132], it 

has also been shown that CE is able to distinguish between species with differently linked 

sialic acids without extra sample preparation after the proteolytic digestion [148].     

1.3.4 Mass spectrometric analysis of IgG glycopeptides  

Specifically for the analysis of IgG glycopeptides, often trypsin is used for proteolytic 

cleavage [131, 133]. For the glycosylation site on the CH2 domain, tryptic digestion results 

in glycopeptides with the sequences EEQYNSTYR for IgG1, EEQFNSTFR for IgG2, 

EEQFNSTFR, EEQYNSTFR or TKPWEEQYNSTFR for IgG3 and EEQFNSTYR for IgG4 [22]. The 

different variants of the IgG3 peptide moieties are a result of the numerous different 

allotypes known for IgG3, of which the occurrence is dependent on the ethnical 

background of the population studied. For the Caucasian population it is often assumed 

that the IgG3 sequence is identical to the IgG2 sequence, resulting in indistinguishable 

glycosylation profiles on these subclasses. However, it cannot be ruled out that the IgG3 

sequence corresponds in mass to the IgG4 sequence (EEQYNSTFR vs. EEQFNSTYR) or has 

an unique longer sequence (TKPWEEQYNSTFR) as long as the allotypes occurring in the 

samples are not determined [21].  

The MALDI- and ESI-TOF-MS approaches for glycopeptide analysis described above are 

reported to be used for the glycosylation profiling of IgG glycopeptides. For example, 

numerous studies report the use of RP-LC-ESI-TOF-MS for the IgG glycosylation profiling of 

glycopeptides derived from the CH2 domain [25, 131, 136]. Additionally, CE-ESI-MS 

showed to be suitable for the highly sensitive analysis of IgG glycopeptides, at the same 

time being able to differentiate between α2,3- and α2,6-linked sialylated species [147, 

148]. Specifically for IgG3, PGC- and RP-LC were combined to characterize the N-

glycosylation of the CH2 and CH3 domains and the O-glycosylation of the hinge region in 

the same run, after its non-specific proteolytic treatment with pronase [23]. Finally, for 

the high-throughput analysis of the tryptic CH2 domain glycopeptides of IgG, the 

application of MALDI-TOF-MS methods with or without sialic acid derivatization were 

reported [114, 120, 127, 128, 131].  
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1.4 Scope  

The reliable characterization of antibody glycosylation is of utmost importance, both in 

unraveling (patho)physiological processes and in identifying potential clinical markers for 

disease diagnosis, progression and treatment. The aim of the work described in this thesis 

is, on the one hand, to develop new methodologies for the analysis of antibody 

glycosylation, and, on the other hand, the application of glycopeptide profiling methods 

on clinical samples to gain a better understanding of the behavior and role of antibody 

glycosylation in health and disease. 

In Chapter 1, the general concept of protein glycosylation is introduced. Specifically for 

the antibody IgG, a more in-depth description of its glycosylation features and functions is 

given. Additionally, the currently used methodologies for the characterization of protein 

glycosylation are described, with a special focus on the MALDI- and ESI-TOF-MS analysis of 

glycopeptides, as these technologies are used throughout the presented work. 

While MALDI-TOF-MS is a relatively straightforward and rapid manner to study IgG 

glycopeptides, obtaining an unbiased overview of both the neutral and the sialylated 

glycopeptides is still a major challenge. In Chapter 2, the sialic acid linkage-specific 

stabilization of sialylated glycoforms, which before was reported for released glycans, is 

extended to sialic acid linkage-specific IgG Fc glycopeptide derivatization followed by 

MALDI-TOF-MS analysis.  

IgG Fc glycosylation was already extensively studied in various clinical settings, however 

both the function and regulation of IgG Fc glycosylation is not completely understood as of 

yet. Additionally, most studies were performed in human adults, while knowledge on 

pediatric IgG glycosylation is lagging behind. Chapter 3 uses the MALDI-TOF-MS method 

developed in Chapter 2 to characterize the IgG Fc glycosylation of healthy newborns and 

children. To get an insight into the regulation of IgG Fc glycosylation, in Chapter 4 this 

glycosylation is assessed in children in need of a hematopoietic stem cell transplantation, 

using a previously developed RP-LC-ESI-TOF-MS method. Samples of the patients before 

and after transplantation are characterized and compared to the profiles of the donors. 

One of the aspects of clinical marker development is being able to distinguish between 

individuals with and without a specific disease. Additionally, it might be very valuable if 

these markers can also tell something about the subtype and/or severity of the disease, or 

provide information on disease progression or treatment success, as this offers the 

opportunity to tailor treatment in an individualized manner. Chapter 5 deals with the 

characterization of IgG Fc glycosylation in pediatric meningococcal sepsis. Next to 

differentiating between diseased and healthy children, glycosylation signatures specific for 
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disease severity are assessed and glycosylation features are reported that have the 

potential to predict disease outcome shortly after patient submission to the hospital. 

In Chapter 6, IgG Fc glycosylation is evaluated in the case of inflammatory bowel diseases 

in adults. In this study, specific glycosylation signatures are correlated to disease subtypes 

(Crohn’s disease or ulcerative colitis) and progression. Additionally, the influence of 

treatment, either by medication or surgery, on the Fc glycosylation profile is described. 

The majority of functional studies into IgG Fc glycosylation have been done using mice as 

model organisms. However, murine IgG glycosylation possesses different characteristics as 

compared to human IgG glycosylation and hitherto no systematic and subclass-specific 

profiling of mouse IgG glycosylation has been performed. In Chapter 7, the IgG Fc 

glycosylation of four commonly used mouse strains (both inbred and outbred) is profiled 

in a subclass- and site-specific manner using RP-LC-ESI-TOF-MS.    

While IgG in human plasma is an extensively studied antibody with regard to its Fc 

glycosylation, information on other antibody subtypes and on antibodies from other 

sources than plasma is scarce. Chapter 8 provides a method to isolate both IgG and IgA 

from human saliva and uses RP-LC-ESI-TOF-MS for their site-specific glycosylation analysis. 

Finally, a comparison is made between the glycosylation of IgG and IgA derived from saliva 

and plasma of the same individuals.   

The final chapter of this thesis, Chapter 9, offers a general discussion of the work 

described, with a specific focus on mass spectrometric method development for the 

analysis of antibody glycosylation in a clinical setting.  
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Glycosylation is a common co- and post-translational protein modification, having a large 

influence on protein properties like conformation and solubility. Furthermore, 

glycosylation is an important determinant of efficacy and clearance of biopharmaceuticals 

such as immunoglobulin G (IgG). Matrix-assisted laser desorption/ionization (MALDI)-time 

of flight (TOF)-mass spectrometry (MS) shows potential for the site-specific glycosylation 

analysis of IgG at the glycopeptide level. With this approach however, important 

information about glycopeptide sialylation is not duly covered because of in-source and 

metastable decay of the sialylated species.  

Here, we present a highly repeatable sialic acid derivatization method to allow subclass-

specific MALDI-TOF-MS analysis of tryptic IgG glycopeptides. The method, employing 

dimethylamidation with the carboxylic acid activator 1-ethyl-3-(3-dimethylamino)propyl)-

carbodiimide (EDC) and the catalyst 1-hydroxybenzotriazole (HOBt), results in different 

masses for the functionally divergent α2,3- and α2,6-linked sialic acids. Respective 

lactonization and dimethylamidation leads to their direct discrimination in MS and 

importantly, both glycan and peptide moieties reacted in a controlled manner. In addition, 

stabilization allowed the acquisition of fragmentation spectra informative with respect to 

glycosylation and peptide sequence. This was in contrast to fragmentation spectra of 

underivatized samples which were dominated by sialic acid loss. The method allowed the 

facile discrimination and relative quantitation of IgG Fc sialylation in therapeutic IgG 

samples. The method has considerable potential for future site- and sialic acid linkage-

specific glycosylation profiling of therapeutic antibodies, as well as for subclass-specific 

biomarker discovery in clinical IgG samples derived from plasma.  
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2.1 Introduction 

Glycosylation is an important and prevalent co- and post-translational protein 

modification, affecting the physiological and biochemical properties of the conjugate in 

numerous ways ranging from changes in solubility and half-life to modulation of receptor 

interaction [150-153]. Protein properties vary not only by glycosylation site occupancy, 

but also by the type of glycan present on a specific site, and while mammalian glycans are 

composed of a limited number of monosaccharides, the way in which the 

monosaccharides can be linked and branched adds considerable complexity to a molecule 

[154]. One notable example of this is N-acetylneuraminic acid. This sugar residue often 

terminates complex glycan antennae and can be linked either via an α2,6- or an α2,3-

linkage to the subterminal galactose. On intravenous immunoglobulins (IVIG), the 

presence of an α2,6-linked sialic acid reduces inflammation, whereas an α2,3-linkage does 

not have this effect [155]. For a commonly used biopharmaceutical protein like 

immunoglobulin G (IgG), careful analysis and control of glycosylation is a prerequisite to 

ensure proper conformation, activity and clearance [156-159]. 

High-throughput analysis of protein glycosylation can be performed by mass spectrometry 

(MS), matrix-assisted laser desorption/ionization (MALDI)-time of flight (TOF)-MS being a 

particularly suitable approach [160, 161]. Using this method however, information on 

monosaccharide linkages is often difficult to obtain, and the analysis of sialylated glycan 

species is biased by metastable decay and variations in ionization and salt adduction [118, 

160]. Derivatization methods are known for released glycans that allow for sialic acid 

stabilization in MALDI-MS as well as discrimination of sialylation linkage isomers in MS 

[123, 162]. Previously, we have reported ethyl esterification for this purpose, which is 

characterized by its facile workflow and high linkage-specificity [29, 124]. The protocol 

relies on the tendency of α2,3-linked sialic acids to lactonize, whereas α2,6-linked sialic 

acids are more susceptible to reactions with external alcohols or amines. However, as the 

protocol requires prior release of the glycans from the protein backbone, site-specificity, 

as well as subclass-specificity in case of IgG, is lost. To retain this information we focus 

here on the analysis of glycopeptides, which has shown its importance in glycosylation 

analysis. Notable examples of this include subclass-specific IgG glycosylation profiling and 

system-wide protein glycosylation mapping [163, 164]. In the case of IgG, glycopeptide 

analysis makes it possible to differentiate between Fab and Fc glycosylation, which is, 

amongst others, important in lectin binding studies [29]. Furthermore, because the 

analysis of glycopeptides gives protein specific information, it can be performed on 

relatively impure samples. In literature, efforts to stabilize sialylated glycopeptides have 

included complete methylamidation of all carboxylic acids present on the conjugate using 

(7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate as coupling 

reagent, as well as a direct esterification by 1-pyrenyldiazomethane [128, 165, 166]. While 
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these approaches have indeed shown improved sialylation analysis by MS, and can 

achieve recognition of sialic acid linkage upon fragmentation, no report has been made of 

a glycopeptide derivatization that reacts in a selective way to differently linked sialic acids. 

Here, we present a method for the sialic acid linkage-specific stabilization of IgG 

glycopeptides, which is able to derivate both N-acetylneuraminic acid and N-

glycolylneuraminic acid and is therefore applicable on samples derived from various 

sources. Similar to the ethyl esterification reported previously, the method makes use of 

the carboxylic acid activator 1-ethyl-3-(3-dimethylamino)propyl)carbodiimide (EDC) and 

the catalyst 1-hydroxybenzotriazole (HOBt) [124]. However, we found that the alcohols 

used for the previously reported esterification, while linkage-specific for the sialic acid, 

showed variable reactions on the peptide portion of the glycoconjugate. Testing a range of 

reagents and conditions yielded a protocol employing dimethylamidation of the 

glycopeptides, which shows selectivity for the sialic acid linkage as well as for the 

carboxylic acids on the peptide portion. The protocol proves highly repeatable for the 

subclass-specific glycosylation analysis of tryptic IgG glycopeptides and provides, next to 

the sialic acid linkage information directly in MS, the possibility to generate informative 

MS/MS spectra. Finally, for two monoclonal antibodies with various sialic acid linkages, 

the profile of the glycopeptides after derivatization was found to be comparable to the 

analysis of released glycans. The speed and simplicity of the here reported method 

distinguishes it from other site- and sialic acid-specific methods like LC-MS, capillary 

electrophoresis (CE)-MS and the use of sialidases. 

 

2.2 Experimental section  

2.2.1 Chemicals, reagents, enzymes 

The ultrapure deionized water (MQ) used in this study was generated from a Q-Gard 2 

system (Millipore, Amsterdam, Netherlands), maintained at ≥18 MΩ. Ethanol (EtOH), 

methanol (MeOH), trifluoroacetic acid (TFA), sodium dodecyl sulfate (SDS), disodium 

hydrogen phosphate dihydrate (Na2HPO4∙2H2O), potassium dihydrogen phosphate 

(KH2PO4) and sodium chloride (NaCl) were purchased from Merck (Darmstadt, Germany). 

TPCK treated trypsin (from bovine pancreas), HOBt hydrate, dimethyl sulfoxide (DMSO), 

50% sodium hydroxide (NaOH), 40% dimethylamine in water, super-DHB, Nonidet P-40 

(NP-40), sodium bicarbonate and formic acid (FA) were all purchased from Sigma-Aldrich 

(Steinheim, Germany) and EDC hydrochloride from Fluorochem (Hadfield, UK). Peptide-N-

glycosidase F (PNGase F) was acquired from Roche Diagnostics (Mannheim, Germany), 

2,5-dihydroxybenzoic acid (2,5-DHB) from Bruker Daltonics (Bremen, Germany), 4-chloro-

α-cyanocinnamic acid (Cl-CCA) from Bionet Research (Camelford, Cornwall, UK) and HPLC 

SupraGradient acetonitrile (ACN) from Biosolve (Valkenswaard, Netherlands). 10x 
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Phosphate-buffered saline (10x PBS) was made in-house, containing 57 g/L Na2HPO4∙2H2O, 

5 g/L KH2PO4 and 85 g/L NaCl. 

2.2.2 Samples 

The IgG1 standard from human plasma was acquired from Athens Research (Athens, GA) 

and IgG from bovine serum from Sigma-Aldrich (Steinheim, Germany). Monoclonal 

antibodies originating from CHO cells (mAb1), as well as an in vitro galactosyl- and 

sialyltransferase treated variant thereof (mAb2) were provided by Roche Diagnostics. 

More details about mAb2 production can be found in S-1.1 and S-1.2, Supporting 

Information. CHO cell-produced BRAD-3 was provided by Sanquin (Amsterdam, The 

Netherlands). Prior to use, the BRAD-3 sample was affinity purified using protein G 

Sepharose beads (see S-1.3, Supporting Information). Plasma IgG was isolated from 

human donor plasma by affinity purification also using protein G Sepharose beads (see S-

1.4, Supporting Information).  

The oligosaccharide standards 3′-sialyllactose (Neu5Acα2,3Galβ1,4Glc) sodium salt and 6′-

sialyllactose (Neu5Acα2,6Galβ1,4Glc) sodium salt were purchased from Carbosynth 

(Compton, U.K.) and the 2-aminobenzamide (2-AB) labeled triantennary (A3) glycans were 

obtained from Ludger (Oxfordshire, U.K.). 

2.2.3 Preparation and analysis of glycans and glycopeptides 

Digestion of the isolated plasma IgGs (approx. 1 mg/mL) was performed by TPCK treated 

trypsin, added in a 1:10 (enzyme:substrate) ratio to the sample. The samples were shaken 

for 10 min at 600 rpm, after which the pH was checked and found to be in a range from 

pH 6 to 10. Subsequent overnight incubation at 37 °C resulted in a tryptic digest of 0.99 

mg/mL plasma IgG. For the IgG1 standard, mAb1, mAb2, the bovine IgG and BRAD-3, the 

proteins were partially denatured prior to digestion by the addition of 20 µL 100 mM FA to 

1 µL protein solution, followed by a 15 min incubation at RT. Subsequently, the samples 

were vacuum dried at 60 °C and dissolved in 50 mM sodium bicarbonate. Trypsin was 

added in a 1:10 (enzyme:substrate) ratio to the samples and the mixtures were incubated 

overnight at 37 °C. In this way, tryptic digests were obtained containing 0.23 mg/mL IgG1, 

0.25 mg/mL mAb1, 0.19 mg/mL mAb2, 0.25 mg/mL bovine IgG or 0.25 mg/mL BRAD-3. N-

glycans were released from the IgG samples by PNGase F digestion (see S-2.1, Supporting 

Information)[167] and subjected to linkage-specific derivatization of the sialic acids by 

ethyl esterification (see S-2.2, Supporting Information) [124]. 

Both glycans and glycopeptides were purified by cotton hydrophilic interaction liquid 

chromatography (HILIC) solid phase extraction (SPE) (see S-2.3, Supporting Information) 

[168]. Subsequent MALDI-TOF(/TOF)-MS analysis and data analysis were performed as 

described in S-3, S-4 and Table S-1, Supporting Information. 
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2.2.4 Comparison of different nucleophiles for glycopeptide derivatization 

Tryptic IgG glycopeptides derived from human plasma were subjected to derivatization 

with ethanol, methanol or dimethylamine using EDC and HOBt, to find the most suitable 

reagent for linkage-specific sialic acid modification with minimal reaction variability on the 

peptide. 

Methyl and ethyl esterifications were performed on 1 µL tryptic IgG glycopeptides in 20 µL 

250 mM EDC and 250 mM HOBt in the respective alcohol for 1 h at 4 °C and 37 °C, 

respectively. These are conditions which were reported to result in linkage-specific sialic 

acid derivatization [124]. After incubation, 20 µL of ACN was added and the derivatized 

glycopeptides were purified by HILIC-SPE followed by MALDI-TOF-MS analysis. 

To study the use of dimethylamine for the derivatization of IgG glycopeptides, EDC, HOBt 

and dimethylamine were dissolved in DMSO to concentrations of 50, 150 or 250 mM. 

Further optimization was performed by increasing the HOBt concentration to 350 and 500 

mM while keeping both the EDC and the dimethylamine at 250 mM. Combining 1 µL of 

the IgG digest with 20 µL of the respective reagent mixtures, incubation was performed 

for 3 h at 60 °C. After addition of 113.3 µL ACN (yielding a concentration of 85%), 

derivatized glycopeptides were purified from the mixture by HILIC-SPE, followed by 

MALDI-TOF-MS analysis. 

The level of variability in the modifications on the peptide portion was for all methods 

determined based on the G1F glycoform. For the ethyl esterification and the 

dimethylamidation the IgG1 signals with different modifications were extracted from the 

spectra. For the methyl esterification the IgG2 signals were extracted. Averages and 

standard deviations were calculated for three replicates. 

2.2.5 Dimethylamidation of samples with different sialic acid linkages 

To profile the glycosylation of the IgG1 standard, mAb1, mAb2, bovine IgG and BRAD-3 

fragment crystallizable region, 1 µL of their digest was derivatized for 3 h at 60 °C, using 20 

µL of the optimal dimethylamidation reagent (250 mM EDC, 500 mM HOBt and 250 mM 

dimethylamine in DMSO). Samples were purified by cotton HILIC-SPE and measured by 

MALDI-TOF-MS.  

The 6′- and 3′-sialyllactose standards were 2-AB labeled as described in S-5, Supporting 

Information. These and the 2-AB labeled A3 glycan standard were dimethylamidated, 

followed by MALDI-TOF-MS measurement. 

 



37 
 

2.3 Results 

Here, we present a method for the derivatization of IgG glycopeptides from both human 

plasma and biopharmaceutical sources with selective reactivity for different sialic acid 

linkages, thus allowing IgG subclass- and sialic acid-linkage-specific glycosylation analysis 

by MALDI-TOF-MS. 

2.3.1 IgG glycopeptide derivatization conditions 

We previously reported sialic acid linkage-specific esterification of released glycans using 

the carboxylic acid activator EDC and the catalyst HOBt in ethanol (37 °C) and methanol (4 

°C) [124]. These conditions had been optimized to provide selective reaction products for 

α2,3-linked and α2,6-linked sialic acids. Here, these esterification conditions were applied 

to the derivatization of tryptic glycopeptides derived from human plasma IgG, and the 

modifications induced in the glycan and peptide moieties were investigated. 

All IgG subclasses proved to be recoverable by HILIC-SPE from the 1:1 

ethanol/methanol:ACN conditions, and reflectron positive ion mode MALDI-TOF-MS 

allowed the detection of the native, the ethyl esterified and the methyl esterified 

glycopeptides as [M+H]+ ions (Figure 2.1, for a full listing of peaks detected throughout the 

experiments after internal calibration see Table S-2, Supporting Information). The most 

intense signals represent core-fucosylated diantennary glycans carrying no galactose (G0F, 

m/z 2634.044 (IgG1 – native)), one galactose (G1F, m/z 2796.095), or two galactoses (G2F, 

m/z 2958.150), with other glycan species varying in fucosylation, bisection and sialylation. 

For the native IgG glycopeptides only a low degree of sialylation was visible (13% of the 

main peak), as well as metastable signals indicative for sialic acid loss (Figure 2.1A). Ethyl 

and methyl esterification conditions did not show this breakdown, with a concurrent 

higher degree of sialylation (29% and 31% of the main peak, Figure 2.1B and 2.1C).  

All IgG subclasses contain three carboxylic acids in their glycopeptide sequence; two on 

the glutamic acids (E) and one on the C-terminus (IgG1 = EEQYNSTYR, IgG2/3 = 

EEQFNSTFR, IgG4 = EEQFNSTYR). When comparing the esterified and native conditions, 

the non-sialylated glycopeptide species show a mass increase corresponding to two times 

esterification and one loss of water (38.052 Da and 10.021 Da for ethyl and methyl 

esterification, respectively), likely to be positioned at the carboxylic acids of the peptide 

portions. The sialylated glycopeptide species (carrying one α2,6-linked sialic acid) show an 

additional mass increase upon esterification (28.031 Da or 14.016 Da for ethyl and methyl 

esterification), suggesting derivatization of the sialic acid as well.  

Detrimentally, a byproduct was formed under ethyl and methyl esterification conditions 

for all glycopeptide species (indicating a peptide-specific effect), corresponding to the 



38 
 

 

 

Figure 2.1 MALDI-TOF-MS spectra of plasma IgG glycopeptides. (A) Without derivatization, (B) after 

ethyl esterification, (C) after methyl esterification and (D) after dimethylamidation. Derivatization 

(B-D) prevents the formation of metastable signals, and increases the detection of sialylated species. 

Magnifications of the m/z region corresponding to the G0F-carrying glycopeptides show the variable 

nucleophilic addition and water loss of the peptide portion after ethyl esterification (-46.042 Da) and 

methyl esterification (-32.026 Da), with dimethylamidation showing the least side-reactivity (-45.058 

Da). Except for the sialic acid linkage, the monosaccharide linkages were not determined. Proposed 

glycan structures are based on fragmentation and literature [29, 74, 169, 170]. 

exchange of one esterification for the loss of water (-46.042 Da and -32.026 Da, 

respectively). When compared to the intensity of the major reaction product, the 

byproduct showed 10.0% relative abundance (standard deviation (SD) ± 4.2%) and 33.3% 

relative abundance (SD ± 4.6%) for methyl esterification and ethyl esterification 

respectively. Unfortunately, the resulting mass difference is equal to the mass difference 

expected between α2,3- and α2,6-linked sialylation, preventing potential relative 

quantification of the sialylation isomers. In addition, while methyl esterification shows the 
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lowest variability, its relative quantification is further complicated by the fact that the 

mass difference between methylated and lactonized species (32.026 Da) is very similar to 

the mass difference between the IgG subclasses IgG1 and IgG2/3 (31.990 Da), resulting in 

multiple isobaric species. 

Next to esterification, the IgG glycopeptides were subjected to amidation with ammonia, 

methylamine and dimethylamine. Method optimization to maximize specificity of the 

reaction with respect to both glycan and peptide derivatization resulted in final conditions 

of 250 mM dimethylamine, 250 mM EDC and 500 mM HOBt in DMSO with incubation for 3 

h at 60 °C (Figures S-1 to S-3, Supporting Information). Performing reflectron positive 

mode MALDI-TOF-MS on the dimethylamidated samples showed stabilization of the 

sialylation (42% of the main peak) and the absence of metastable signals (Figure 2.1D). For 

the peptide portion, two times dimethylamidation and one time water loss was detected, 

with the α2,6-linked sialic acids showing dimethylamidation as well. Importantly, the 

variability seen in the esterified glycopeptide samples is present in only minor amounts for 

the dimethylamidation condition (1.1% relative abundance; SD ± 0.2%). 

2.3.2 Sialic acid linkage-specificity of dimethylamidation  

To assess the selectivity of the dimethylamidation reaction for differently linked sialic 

acids, two sialyllactose standards with different sialic acid linkages and glycopeptides from 

four IgG standards were subjected to the dimethylamidation conditions.  

Commercially available plasma IgG1, carrying mainly α2,6-linked sialic acids, showed full 

dimethylamidation of the sialylated species (m/z 3312.377, Figure 2.2A). MAb1, which is 

known to contain exclusively α2,3-linked sialic acids [171], showed primarily lactone 

formation of its sialic acids (m/z 3267.320, Figure 2.2B), just like the more highly α2,3-

sialylated BRAD-3 (m/z 3251.326, Figure S-4, Supporting Information). In addition, BRAD-3 

showed 4.0% dimethylamidation of the sialic acids (+45.058 Da, for observed side 

reactions see Table S-3, Supporting Information). Due to traces of ammonia in the 

reaction mixture of mAb1, also 10.4% (SD ± 3.2% for 36 samples) amidation with ammonia 

was seen for the α2,3-linked sialic acids (m/z 3284.347). This contaminant most likely 

comes from the mAb1 sample itself, as BRAD-3 did not show this particular side-reaction. 

In contrast, the amidation with ammonia was not observed to compete with the 

lactamization or dimethylamidation on the peptide backbone. The main products after 

dimethylamidation showed a mass difference of 45.058 Da between the differently linked 

sialic acids (Figure 2.3). This could also be confirmed with sialyllactose standards, showing 

99.5% (SD ± 0.1%) dimethylamidation on 6’-sialyllactose and 92.3% (SD ± 0.5%) lactone 

formation on 3’-sialyllactose (Figure S-5, Supporting Information).  

MAb2, derived from mAb1 by modifying its glycosylation in vitro using 

galactosyltransferases and sialyltransferases, contains glycan structures that are high in 
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Figure 2.2 MALDI-TOF-MS spectra of the glycopeptide profiles of (A) the IgG1 standard and (B) 

mAb1 after dimethylamidation. The magnifications focus on the sialylated glycopeptides of the 

antibodies. Plasma IgG1 mainly carries α2,6-linked sialic acids, which form a dimethylamide during 

derivatization (+27.047 Da), while mAb1 mainly carries α2,3-linked sialic acids, which yields water 

loss during derivatization (-18.011 Da). After linkage-specific derivatization of the sialic acids, the 

mass difference between α2,3- and α2,6-linked forms is 45.058 Da. For α2,3-linked sialic acids side 

products amidated with ammonia (-0.984 Da) were found.  

galactosylation and contain both α2,3- and α2,6-linked sialic acids. Glycosylation of tryptic 

mAb2 glycopeptides was analyzed by dimethylamidation using the newly established 

protocol. The MALDI-TOF-MS profile obtained (Figure 2.4B) was compared to a profile 

resulting from the established method of ethyl esterification after glycan release (Figure 

2.4A). The profiles were highly comparable for the 19 glycoforms detected (Figure 2.4C). 

The most abundant glycan (G2FS – α2,6-linked) showed in the released glycan assay an 

average relative area of 60.0% (SD ± 0.2%) and in the glycopeptide assay an average 

relative area of 59.9% (SD ± 0.9%) across triplicate measurements. The difference across 

the other species was found to be at most 2.7% of the total relative area (G2FS2). In 

addition, the obtained glycosylation profile of mAb1 is in very good agreement with the 

previously published HILIC-UPLC data for released glycans of this same antibody (Figure S-

6, Supporting Information) [171], proving that possible side reactions do not interfere with 

the profiling of the glycopeptides.  
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Figure 2.3 Reaction scheme for the derivatization of N-acetylneuraminic acid that is either (A) 

α2,6-linked or (B) α2,3-linked to the subterminal galactose. Under the same conditions, α2,6-linked 

sialic acids form a dimethylamide, whereas α2,3-linked sialic acids react with the neighboring 

galactose to form a lactone. 

The dimethylamine derivatization was additionally performed on a 2-AB labeled 

triantennary glycan standard containing glycans with a variety of sialic acid linkages. The 

relative ratio of these species had previously been determined by HILIC-UPLC with 

exoglycosidase digestion, and shown to correspond to MALDI-TOF-MS analysis of the 

same sample after ethyl esterification [172]. Comparing esterification with the here 

described dimethylamidation again shows highly similar ratios and indicates equal 

response factors for the differentially linked sialic acids after derivatization (Figure S-7, 

Supporting Information). In addition to the stabilization of N-acetylneuraminic acids in a 

linkage specific way, the derivatization method was found to be applicable to IgG 

glycopeptides containing N-glycolylneuraminic acids derived from bovine IgG (Figures S-8 

and S-9, Supporting Information). 

2.3.3 Repeatability 

To demonstrate the robustness of the dimethylamidation protocol, 36 aliquots of the IgG1 

standard and mAb1 samples were prepared. On three successive days, 12 aliquots of each 

antibody were subjected to tryptic digestion, dimethylamidation for 3 h at 60 °C, HILIC-SPE 

and MALDI-TOF-MS analysis. 
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Figure 2.4 MALDI-TOF-MS analysis of mAb2 glycosylation. (A) Profile of the released glycans after 

ethyl esterification. (B) Profile of the tryptic glycopeptides after dimethylamidation. (C) Average 

relative intensities for the major glycoforms over three samples per profiling method, with error 

bars for replicate standard deviation. Abbreviations used are hexose (H), N-acetylhexosamine (N), 

fucose (F), dimethylamidated N-acetylneuraminic acid with an α2,6-linkage (D), ethyl esterified N-

acetylneuraminic acid with an α2,6-linkage (E) and lactonized N-acetylneuraminic acid with an α2,3-

linkage (L). 

The established method with the optimized derivatization procedure showed very good 

precision, both intra-day and inter-day (Figure S-10, Supporting Information). The average 

relative area of the highest peak for the IgG1 standard (G1F) was 35.2% (SD ± 0.8%) across 

all samples, resulting in an average coefficient of variation (CV) of 2.2%. For mAb1 the 

relative area of the G1F peak was 42.9% (SD ± 1.1%) with an average CV of 2.5%. Besides 

the highest signals in the spectra, also the (low abundant) sialylated glycopeptides showed 

an acceptable CV between 4% and 18%, implying that both α2,3- and α2,6-linked sialic 

acids are stabilized and detected in a repeatable way. 
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2.3.4 Fragmentation 

Both the native form of the IgG1 glycopeptide, carrying G2FS (α2,6-linked; m/z 3249.248), 

as well as the dimethylamidated form of this analyte (m/z 3312.384) were subjected to 

positive ion mode MALDI-TOF/TOF-MS/MS fragmentation to show the effects of sialic acid 

stabilization in MS/MS. In addition, a derivatized non-sialylated glycopeptide (IgG1 

carrying G0F; m/z 2670.134) was fragmented to determine the modifications on the 

peptide portion of the conjugate. 

Fragmentation of native glycopeptides predominantly showed the loss of the labile sialic 

acid (-291.1 Da) (Figure 2.5A). Other minor fragments seen were the peptide portion 

containing a cross-ring fragment of the Asn-linked N-acetylglucosamine (m/z 1271.9) as 

well as a fragment carrying the innermost N-acetylglucosamine with the core fucose (m/z 

1538.0).  

 

 Figure 2.5 MALDI-TOF/TOF-MS/MS spectra of the IgG1 G2FS glycopeptide (A) without 

derivatization and (B) after dimethylamidation. Whereas the unmodified glycopeptide mainly 

shows fragmentation of the sialic acid, the derivatized variant shows fragmentation of both the 

glycan and the peptide moiety. (C) Shows the fragmentation of a non-sialylated IgG1 glycopeptide 

(G0F) after dimethylamidation, demonstrating the reactions occurring on the peptide portion of the 

conjugate. Blue: Loss of water. Red: Dimethylamide formation. 
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After derivatization, the fragmentation spectra were considerably more informative with 

respect to both glycan and peptide moiety (Figure 2.5B), showing not only loss of the 

dimethylamidated sialic acid (-318.1 Da), but also various other losses indicative for 

antenna composition. Fragments originating from the peptide portions of both G2FS and 

G0F (Figure 2.5B and 2.5C) show water loss and dimethylamidation on the two N-terminal 

glutamic acids (m/z 268.0 [M + H]+). This likely reflects pyroglutamic acid formation of the 

N-terminal glutamic acid and dimethylamidation of the intra-chain glutamic acid. 

Dimethylamidation at the three most C-terminal amino acids was observed (a loss of 

465.2 Da from m/z 1225.1 to m/z 759.9) pointing to the modification of the C-terminal 

carboxylic acid. Fragmentation of the esterified glycopeptides revealed that the intra-

chain glutamic acid is involved in the appearance of the side-reactivity under esterifying 

conditions (Figure S-11, Supporting Information). Lactone formation (-18.01 Da) of α2,3-

linked sialic acids upon derivatization was further established by the fragmentation 

pattern of the triantennary glycan with two α2,3-linked and one α2,6-linked sialic acid 

from the A3-2-AB glycan standard (Figure S-12, Supporting Information). 

 

2.4 Discussion 

Derivatization of sialylated glycopeptides for MALDI-TOF(/TOF)-MS analysis has previously 

been described [128, 166], but the protocol presented here is the first that includes the 

linkage-specific modification of sialic acids. For free glycans, the possibility to use the 

difference in reactivity between α2,3- and α2,6-linked sialic acids for the specific 

modification of both isomers has been reported previously [123, 124, 162]. However, the 

set-up of a protocol for glycopeptides adds complexity due to the presence of peptide 

moiety carboxylic acids. These acids could participate in a wide range of reactions 

depending on their local environment. Potential side reactions would include either 

internal or external esterification, amidation or thioester formation. Furthermore, the 

behavior of the modified glycoconjugates is likely to be altered with respect to solubility, 

HILIC retention and ionization. Consequently, the methyl and ethyl esterification of tryptic 

IgG glycopeptides could not readily be controlled, and heterogeneous reaction products 

were observed for the peptide portion of the conjugates. Fragmentation shows the N-

terminal glutamic acid to mainly lactamize into pyroglutamic acid while the C-terminus 

forms an alkyl ester. The observed reaction variability seems to be caused by the intra-

chain glutamic acid, possibly forming a lactone with a nearby amino acid (e.g. with the 

serine or threonine hydroxyl group) as a side reaction to the intermolecular ester 

formation. While some side-reactivity can be allowed, the mass shifts induced by the 

peptide variability overlap with the mass difference caused by the peptide portion 

heterogeneity of IgG subclasses, and are equal to the mass shifts observed for 

differentially linked sialic acids, consequentially prohibiting relative quantification. 



45 
 

As we expected EDC and HOBt to lead to linkage-specific sialic acid modification when 

presented with a suitably sterically hindered nucleophile [124], we decided to investigate 

the nucleophile selection rather than, for example, perform an exploration of carboxylic 

acid activators. Ammonia, methylamine and dimethylamine were all found to stabilize the 

sialylated glycopeptides for MALDI-TOF(/TOF)-MS measurements, but as expected, the 

use of the smaller amines caused a decrease in selectivity for the sialic acid linkage (data 

not shown). The more slowly reacting dimethylamine allowed high sialic acid linkage-

specificity of the reaction, and it proved specific for the different peptide carboxylic acids 

as well. In addition, the use of a secondary amine will also prevent possible cross-linking of 

several carboxylic acid moieties which may be observed for primary amines or ammonia 

[173]. The resulting amidation reaction conditions (3 h at 60 °C) are harsher than those 

previously reported for the ethyl esterification [124], but are still within the scope of 

published glycan derivatization methodology [123, 174, 175]. For the glycopeptides tested 

here, no signs of either peptide or glycan degradation were observed. 

The reaction with dimethylamine was shown to be highly suitable for the glycosylation 

profiling of therapeutic monoclonal antibodies as demonstrated for mAb1 and mAb2, 

resulting in relative ratios comparable to previously established methods [124, 171]. The 

resolution of the method was sufficient to analyze complex IgG samples with various sialic 

acid linkages, different subclass peptide sequences, and both N-glycolyl- and N-

acetylneuraminic acids in the structure. With a potential sample throughput of 384 

samples a day, the method is rapid compared to existing sialylated glycopeptide profiling 

methods like LC-MS and CE-MS.  

While optimized for IgG glycopeptides carrying α2,3- or α2,6-linked N-acetyl- and N-

glycolylneuraminic acids, the effect of the reaction on other sialylation variants is still 

unknown, examples of this being α2,8-linkage and O-acetylation. In addition, it will be 

interesting to study the effect of the method on the glycopeptides originating from 

proteins other than IgG. However, due to the great variability in the amino acid sequence 

of different glycopeptides, the protocol is expected to require optimization to ensure 

uniformity in the reactions occurring on the peptide portion of the conjugates. 

In conclusion, we presented a method for the stabilization of sialylated glycopeptides for 

MALDI-TOF(/TOF)-MS analysis, which can be used for the high-throughput linkage-specific 

analysis of sialylated glycopeptides derived from IgG in a subclass- and site-specific 

manner. Derivatization induces a mass difference between α2,3- and α2,6-linked sialic 

acids, while peptide modifications are uniform, enabling separation between differently 

linked sialic acids in MS. Furthermore, highly informative MS/MS spectra of sialylated 

glycopeptides could be obtained. The method is fast, has excellent intra- and inter-day 

repeatability and makes use of relatively inexpensive chemicals. A considerable 
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applicability is expected for the future glycosylation profiling of therapeutic antibodies, as 

well as for the IgG glycosylation profiling of large clinical cohorts. 
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Glycosylation on the fragment crystallizable (Fc)-region of immunoglobulin G (IgG) has a 

large influence on the interaction of the antibody with Fc gamma receptors (FcγRs). IgG 

consists of four subclasses that all have distinct affinities for the different FcγRs. 

Knowledge about the Fc glycosylation in healthy human is valuable as reference for new 

biomarkers and in the design of biopharmaceuticals that rely on IgG Fc glycosylation. 

Previously, subclass-specific characterization of IgG Fc glycosylation was performed for 

healthy adults, pregnant women and newborns. For young healthy children however, the 

subclass specific description of IgG Fc glycosylation is still lacking. 

Therefore, we performed the IgG subclass-specific analysis of the Fc glycosylation of 130 

healthy humans between birth and 40 years of age, including 22 samples derived from the 

umbilical cords of newborns. The analysis was performed by a previously published matrix 

assisted laser desorption/ionization (MALDI)-time of flight (TOF)-mass spectrometry (MS) 

workflow, including a derivatization step for the linkage-specific stabilization of sialic acids. 

The characterization revealed that when children start to produce their own IgG they have 

a decreased galactosylation, sialylation and bisection and an increased fucosylation 

compared to newborns. During childhood, the fucosylation and sialylation decrease, 

whereas bisection increases and galactosylation stays constant. 
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3.1 Introduction 

Immunoglobulin G (IgG) is a highly abundant glycoprotein and the most abundant 

immunoglobulin in the human plasma [177]. It exists in four subclasses (IgG1 to 4), 

differing in the amino acid sequence of the heavy chain and the number of interchain 

disulfide bridges. IgG is involved in, amongst others, antigen binding, activation of the 

complement system and antibody-dependent cell-mediated cytotoxicity (ADCC), and its 

appearance and biological activity are highly influenced by the N-glycan structure on the 

fragment crystallizable (Fc)-region [177, 178]. Changes in the abundances of different 

glycan features on the Fc region are reported to associate with age, sex, pregnancy and 

various autoimmune and infectious diseases, like inflammatory bowel disease and 

rheumatoid arthritis [28, 29, 85, 95, 179]. For example, galactosylation decreases with 

increased disease activity and with age, while it increases during pregnancy [28, 29, 85, 

95]. Alterations in attached glycan structures change the conformation of the IgG Fc 

region and with that the possible interactions with Fc receptors (FcγRs) expressed on 

leukocytes [180, 181]. A notable example is the difference in binding affinity of IgG1 to 

FcγRIIIa when carrying a glycan that is either fucosylated or nonfucosylated, resulting in 

enhanced ADCC for antibodies carrying nonfucosylated Fc glycans [182, 183]. To 

understand biological processes and to search for new biomarkers it is highly relevant to 

have, next to the diseased situation, also the IgG Fc glycosylation of healthy humans well-

characterized. The healthy human IgG Fc glycosylation profile can serve as a base for new 

diagnostic biomarkers, and is relevant when designing therapeutic antibodies [184].  

The topic of healthy human IgG Fc glycosylation is for a large part covered by studies 

describing levels of glycosylation features in healthy adults of different populations, in 

children between the age of six and 18 and in healthy pregnant women and newborns [28, 

29, 74, 79-81, 83-86, 179]. However, the Fc glycosylation of very young children is yet not 

comprehensively covered and also information about differences between Fc 

glycosylation in newborns and young children is lacking. One study reported the decrease 

of galactosylation in children between one to 18 years old, but was inconclusive about 

other features [83]. In addition, for children between six and 18 it was found that 

fucosylation decreases for girls and bisection increases for boys, however these studies 

describe antibody glycosylation in children based on experiments with released glycans 

[83, 84]. This approach enhances the chance of biases as no distinction was made 

between glycans present on the Fc region or the fragment antigen binding (Fab)-part of 

the antibody. Furthermore, as there are four human IgG subclasses which differ in effector 

functions, it is interesting to study the glycosylation of the subclasses separately. 

Especially because it is shown that, for example, FCγRI has a high affinity for IgG1, 3 and 4 

but no affinity for IgG2, and also other FcγRs show diverging affinities for the different IgG 
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subclasses [185]. In addition, not all studies into the modulating effects of glycans are 

performed for all subclasses of IgG, but often only for IgG1 [58, 186]. 

We here describe the subclass-specific IgG Fc glycosylation of healthy humans between 

birth and the age of 40. We analyzed IgG Fc glycopeptides using a previously reported 

matrix assisted laser desorption/ionization (MALDI)-time of flight (TOF)-mass 

spectrometry (MS) method [149]. The method includes the derivatization of the IgG 

glycopeptides to stabilize the sialylated species during MALDI ionization and distinguishes 

α2,3- and α2,6-linked sialic acids by forming a lactone (-18.011 Da) or a dimethylamide 

(+27.047 Da), respectively. This characterization revealed that when children start to 

produce their own IgG, about one month after birth [187], their galactosylation, sialylation 

and bisection decreases and their fucosylation increases compared to IgG found in 

umbilical cord samples that represent the IgG of both the mothers and the newborns [86]. 

Furthermore, it was shown that fucosylation and sialylation decrease throughout 

childhood, whereas bisection increases and galactosylation stays constant. 

 

3.2 Experimental section  

3.2.1 Chemicals and enzymes 

Disodium hydrogen phosphate dihydrate (Na2HPO4∙2H2O), potassium dihydrogen 

phosphate (KH2PO4), sodium chloride (NaCl) and trifluoroacetic acid (TFA) were purchased 

from Merck (Darmstadt, Germany). 1-Hydroxybenzotriazole (HOBt) hydrate, dimethyl 

sulfoxide (DMSO), 40% dimethylamine in water, sodium bicarbonate, formic acid (FA) and 

TPCK treated trypsin from bovine pancreas were purchased from Sigma-Aldrich 

(Steinheim, Germany). 1-Ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) 

hydrochloride was purchased from Fluorochem (Hadfield, Derbyshire, UK), 4-chloro-α-

cyanocinnamic acid (Cl-CCA) from Bionet Research (Camelford, Cornwall, UK) and HPLC 

SupraGradient acetonitrile (ACN) from Biosolve (Valkenswaard, The Netherlands). Ultra-

pure deionized water (MQ) was generated by the Purelab Ultra, maintained at 18.2 MΩ 

(Veolia Water Technologies Netherlands B.V., Ede, The Netherlands) and phosphate-

buffered saline (PBS) was made in-house, containing 5.7 g/L Na2HPO4∙2H2O, 0.5 g/L 

KH2PO4 and 8.5 g/L NaCl.  

3.2.2 Cohort 

Peripheral blood samples were collected from 108 healthy donors and 22 blood samples 

were derived from umbilical cords with approval of the Medical Ethics Committee of the 

Erasmus MC [188]. 
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The samples were divided over five age categories, namely the newborns (samples from 

the umbilical cords, UC), the very young children (age 0.1 to 3.9), the young children (age 

4 to 9.9), the adolescents (10-17) and the young adults (age 20 to 40; Table 3.1). In 

addition to the biological samples, 30 pooled plasma standards (Visucon-F frozen normal 

control plasma; Affinity Biologicals 99, Ancaster, Canada) and 12 PBS blanks were included 

in the cohort to serve as positive and negative controls. All samples were randomized and 

distributed over two 96-well plates. 

Table 3.1 Description of the human sample cohort. UC: samples taken from the umbilical cord. 

Age class 

 

(age range) 

Newborns 

 

(UC) 

Very young 

children 

(0.1 - 3.9) 

Young 

children 

(4 - 9.9) 

Adolescents 

 

(10 – 17) 

Young 

adults 

(20 – 40) Total 

Number of female samples 
(average age) 

14 
13 

(1.5) 
16 

(7.2) 
15 

(12.4) 
11 

(29.4) 
69 

(9.3) 

Number of male samples 
(average age) 

8 
20 

(1.9) 
16 

(5.9) 
10 

(11.8) 
7 

(29.5) 
61 

(7.5) 

Total number of samples 
(average age) 

22 
33 

(1.7) 
32 

(6.6) 
25 

(12.2) 
18 

(29.6) 
130 
(8.5) 

 

3.2.3 ProtG IgG isolation 

IgG1, 2, 3 and 4 were captured from 2 µL plasma using protein G affinity beads (GE 

Healthcare, Uppsala, Sweden) in a 96-well filter plate (0.7 mL wells, PE frit, Orochem, 

Naperville, IL) format. The samples were allowed to interact with 15 µL beads in 100 µL 

PBS for 1 h on a plate shaker (1000 rpm; Heidolph Titramax 100; Heidolph, Kelheim, 

Germany), after which the beads were washed three times with 200 µL PBS and three 

times with 200 µL water using a vacuum manifold. Elution was performed with 100 µL 100 

mM FA by centrifuging the plate 1 min at 100 g, after which the samples were dried in a 

vacuum concentrator at 60 °C.  

3.2.4 Glycopeptide preparation 

Glycopeptides were prepared for MALDI-TOF-MS analysis as described before [149]. 

Briefly, dried antibodies were dissolved in 20 µL 50 mM sodium bicarbonate buffer (pH 

7.9), containing 0.1 mg/mL TPCK treated trypsin (trypsin(w):sample(w) = 1:10) and 

incubated overnight at 37 °C. To stabilize the sialylated species, 1 µL of each digest was 

added to 20 µL derivatization reagent (consisting of 250 mM EDC, 500 mM HOBt and 250 

mM dimethylamine in DMSO) and the samples were incubated 3 h at 60 °C. After the 

samples were cooled to room temperature, 113.3 µL ACN (85%) was added and 
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glycopeptides were enriched by cotton hydrophilic interaction liquid chromatography 

(HILIC)-solid phase extraction (SPE) [168]. Hand-crafted cotton tips were equilibrated and 

conditioned with three times 15 µL mQ and three times 15 µL 85% ACN respectively. 

Samples were loaded by pipetting them 20 times through the cotton, after which the tips 

were washed three times with 15 µl 85% ACN 1% TFA and three times with 15 µl 85% 

ACN. Glycopeptides were eluted in 10 µL mQ, of which 1 µL was then applied on a 

polished steel 384 TF MALDI target (Bruker Daltonics, Bremen, Germany), together with 1 

µL 5 mg/mL Cl-CCA in 70% ACN. The spots were left to dry by air. 

3.2.5 MALDI-TOF-MS analysis 

The IgG glycopeptides were analyzed with an Ultraflextreme MALDI-TOF-MS (Bruker 

Daltonics), operated in positive ion mode and with the reflectron activated. For each 

sample, 10 000 shots were combined with a frequency of 2 000 Hz and the power of the 

Smartbeam-II laser was optimized to obtain high intensity signals, while isotopic 

resolution was maintained. The instrument was controlled by Flexcontrol 3.4 software and 

the method covered an analysis window from m/z 1000 to 4000. Prior to analyzing the 

biological samples, the MALDI-TOF-MS was externally calibrated using a peptide 

calibration standard (Bruker Daltonics).  

3.2.6 Data processing  

The MALDI-TOF-MS spectra in the figures were smoothed (SavitzkyGolay), baseline 

subtracted (Top Hat) and internally calibrated using flexAnalysis 3.4, build 76 (Bruker 

Daltonics). Analytes used for internal calibration are indicated in bold in Table 3.2. The 

glycopeptide compositions were assigned to m/z values based on fragmentation 

experiments and literature [29, 74]. GlycoWorkbench 2.1, build 146 was used to create 

the compositional cartoons [189]. 

Targeted data extraction was performed using MassyTools 0.1.7.2 [190]. This program 

calibrated the spectra, based on a predetermined list of calibrants (see above) and 

integrated peak areas of a list with manually determined glycopeptide compositions. For 

the integration, minimal 95% of the theoretical isotopic pattern was included, and the 

values were corrected for background, based on local background levels. Furthermore, 

MassyTools calculated for each analyte the mass error, deviation from the theoretical 

isotopic pattern and signal-to-noise ratio. These parameters were used for both spectrum 

and analyte curation, excluding spectra when their “fraction of analyte area above signal-

to-noise ratio nine” was above or below the average plus or minus three times standard 

deviation. In this way, seven spectra were excluded for IgG1 and ten spectra were 

excluded for IgG2/3. Decisions on the inclusion of certain analytes were based on the 

mass error of the measured analyte compared to its theoretical mass, and on the 

deviation of the measured isotopic pattern compared to its theoretical isotopic pattern. 
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Analyte curation was performed separately for all age categories and glycoforms were 

included when present in at least one of them. Average mass errors per age category for 

an analyte to be included were accepted to be between -10 and 10 ppm, and the total 

isotopic patterns were allowed to deviate on average up to 22%. The absolute intensities 

of the included analytes were normalized to the total area for IgG1 and IgG2/3 separately. 

The largest part of the glycopeptides originating from IgG4 could not be extracted as the 

exact mass of their fucosylated glycopeptides is the same as the nonfucosylated 

glycopeptides from IgG2/3. The nonfucosylated glycopeptides from IgG4 have the same 

exact mass as the fucosylated ones from IgG1. Derived traits were calculated for both IgG1 

and IgG2/3, showing the fraction of glycoforms that was fucosylated or carried a bisecting 

N-acetylglucosamine. Furthermore, the fraction of galactosylation and sialylation was 

determined per antenna (Table S-1). 

Table 3.2 Theoretical m/z values of the glycopeptides extracted for IgG1 and IgG2/3. 

Glycopeptides used for internal calibration of the spectra are indicated in bold. H: Hexose, N: N-

Acetylhexosamine, F: Fucose, D: Dimethylamidated α2,6-linked N-acetylneuraminic acid. 

IgG1 IgG2/3 

Glycoform [M+H]
+ Glycoform [M+H]

+ 

H3N3F1 2467.052 H3N4F1 2638.140 
H3N4 2524.072 H4N4F1 2800.193 
H4N3F1 2629.103 H5N4F1 2962.246 
H3N4F1 2670.130 H4N4F1D1 3118.336 
H4N4 2686.125 H5N4F1D1 3280.388 
H4N4F1 2832.183 
H5N4 2848.178 
H3N5F1 2873.209 
H4N5 2889.204 
H5N4F1 2994.236 
H4N5F1 3035.262 
H4N4F1D1 3150.325 
H5N4D1 3166.320 
H5N5F1 3197.315 
H5N4F1D1 3312.378 
H5N5F1D1 3515.458 
H5N4F1D2 3630.521 
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3.2.7 Statistical analysis 

For the renormalized glycan species and the derived traits as dependent variables, the 

distribution per age category was tested to meet normality by the Kolmogorov-Smirnov 

test, using SPSS 20.0 (IBM, Armonk, NY). As the study population deviates significantly 

from normality, further statistical analysis was performed using non-parametric tests. 

Correlation coefficients between glycan traits and age were calculated and tested by the 

Spearman’s rho statistic. Differences in glycan levels between sex and age classes were 

analyzed using the Mann-Whitney test. The reported p-values are two-tailed and, after 

Bonferroni-correction for 572 tests (with a total of 44 glycan features and derived traits, 

5*44=220 tests were performed between the sexes in each age category, 3*44=132 

correlation tests were performed, 4*44=176 tests between the UC category and the other 

age categories were performed and an additional 44 tests were done between the UC 

category and the female young adults), considered statistically significant when below 

8.7∙10-5 (0.05/572). Both the non-parametric statistical tests and the calculation of the 

descriptive statistics were performed using R 3.2.2 (R Foundation for Statistical 

Computing, Vienna, Austria) together with RStudio 0.99.473 (RStudio inc., Boston, MA). 

Functions used were wilcox.test, quantile, cor.test and glm. 

 

3.3 Results 

3.3.1 Glycopeptide measurement and data quality 

IgG was affinity-purified, and tryptic IgG Fc glycopeptides were derivatized and analyzed 

by MALDI-TOF-MS for 130 human plasma samples obtained from healthy persons 

between birth and 40 years of age, including 22 samples derived from the umbilical cords 

of newborns (Table 3.1). After thorough analyte curation, based on mass error, deviation 

from the theoretical isotopic pattern, and signal-to-noise ratio, 17 glycoforms were 

extracted from the MS data for IgG1 glycopeptides and five glycoforms for IgG2/3 

glycopeptides (Figure 3.1, Table 3.2). Fucosylated glycoforms of IgG4 have the same exact 

mass as non-fucosylated glycoforms of IgG2/3 and therefore overlap in the mass spectra. 

Therefore, IgG4 signals cannot be accurately extracted and only the fucosylated 

glycoforms of IgG2/3 can be extracted. This overlap is also present between some 

fucosylated glycoforms of IgG1 and the non-fucosylated glycoforms of IgG4. However, as 

the relative abundance of IgG1 is about 65% and that of IgG4 about 4% in healthy adults 

and the IgG4 abundance is even lower in healthy young children [187, 191], the influence 

of IgG4 glycopeptide signals on IgG1 signals was considered not significant in this 

situation.  
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Figure 3.1 MALDI-TOF-MS spectra of tryptic plasma IgG Fc glycopeptides from (A) the umbilical 

cord of a newborn girl, and (B) a 1.4 year old girl. Assigned are the glycopeptides from IgG1 and 

IgG2/3, of which the signals were extracted from the data (also see Table 3.2). IgG2/3 glycopeptides 

are 31.99 Da lower in mass than IgG1 glycopeptides, indicated by a circle (°). Except for the sialic 

acid linkage, the monosaccharide linkages were not determined and proposed glycan structures are 

based on fragmentation and literature [29, 74]. Blue square: N-acetylglucosamine, green circle: 

mannose, yellow circle: galactose, red triangle: fucose, right pointing pink diamond: α2,6-linked N-

acetylneuraminic acid, IgG1: EEQYNSTYR, IgG2/3: EEQFNSTFR. Clear differences can be observed for 

fucosylation (↑ in 1.4 year old), galactosyla<on (↓ in 1.4 year old), sialyla<on (↓ in 1.4 year old) 

and bisection (↓ in 1.4 year old). 

In addition to the cohort samples, 30 pooled plasma standards and 12 blanks were 

randomly distributed over the two sample plates. None of the blanks showed any 

glycopeptide signals, excluding the presence of measurable cross-contamination between 

the samples. Furthermore, 29 pooled plasma samples for IgG1 and 28 pooled plasma 

samples for IgG2/3 which passed the spectrum curation, resulted in highly reproducible 

glycosylation profiles, showing a coefficient of variation (CV) of only 4.3% for the most 

abundant IgG1 glycopeptide (average relative intensity: 33.4%, SD ± 1.5%) and of 2.3% for 

the most abundant IgG2/3 glycopeptide (40.2%, SD ± 0.9%; Figure S-1A and B). These 

values were slightly higher than the CV of 2.2% reported previously for the most abundant 

glycopeptide in isolated IgG1 measured 12 times in the same samples, using this method 

[149]. However, in the method reported before, the isolation of IgG from plasma was not 

taken into account. 
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3.3.2 Changes in IgG Fc glycosylation during childhood 

The relative abundances of IgG Fc glycans, as well as derived traits like bisection, 

fucosylation, galactosylation and sialylation were determined for all samples (see Table S-

1 for all derived traits and their calculations). Correlation coefficients between all glycan 

features and age (0.1 to 17 year) were calculated for male and female samples separately, 

as well as for the combined data set (multiple testing correction was performed for all 

tests together; for a complete overview of all correlation tests, see Figure S-2, S-3 and 

Table S-2). Because IgG glycosylation of the two sexes did not differ significantly within 

any of the five defined age classes (Table S-3 and Figure S-4), the female and male data 

sets were combined for further analysis.  

 

Figure 3.2 (A) Fucosylation of diantennary glycans of IgG1 (IgG1_A2F), (B) sialylation per galactose 

of diantannary fucosylated glycans of IgG1 (IgG1_A2FGD), (C) bisection of fucosylated diantennary 

glycans of IgG1 (IgG1_A2FB), and (D) sialylation per galactose on diantannary fucosylated glycans 

of IgG2/3 (IgG23_A2FGD). These glycan traits correlate significantly with ages between 0.1 and 17. 

Pink circles: female, blue diamonds: male, r: correlation coefficient for combined female and male 

samples. The linear line was fitted through combined female and male samples and is not related to 

the given correlation coefficient, which is based on a Spearman’s rho calculation. After Bonferroni 

correction, p-values below 8.7∙10-5 were considered statistically significant.  

Galactosylation of IgG1 (IgG1_A2G) did not appear to change within the age range 

studied, nor did galactosylation of IgG2/3 (IgG23_A2FG). On the other hand, the 

fucosylation of IgG1 (IgG1_A2F) decreased significantly with age (r = -0.60, p = 8.1∙10-10; 
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Figure 3.2A) and the bisection of fucosylated diantennary glycans (IgG1_A2FB) increased 

significantly (r = 0.43, p = 2.8∙10-5; Figure 3.2C). For both IgG1 and IgG2/3, the sialylation of 

fucosylated diantennary glycans (IgG1_A2FD, IgG23_A2FD) decreases with age, which is 

even more pronounced when sialylation was considered independent of galactosylation 

(α2,6-sialylation per galactose of diantennary fucosylated glycans (A2FGD); IgG1: r = -0.45, 

p = 1.1∙10-5; IgG2/3: r = -0.54, p = 6.8∙10-8; Figure 3.2B and D). 

3.3.3 Comparison of IgG Fc glycosylation between age categories 

The glycan levels obtained for umbilical cord (UC) plasma samples of newborns were 

compared to the levels found for very young children (0.1-3.9 years old; see Figure 3.1 for 

example spectra of a newborn and a 1.4 year old and Figure 3.3 and Table S-4 for a 

complete overview of all analyses).  

 

 

Figure 3.3 Relative abundances of (A) individual IgG Fc glycans and (B) derived glycan traits, found 

for umbilical cord (UC) samples as compared to the youngest age category (0.1 to 3.9 years old). 

The median and interquartile range of the relative glycan levels are given for both groups. After 

Bonferroni correction, p-values below 8.7∙10-5 were considered statistically significant (indicated by 

a red asterisk (*); see Table S-1 for all derived traits and their calculations).  
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IgG1 fucosylation (IgG1_A2F) was significantly higher in the young children (median (M) = 

0.99) compared to the newborns (M = 0.92; p = 2.3∙10-14; Figure 3.4A), whereas bisection 

(IgG1_A2FB) was found to decrease (M(young children) = 0.058; M(UC) = 0.092; p = 3.2∙10-

6; Figure 3.4C). Both on IgG1 and IgG2/3, sialylation per galactose (IgG1_A2FGD, IgG23_ 

A2FGD) did not show a significant difference between the UC samples and samples from 

very young children (Figure 3.4B and D). Galactosylation (IgG1_A2G, IgG23_A2FG), 

however, was significantly lower after birth (IgG1: M(young children) = 0.55; M(UC) = 0.73; 

p = 1.4∙10-13; IgG2/3: M(young children) = 0.43; M(UC) = 0.69; p = 2.2∙10-13; Figure 3.5A 

and B) and accordingly the sialylation (IgG1_A2D, IgG23_A2FD) went down (IgG1: 

M(young children) = 0.069; M(UC) = 0.11; p = 2.4∙10-7; IgG2/3: M(young children) = 0.063; 

M(UC) = 0.096; p = 1.8∙10-7; Figure 3.5C and D). 

 

 

Figure 3.4 (A) Fucosylation of diantennary glycans of IgG1 (IgG1_A2F), (B) sialylation per galactose 

of diantennary fucosylated glycans of IgG1 (IgG1_A2FGD), (C) bisection of fucosylated diantennary 

glycans of IgG1 (IgG1_A2FB), and (D) sialylation per galactose of diantennary fucosylated glycans 

of IgG2/3 (IgG23_A2FGD), per age class. Fucosylation and bisection of fucosylated glycans from 

IgG1 show significant differences between UC samples and samples from very young children 

(indicated by the asterisk (*), p < 8.7∙10-5). Sialylation per galactose does not show this difference. 

No significant differences were observed for the fucosylation, bisection or sialylation per 

galactose (IgG1_A2F, IgG1_A2FB, IgG1_A2FGD, IgG23_A2FGD) between UC samples and 
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samples from young (female) adults (Figure 3.4, Table S-5). On the other hand, the 

galactosylation (IgG1_A2G, IgG23_A2FG) was significantly different between the UC 

samples and the young adults (IgG1: M(UC) = 0.73; M(young adults) = 0.60; p = 5.1∙10-7; 

IgG2/3: M(UC) = 0.69; M(young adults) = 0.52; p = 1.6∙10-7; Figure 3.5) and when 

comparing UC samples to the female young adults, the same trends were observed (IgG1: 

M(UC) = 0.73; M(female young adults) = 0.63; p = 1.6∙10-4; IgG2/3: M(UC) = 0.69; M(female 

young adults) = 0.57; p = 4.2∙10-5).  

 

 

Figure 3.5 (A) Galactosylation of diantennary glycans of IgG1 (IgG1_A2G) and (B) of fucosylated 

diantennary glycans of IgG2/3 (IgG23_A2FG), (C) sialylation of diantennary glycans of IgG1 

(IgG1_A2D) and (D) of fucosylated diantennary glycans of IgG2/3 (IgG23_A2FD), per age class. Both 

galactosylation and sialylation of IgG1 and IgG2/3 show significant differences between UC samples 

and samples from very young children (indicated by the asterisk (*), p < 8.7∙10-5). 

 

3.4 Discussion 

The plasma IgG Fc glycosylation of 130 healthy individuals between birth and 40 years of 

age, including 22 samples derived from the umbilical cords of healthy newborns, was 

analyzed in an IgG subclass specific way. This was accomplished by a previously published, 

rapid and robust MALDI-TOF-MS workflow in 96-well plate format [149]. Although various 
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studies describing IgG Fc glycosylation in both healthy and diseased individuals have 

already been performed [28, 74, 79, 83-86], this is the first study that takes very young 

children (age 0.1 to 3.9) into account and compares them to newborns. It is also the first 

study describing Fc glycosylation during childhood in a subclass-specific way, giving a full 

and specific characterization of IgG1 Fc glycosylation and specific characterization of 

changes in galactosylation and sialylation of IgG2/3. Herewith, we fill a gap in the 

characterization of healthy human IgG Fc glycosylation. As is known for IgG, mainly 

diantennary Fc glycans, with high prevalence of core fucosylation, and possible 

galactosylation, sialylation and bisection were found [25]. Furthermore, it was observed 

that almost exclusively α2,6-linked sialic acids are present on Fc glycans, also in agreement 

with literature [29, 58]. Levels of sialylation in UC samples reported by our method were 

comparable to levels reported by the liquid chromatography (LC)-electrospray ionization 

(ESI)-MS analysis of UC samples and of samples from pregnant women in their 3rd 

trimester (For IgG1: 21%, 26% and 24% respectively, for IgG2/3: 21%, 27% and 26% 

respectively [85, 86]; Table S-6). This shows that the derivatization in our MALDI-TOF-MS 

method prevents the vast underestimation of sialylated species due to ionization biases or 

metastable decay, in contrast to other MALDI-TOF-MS studies [28, 118].  

For samples from adult males and females a difference in IgG Fc glycosylation was 

described before, where females were found to have higher degrees of bisection, 

galactosylation and sialylation [28, 179]. Furthermore, females age 11 to 14 were found to 

have lower fucosylation than males and females age 6 to 10 were found to have higher 

bisection than males [84]. These latter differences, however, were small and not found 

back in any of the categories between 6 and 18 and are also not supported by our data for 

children between age 4 and 17 (Table S-6). The reason we could not replicate the small 

differences between sexes in the younger age categories found before, might be due to 

our smaller sample sizes (31 female and 26 male samples in age class 4 to 17 in our study 

compared to 63 female and 64 male samples in age class 6 to 14 in Pučić et al. 2013 [84]). 

On the other hand, the difference in glycoanalytical methods may explain the differences 

in findings. Specifically, previous literature studied the total of IgG glycosylation, including 

Fab, whereas our study exclusively considered Fc glycosylation. As we did not observe 

significant differences between female and male samples in any of the defined age classes 

between zero and 40, we combined the sexes in all groups. 

It is well-known that IgG Fc galactosylation decreases with age during adulthood [28, 81, 

83]. Some studies claim a decrease of agalactosylated structures on IgG in children, while 

mono-galactosylated structures stay constant [83, 84]. Although we found a slightly 

decreasing trend in agalactosylated structures for children between 0.1 and 17, we 

observed a significant increase in most mono-galactosylated structures on both IgG1 and 

IgG2/3. Together with a decreasing trend in total digalactosylated structures, we 
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concluded that overall galactosylation stayed relatively constant over the age of 0.1 to 17. 

On the other hand, significant changes in total galactosylation of both IgG1 and IgG2/3 

were observed between newborns and very young children, with the newborns having 

high galactosylation that was comparable to levels reported previously for samples taken 

from the umbilical cord [86]. Similarly high levels of galactosylation were also found in 

pregnant women in their 3rd trimester, which is in line with the neonatal Fc receptor 

(FcRN)-mediated transport of IgG over the placenta without glycosylation bias, resulting in 

identical IgG Fc glycosylation profiles of mother and baby at birth [84-86]. The young adult 

women in our study population showed slightly higher galactosylation than the very young 

children, but significant lower than the newborns. The high galactosylation in newborns 

and pregnant women is a known anti-inflammatory characteristic of IgG [54, 186], and 

may therefore contribute to the suppression of the maternal immune response during 

pregnancy. For example, increased IgG1 Fc galactosylation was reported to enhance 

signaling via FcγRIIb in combination with dectin-1, thereby blocking the activity of the C5a-

receptor and decreasing inflammatory responses [186]. Other glycosylation features that 

were found to be significantly different between newborns and very young children were 

fucosylation (increasing after birth) and bisection (decreasing after birth). These features 

were, however, not significantly different between newborns (and thus pregnant women) 

and women in their reproductive age. So, low fucosylation and high bisection are features 

the newborn has adopted from the mother, but which gradually change when the child 

starts to produce its own IgG one month after birth [187]. Between age 0.1 and 17, 

fucosylation decreased significantly and bisection increased significantly, which was 

described before, respectively for girls and boys between age 6 and 18 [84]. Furthermore, 

it is known that bisection increases with age in adults, starting off at around 10% on IgG1 

at the age of 20 [28], which corresponds to the level we found for IgG1 bisection in the 

age class 20 to 40 (11%). Finally, sialylation per galactose decreases for children between 

0.1 and 17, and interestingly, this is not the case when considering sialylation independent 

from galactosylation. As galactosylation shows to be relatively constant, the decrease of 

sialylation might be caused by downregulated sialyltransferases, upregulated sialidases, 

shorter time spend in the Golgi or less availabe sialic acid donors [192]. On the other hand, 

for the very young children, the sialylation per galactose does not change compared to the 

newborns. However, total sialylation does, implying that the decrease observed here is 

mainly caused by the lower availability of the galactoses [28].  

Combining our results with the results from previous studies, we can speculate on the 

natural progression of IgG Fc glycosylation throughout a human lifetime. At birth, 

newborns rely exclusively on IgG received from the mother [187], and as IgG passes the 

placenta via the FcRN independent of Fc glycosylation, the Fc glycosylation of newborns 

reflects that of the mother [86]. This results in anti-inflammatory IgG glycan profiles, 

including high galactosylation and sialylation. Furthermore, the newborns express degrees 
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of fucosylation and bisection that are also found in young adults. Fucosylation increases 

rapidly as soon as the baby starts to produce its own antibodies, while galactosylation, 

sialylation and bisection decrease. Fucosylation and sialylation then decrease during 

childhood, until the levels match those of young adults. Bisection increases and total 

galactosylation stays constant. During adulthood, bisection keeps increasing with age until 

it flattens at late adulthood, while fucosylation stays constant after adulthood is reached 

[28, 79, 82]. Galactosylation and sialylation decrease during adulthood, and both start 

higher in early adulthood and end lower in late adulthood for women than for men [28, 

81]. These differences between sexes were not observed during childhood and are most 

likely introduced after puberty [84]. All IgG Fc glycan changes reported during adulthood 

were also shown to be present during inflammation [193]. 

 

3.5 Conclusion 

We characterized healthy human IgG Fc glycosylation of subjects between birth and 40 

years old, including newborns of which we analyzed the umbilical cord plasma. The 

MALDI-TOF-MS method used did not show a bias towards the sialylated species due to the 

derivatization step and provided IgG subclass specific information as glycopeptides were 

analyzed. We revealed a decrease in IgG Fc galactosylation, sialylation and bisection and 

an increase in fucosylation in very young children compared to newborns, which is the 

difference between the antibodies the fetus receives from the mother during pregnancy 

and the IgG the kids make themselves after birth [86]. Furthermore, we showed that 

fucosylation and sialylation decreased with age 0.1 to 17, whereas bisection increased and 

galactosylation stayed relatively constant. 
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Immunoglobulin G (IgG) fragment crystallizable (Fc) N-glycosylation has a large influence 

on the affinity of the antibody for binding to Fcγ-receptors (FcγRs) and C1q protein, 

thereby influencing immune effector functions. IgG Fc glycosylation is known to be partly 

regulated by genetics and partly by stimuli in the microenvironment of the B cell. 

Following allogeneic hematopoietic stem cell transplantation (HSCT), and in the presence 

of (almost) complete donor chimerism, IgG is expected to be produced by, and 

glycosylated in, B cells of donor origin. We investigated to what extent IgG glycosylation in 

patients after transplantation is determined by factors of the donor (genetics) or the 

recipient (environment). 

Using an IgG subclass-specific liquid chromatography-mass spectrometry method, we 

analyzed the plasma/serum IgG Fc glycosylation profiles of 34 pediatric patients pre-HSCT 

and at six and twelve months post-HSCT and compared these to the profiles of their 

donors and age-matched healthy controls. 

Patients treated for hematological malignancies as well as for non-malignant 

hematological diseases showed after transplantation a lower Fc galactosylation than their 

donors. Especially for the patients treated for leukemia, the post-HSCT Fc glycosylation 

profiles were more similar to the pre-HSCT recipient profiles than to profiles of the 

donors. Pre-HSCT, the leukemia patient group showed as distinctive feature a decrease in 

sialylation and in hybrid-type glycans as compared to healthy controls, which both 

normalized after transplantation. Our data suggest that IgG Fc glycosylation in children 

after HSCT does not directly mimic the donor profile, but is rather determined by 

persisting environmental factors of the host.  
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4.1 Introduction 

The N-glycan attached to the conserved glycosylation site of the fragment crystallizable 

(Fc) region of immunoglobulin G (IgG) has a large influence on the structure and function 

of the antibody [49, 195]. The presence or absence of specific monosaccharides have 

proven to be crucial both in modulating the affinity of IgG binding to Fcγ-receptors (FcγRs) 

and in the activation of the complement system. For example, the absence of a core 

fucose on the Fc glycan results in a ten- to twenty-fold increase in binding affinity to the 

FcγRIIIa and FcγRIIIb and a corresponding increase in antibody-dependent cellular 

cytotoxicity (ADCC) [37, 49]. For IgG Fc binding to complement factor C1q, galactosylation 

plays a primary role and is associated positively with binding affinity and downstream 

complement-dependent cytotoxicity (CDC) [37, 56]. 

Besides the functional implications of altered IgG Fc glycosylation described above, the IgG 

Fc glycosylation profile was found to be associated with altered physiological states and 

disease activity. For example, galactosylation decreases with age in the adult population 

[28]. In children, on the other hand, Fc galactosylation remains relatively constant with 

age, while bisection increases and fucosylation and sialylation decrease [176]. 

Furthermore, in adults, total IgG-Fc galactosylation is decreased in rheumatoid arthritis 

and active tuberculosis infections [92, 101], but also in different types of cancer, like 

ovarian cancer and colorectal cancer [102, 103]. Antigen-specific IgG antibodies may 

display discriminative glycosylation patterns. For example, gp120-specific antibodies in 

HIV-infected patients show a decrease in fucosylation as compared to the total pool of IgG 

in these patients [98]. 

IgG Fc N-glycans are co-translationally attached to the protein in the endoplasmic 

reticulum (ER) of B lymphocytes and enzymatically shaped into their final structure in the 

ER and Golgi apparatus. This process is dependent on the time the protein spends in the 

Golgi apparatus, the abundance of monosaccharide donors and presence of specific 

glycosyltransferases and glycosidases, adding and removing particular monosaccharides to 

and from the glycoconjugate, respectively [192]. All these factors are known to be partly 

regulated by the genetics of the B cell [74, 75], and on the other hand, by external stimuli 

in the microenvironment of the cells, like hormones and cytokines [78, 196]. For example, 

in in vitro experiments, all-trans retinoic acid (ATRA) and human interleukin (IL)-21 cause a 

decrease and increase in both IgG1 Fc galactosylation and sialylation, respectively [78]. 

However, the exact mechanisms leading to specific IgG Fc glycosylation profiles are not 

fully understood yet. Unraveling the up-stream factors influencing IgG glycosylation will 

improve the understanding of changes hereof that are associated with immune-related 

diseases. 

Allogeneic hematopoietic stem cell transplantation (HSCT) is a curative treatment for 

patients with malignant as well as non-malignant immune-hematological diseases. In 
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addition to the cure of the primary disease, proper immune reconstitution is an important 

goal of any HSCT procedure. Previous studies in non-transplant patients have 

demonstrated that IgG Fc glycosylation patterns are strongly influenced by both B cell 

intrinsic and (host) environmental factors [74, 78, 196]. HSCT provides a unique setting to 

study the impact of both determinants on IgG Fc glycosylation in transplanted patients. 

With this aim we studied a group of pediatric patients that were successfully treated for 

their initial disease, and in whom (close to) complete donor chimerism was documented 

at 6 and 12 months post-transplant. Furthermore, the patient group was homogeneous in 

terms of reaching steady state within this timeframe, i.e., the presence of an 

uncomplicated clinical condition without requirement of any immunomodulatory 

medication.  

The IgG Fc glycosylation profiles of transplant recipients were analyzed before and after 

HSCT and compared to the profiles of the donors as well as to those of age-matched 

healthy controls.  

 

4.2 Materials and Methods 

4.2.1 HSCT Patients  

In the period 2010-2014, 211 allogeneic HSCT procedures were performed in children at 

the pediatric transplantation unit of the LUMC. Criteria for exclusion of patients to enroll 

in the current study were: death within one year after HSCT, an eventful course in the first 

year after HSCT such as relapse of the original disease, acute graft-versus-host disease 

(GvHD) grade >1 or extensive chronic GvHD, dependency of IgG supplementation within a 

period of two months before taking a serum or plasma sample at six and twelve months 

after HSCT and dependency of immunosuppressive drugs (i.e., cyclosporine A) at seven 

months after HSCT (median 3.8 months). In addition, patients treated for thalassemia and 

with a persistent mixed chimerism in peripheral blood mononuclear cells (PBMC) defined 

as <85% donor origin at 1 year post-HSCT were excluded. Finally, to be included in the 

study, at least three of the four following serum or plasma samples of a donor-recipient 

pair should be available: from the graft donor, from the patient before HSCT (and start of 

the conditioning), and at six and twelve months after HSCT. 

The final study cohort consisted of 34 pediatric HSCT recipients. In Table 4.1, the 

characteristics of these patients and their donors are summarized. All transplantation 

procedures were performed according to national protocols and in line with the 

recommendations of the European group for Blood and Marrow Transplantation (EBMT).  
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Table 4.1 Summary of the cohort. 

  Patients  

Group Malignant HD a Non-malignant HD a Total 

Number (N) of patients 16 18 34 

Age at HSCT b  

(median, (range)) 
9.4 (0.8 to 17.8) 5.7 (0.7 to 14.9) 7.5 (0.7 to 17.8) 

Recipient sex (% female) 31.3 16.7 23.5 

Donor type c: IRD (BM/CB) 4 (4/0) 11 (10/1) 15 (14/1) 

                       MUD (BM/CB) 10 (9/1) 6 (3/3) 16 (12/4) 

                         ORD (PBSC) 2 (2) 1 (1) 3 (3) 

Donor age b  

(median, (range)) 
26.6 (8.9 to 49.0) 17.1 (2.8 to 47.5) 25.6 (2.8 to 49.0) 

Donor sex (% female) 12.5 35.7 24.1 

Graft: undepl. (N)/CD34-

enriched (N) 
14/2 17/1 31/3 

% chimerism d  

(median, (range)) 
100 (98 to 100) 100 (87 to 100) 100 (87 to 100) 

Acute GvHD e (grade 1, N) 2 1 3 

Chronic GvHD e (limited, N) 1 0 1 

    

1st sample (N) 16 16 32 

1st sample f  

(median, (range)) 
-13 (-21 to -6) -14 (-28 to -6) -13 (-28 to -6) 

2nd sample (N) 16 18 34 

2nd sample f  

(median, (range)) 
176 (162 to 199) 183 (158 to 205) 182 (158 to 205) 

3rd sample (N) 16 18 34 

3rd sample f  

(median, (range)) 
375 (348 to 499) 365 (313 to 431) 372 (313 to 499) 

Donor sample (N) 15 14 29 

Donor sample f  

(median, (range)) 
-1 (-159 to 0) -24 (-43 to 0) -14 (-159 to 0) 

    

  Controls  

Group 
Age matched to 

malignant HD 

Age matched to 

non-malignant HD 
Total 

Controls (N) 16 18 81 

Age (median, (range)) 9.3 (0.8 to 16.8) 6.0 (0.6 to 13.8) 6.2 (0.5 to 16.8) 

Sex (% female) 68.8 27.8 49.4 
a HD: hematological disease. Malignant HD: acute lymhoblastic leukemia: N = 10; myelodysplastic 

syndrome/acute myeloblastic leukemia: N = 2; acute myeloblastic leukemia: N = 4. Non-malignant 

HD: thalassemia: N = 4, Fanconi anemia: N = 3, sickle cell disease: N = 2, severe aplastic anemia: N = 

1, progressive bone marrow failure: N = 1, neutropenia congenita: N = 1, Glanzmann 

thrombasthenia: N = 1, hemophagocytic lymphohistiocytosis: N = 4, X-linked lymphoproliferative 

disease: N = 1. b Age at hematological stem cell transplantation and graft donation (excluding cord 

blood donors), respectively, in years. c IRD: identical related donor; MUD: matched unrelated donor; 
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(Table 4.1 continued) ORD: other than HLA-genotypically identical related donor; BM: bone marrow; 

CB: cord blood; PBSC: peripheral blood stem cells. d % donor chimerism in peripheral blood 

mononuclear cells (PBMC) at 1 year post-HSCT. e GvHD: graft-versus-host disease. f Day of 

serum/plasma sampling relative to the day of HSCT 

4.2.2 Sampling and Study Approval 

Serum or plasma samples of HSCT recipients were collected between 6 and 28 days 

(median 13 days) prior to HSCT, i.e., before start of conditioning, and 6 months (range 

158-205 days) and 12 months (range 313-499 days) after HSCT. From 29 of the stem cell 

donors (excluding umbilical cord donors) a plasma or serum sample was collected 

between 0 and 159 days (median 14 days) before donation of the graft (Table 4.1). All 

clinical samples were collected with approval of the Medical Ethics Committee of the 

LUMC, Leiden (project P01.028) and after receiving written informed consent from the 

participants. In addition, samples were collected from 81 healthy controls in the same age 

range as the patients. The healthy control samples were collected with approval of the 

Medical Ethics Committee of the Erasmus MC, Rotterdam (MEC-2005-137) and after 

receiving written informed consent from the participants [176, 188]. 

4.2.3 IgG Glycopeptide Analysis and Data Processing  

All 135 clinical samples (patients and donors) were randomized in 96-well plates, together 

with 12 plasma standards (VisuCon pooled plasma; Affinity Biologicals Inc., Ancaster, ON, 

Canada) and 5 PBS blanks. Healthy control samples were randomized on separate plates, 

including 29 plasma standards and 8 PBS blanks. IgG was isolated using Protein G affinity 

beads (GE Healthcare, Uppsala, Sweden) and digested by trypsin as described before 

[197], see Supplementary Materials and Methods. The IgG digest was separated and 

analyzed by nano-liquid chromatography (LC) coupled by electrospray ionization to a 

Maxis Impact HD quadrupole time-of-flight mass spectrometer (q-TOF-MS; Bruker 

Daltonics, Bremen, Germany) as described before [197], see Supplementary Materials and 

Methods. Prior to statistical analysis, raw LC-MS data were extracted and curated using 

the in-house developed software LacyTools v0.0.7.2 as described previously [197, 198]; for 

all cohort-specific extraction parameters see Supplementary Materials and Methods. 

4.2.4 Statistics 

The absolute intensities of the extracted glycoforms (Figure 4.1 and Figure 4.2 and Table 

S1 in Supplementary information) were total-area normalized per IgG subclass and levels 

of galactosylation, sialylation, fucosylation as well as other derived traits were calculated 

(Table 4.2 and Table S2 in Supplementary information). To assess data quality throughout 

the cohort measurements, the plasma standards were analyzed, revealing highly 

repeatable glycosylation profiles for all subclasses, with median relative standard 

deviation of all extracted glycoforms of IgG1, IgG2/3 and IgG4 being 3.4%, 2.7% and 2.1%, 
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respectively (Figure S1 in Supplementary information). For three patients, both plasma 

and serum samples, obtained at corresponding time points, were available. Comparison of 

these samples showed similar IgG Fc glycosylation profiles for both materials (Figure S2 in 

Supplementary information). The difference between measurements in plasma and serum 

from the same patient was lower than the variation between patients, enabling the use of 

both materials in this study.  

 

 

Figure 4.1 Glycan structures found on IgG-Fc. Both hybrid-type and diantennary complex-type 

glycan structures were found on the IgG Fc glycopeptides in our study. Hybrid-type glycans varied by 

the presence of a sialic acid and/or a bisecting GlcNAc. Diantennary complex-type glycans were 

found with zero to two galactoses, zero to two sialic acids and the presence or absence of a 

bisecting GlcNAc and/or a core fucose. Monosaccharide linkages were based on literature [29, 74, 

169, 176]. Green circle: mannose, yellow circle: galactose, blue square: N-acetylglucosamine 

(GlcNAc), red triangle: fucose, pink diamond: N-acetylneuraminic acid (Neu5Ac/sialic acid). 

Further statistical analysis and data visualization were performed using R 3.1.2 (R 

Foundation for Statistical Computing, Vienna, Austria) and RStudio 0.98.1091 (RStudio, 

Inc., Boston, MA). Patients pre- and twelve months post-HSCT, as well as patients and 

donors, were compared with two-sided Wilcoxon signed-rank tests, healthy controls and 

patients were compared with two-sided Mann Whitney U tests. The samples of the 

patients taken six months post-HSCT were left out of the statistical analysis to reduce the 

data density, but were shown in some figures to illustrate the dynamics of IgG Fc 

glycosylation profiles after HSCT. Statistical tests were performed for the whole dataset, 

as well as after stratification on diagnosis: non-malignant hematological disease and 

malignant hematological disease (Table 4.1). For the tests after stratification for diagnosis, 

subgroups of one-to-one age- matched healthy controls were used. A significance 

threshold (α) = 0.015 was used throughout the study after correcting for multiple testing 

using the Benjamini-Hochberg approach with a FDR of 5%. 
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Figure 4.2 Representative mass spectra of IgG1 glycopeptides. Annotated are the 15 most 

abundant IgG1 glycoforms detected for a 7.5 years old, male, acute myeloid leukemia patient (A) 

before HSCT, (B) twelve months after HSCT and (C) his 24 years old, healthy, male donor. Triply 

charged glycopeptides are shown, the proposed glycan structures are based on literature [29, 74, 

169, 176]. Green circle: mannose, yellow circle: galactose, blue square: N-acetylglucosamine, red 

triangle: fucose, pink diamond: N-acetylneuraminic acid. Differences in relative abundances of 

glycoforms as compared to the patient pre-HSCT are indicated by red (lower than in pre-HSCT 

patient) and blue (higher than in pre-HSCT patient) arrows. 

 

4.3 Results 

The IgG Fc glycosylation profiles of 34 pediatric HSCT patients were followed over time, 

starting with a sample prior to the HSCT and followed by two longitudinal samples, six and 

twelve months post-HSCT. In addition, the IgG Fc glycosylation of the donors prior to the 

donation of the grafts and of age-matched healthy controls was assessed (Table 4.1). IgG 

Fc glycopeptides were analyzed by LC-MS, which enabled the detection of 22 glycoforms 

on IgG1, 16 on IgG2/3 and 11 on IgG4 (Figure 4.1 and 4.2 and Table S1 in Supplementary 

information). Furthermore, derived glycosylation traits such as levels of galactosylation, 
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sialylation, fucosylation and bisection were calculated (Table 4.2 and Table S2 in 

Supplementary information).  

 

Table 4.2 Subclass-specific derived traits.  

Derived trait a Depiction b Description c 

Hybrids 

 
Fraction of hybrid-type glycans 

Bisection 

 

Fraction of glycans with a bisecting N-

acetylhexosamine 

Fucosylation 

 

Fraction of glycans with a core fucose 

Galactosylation 
 

Galactosylation per antenna of 

diantennary glycans 

Sialylation 

 

Sialylation per antenna of diantennary 

glycans 

Sialylation per 

galactose 
 

Sialylation per galactose of diantennary 

glycans 

a The individual glycoforms were grouped based on their glycosylation features as described before 

for IgG glycopeptides in human [176]. b Green circle: mannose, yellow circle: galactose, blue square: 

N-acetylglucosamine, red triangle: fucose, pink diamond: N-acetylneuraminic acid. The depictions of 

the derived traits show the minimally required composition to contribute to a trait. c For detailed 

calculations of the traits, see Table S2 in Supplementary information. 

4.3.1 IgG Fc Glycosylation Differences between Patients and Healthy Controls 

For the total patient group pre-HSCT, IgG Fc bisection was higher than for healthy controls 

(e.g. IgG1: 14.8% vs. 10.1%, respectively, p = 2.5*10-7; Table S3 and Figure S3 in 

Supplementary information) while IgG1 and IgG2/3 galactosylation and sialylation were 

lower (e.g. IgG1 galactosylation: 51.9% vs. 59.9%, p = 3.2*10-6; Figure 4.3, Table S3 and 

Figure S3 in Supplementary information). Furthermore, specifically on IgG1, fucosylation 

and hybrid-type glycans were lower in patients than in controls (fucosylation: 95.6% vs. 

97.5%, p = 1.1*10-5, and hybrid-types: 0.3% vs. 0.4%, p = 6.6*10-3; Table S3 and Figure S3 

in Supplementary information).  

The patients were grouped according to their diagnosis, resulting in a group with 

malignant and with non-malignant hematological diseases (Table 4.1). These groups differ 

in disease course and treatment before HSCT, and were hence compared separately to 

healthy controls with respect to IgG Fc glycosylation (Table S4 and Table S5 in 
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Supplementary information). The pre-HSCT malignant hematological disease group 

differed in IgG Fc glycosylation from age-matched healthy controls similar to the overall 

pre-HSCT patient group (Figure 4.4, Figure 4.5 and Table S4 in Supplementary 

information). In contrast, the pre-HSCT non-malignant hematological disease group only 

showed a decrease in IgG1 fucosylation as compared to age-matched healthy controls 

(Table S5 and Figure S5 in Supplementary information). 

 

 

Figure 4.3 IgG Fc galactosylation in all patients, compared to their donors and age-matched 

healthy controls. IgG Fc Galactosylation on (A) IgG1, (B) IgG2/3 and (C) IgG4 is different between 

patients before HSCT (Pre) and their donors (D). No changes were observed between patients pre- 

and twelve months post-HSCT (12 m). In general, patients before and after HSCT have lower 

galactosylation than age-matched healthy controls (H), although this was not statistically significant 

for IgG4 galactosylation. 6 m: patients six months after HSCT. Patients and donors were compared 

by Wilcoxon signed-rank tests, healthy controls and patients with Mann Whitney U tests. p-values < 

0.015 were considered statistically significant after 5% FDR correction (as indicated by the asterisks 

above the plots). For IgG1 galactosylation, n (H, Pre, 6 m, 12 m, D) = 81, 32, 34, 34, 29, for IgG2/3 

galactosylation, n (H, Pre, 6 m, 12 m, D) = 69, 32, 32, 33, 29, for IgG4 galactosylation, n (H, Pre, 6 m, 

12 m, D) = 59, 27, 15, 17, 28, respectively.  

4.3.2 The Impact of HSCT on IgG Fc Glycosylation 

In the whole dataset, pre-HSCT IgG Fc glycosylation differed from the corresponding 

donors (Table S3 and Figure S3 in Supplementary information). For all subclasses, IgG 

galactosylation was higher in donors than in recipients pre-HSCT (IgG1: 60.8% vs. 51.9%, p 
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= 5.5*10-6; Figure 4.3). In addition, IgG1 fucosylation was lower in donors (94.1%) than in 

recipients pre-HSCT (95.6%, p = 1.0*10-3), while IgG1 sialylation was higher in donors 

(10.0%) than in recipients (8.5%, p = 1.5*10-3; Table S3 and Figure S3 in Supplementary 

information). Both galactosylation and IgG1 sialylation, were still lower in patients twelve 

months post-HSCT as compared to the donors, and no difference in galactosylation and 

sialylation was observed between the patients pre-HSCT and twelve months post-HSCT 

(Figure 4.3, Table S3 and Figure S3 in Supplementary information). The differences in IgG 

Fc glycosylation between pre-HSCT patients and healthy controls, as described above, 

were still observed twelve months post-HSCT, except for IgG1 hybrid-type glycans and 

IgG2/3 sialylation which both normalized (Table S3 in Supplementary information). 

 

 

Figure 4.4 IgG1 Fc galactosylation in all patients stratified on diagnose, compared to their donors 

and age-matched healthy controls. IgG1 Fc galactosylation in children (A) with non-malignant 

hematological diseases and (B) with malignant hematological diseases. H: age-matched healthy 

controls, Pre: patients prior to HSCT, 6 m: patients six months after HSCT, 12 m: patients twelve 

months after HSCT, D: donors prior to HSCT. Patients and donors were compared by Wilcoxon 

signed-rank tests, healthy controls and patients with Mann Whitney U tests. p-values < 0.015 were 

considered statistically significant after 5% FDR correction (as indicated by the asterisks above the 

plots). For non-malignant hematological diseases, n (H, Pre, 6 m, 12 m, D) = 18, 16, 18, 18, 14, for 

malignant hematological diseases, n (H, Pre, 6 m, 12 m, D) = 16, 16, 16, 16, 15, respectively. 
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Figure 4.5 IgG1 Fc glycosylation features in patients with malignant hematological diseases, 

compared to their donors and age-matched healthy controls. IgG1 (A) hybrid-type glycans and (B) 

sialylation differ between healthy controls (H) and patients before HSCT (Pre). In addition, IgG1 (A) 

hybrid-type glycans and (B) sialylation are different between patients and donors (D), and IgG1 (A) 

hybrid-type glycans and (C) sialylation per galactose change within the patients after HSCT. 6 m: 

patients six months after HSCT, 12 m: patients twelve months after HSCT. Patients and donors were 

compared by Wilcoxon signed-rank tests, healthy controls and patients with Mann Whitney U tests. 

p-values < 0.015 were considered statistically significant after 5% FDR correction (as indicated by the 

asterisks above the plots). For all IgG1 glycosylation features in patients treated for malignant 

hematological diseases, n (H, Pre, 6 m, 12 m, D) = 16, 16, 16, 16, 15, respectively. 

The effect of HSCT on IgG Fc glycosylation was studied additionally for the two diagnosis 

groups separately (Table S4 and S5 and Figure S4 and S5 in Supplementary information). 

The observations made on IgG Fc galactosylation in the total data set, were found back in 

the patients treated for malignant hematological diseases, but only partly in the other 

subgroup (Figure 4.4). For the patients treated for hematological malignancies, 

galactosylation was lower for the recipients pre-HSCT (46.3%) than for the donors (IgG1: 

61.0%, p = 1.2*10-4). The reduced galactosylation in recipients was still observed twelve 

months post-HSCT (47.4%, p = 6.1*10-5), while no difference was observed between 

patients before and after HSCT (Figure 4.4 and Table S4 in Supplementary information). 

Another glycosylation trait that was found to be overall low, but significantly lower only in 

pre-HSCT patients with a hematological malignancy as compared to their donors, was the 

relative presence of the IgG1 hybrid-type glycans (recipient: 0.25% and donor: 0.32%, p = 
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1.2*10-4). In contrast to galactosylation, the abundance of hybrid-type glycans normalized 

after HSCT (0.35%; Figure 4.5A and Table S4 in Supplementary information). In addition, 

IgG1 sialylation was only lower in the patients with a hematological malignancy pre-HSCT 

(6.8%) as compared to their donors (9.6%, p = 3.1*10-4), and showed an increasing trend 

after HSCT (Figure 4.5B). This increase in IgG1 sialylation was more pronounced when 

assessed per galactose (pre-HSCT: 15.0%, 12 months post-HSCT: 17.6%, p = 1.5*10-3) and 

sialylation per galactose was higher after HSCT (17.6%) than in the corresponding donors 

(15.8%, p = 1.2*10-4; Figure 4.5C). 

The group treated for non-malignant diseases showed no differences between donors and 

recipients pre-HSCT (Figure 4.4 and Table S5 in Supplementary information). However, a 

decrease in fucosylation was observed after HSCT (IgG1-pre: 96.3%, post: 95.5%, p = 

1.2*10-2; Table S5 and Figure S5 in Supplementary information). In addition, IgG1 

fucosylation and galactosylation were lower post-HSCT than for age-matched healthy 

controls (fucosylation: 95.5% vs. 97.9%, p = 6.6*10-4, and galactosylation: 51.4% vs. 60.2%, 

p = 6.0*10-6; Figure S5 in Supplementary information), while bisection was higher for the 

post-HSCT patients as compared to the controls (13.5% and 10.1%, p = 1.1*10-4, 

respectively). Of note, the post-HSCT levels of galactosylation (IgG1: 51.4%) were also 

lower than those found in the donors (60.8%, p = 9.8*10-4; Figure S5 and Table S5 in 

Supplementary information).  

 

4.4 Discussion 

4.4.1 Recipient Galactosylation is Different from Donor Galactosylation 

Here we studied IgG Fc glycosylation in pediatric patients before and after HSCT as 

compared to their donors. Looking at the whole data set, the most prominent IgG Fc 

glycosylation differences between donors and recipients pre-HSCT were observed in the 

galactosylation, which was lower in the patients as compared to the donors independently 

of the IgG subclass. This cannot be explained by the age difference between the groups, as 

galactosylation does hardly differ between children and young adults [84, 176]. 

Furthermore, a significant difference remained present for the galactosylation of IgG1 and 

IgG2/3 when comparing recipients pre-HSCT with healthy age-matched controls. 

Therefore, a low galactosylation state most likely reflects glycosylation changes caused by 

the disease and/or the treatment thereof. This is supported by the observation that, when 

the patients were stratified based on diagnosis, only the children treated for 

hematological malignancies showed a lower galactosylation as compared to both their 

donors and the healthy age-matched controls. IgG Fc galactosylation was reported before 

to be lowered in patients with solid tumors [102, 103]. 
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Twelve months after HSCT, the patients treated for hematological malignancies still 

showed a lower IgG Fc galactosylation as compared to their donors, which indicates that 

the recipients produce IgG with a Fc glycosylation pattern that partly mimics the profile of 

the recipient pre-HSCT and not the donor profile. Of note, although for the patient-

subgroup treated for non-malignant hematological diseases the pre-HSCT galactosylation 

level did not differ from the donor, twelve months post-HSCT their galactosylation was 

also lower than that of the donors. The low level of galactosylation at this stage after 

HSCT, when all study patients were in a stable and uncomplicated clinical condition, was 

comparable between the two subgroups. A likely explanation for this aberrant IgG Fc 

galactosylation is, at least partly, the regulation of this Fc glycosylation trait by host 

microenvironmental factors like cytokines or hormones which persists for a prolonged 

period after HSCT. In this respect it would be interesting to study the expression of glycan-

modifying enzymes, like glycosyltransferases and glycosidases, and influencers thereof, 

both before and after HSCT. While the used chemotherapeutic medication (for example 

clofarabine) has been reported to perform their function through epigenetic mechanisms, 

it seems unlikely that this influences the IgG production by the donor B cells as these 

drugs are administered to the patients before the HSCT and are cleared from the 

circulation rapidly.  

4.4.2 Hybrid-type Glycans and Sialylation Increase after HSCT 

While aberrant galactosylation in patients treated for hematological malignancies did not 

change after HSCT, IgG1 hybrid-type glycans and sialylation per galactose increased to a 

normal level after HSCT in these patients. Although for all samples in the cohort the total 

relative abundance of the hybrid-type glycans was below 1% of the total glycan profile, 

still a clear increase was observed in the proportion of hybrid-type glycans after HSCT for 

hematological malignancies. Hybrid-type structures are an intermediate in the 

glycosylation biosynthesis, emerging in the medial Golgi with limited α-mannosidase II 

activity to trim the mannoses on the α1,6-arm of the glycoconjugate, or upon addition of a 

bisecting GlcNAc before trimming takes place, as the presence of bisection inhibits the 

activity of α-mannosidase II [199]. Hybrid-type glycans have been reported to be present 

on human polyclonal IgG [26, 27], albeit in minor amounts, and little is known of their 

specific effects on IgG-Fc function.  

Similar to galactosylation, IgG1 sialylation was low in patients with hematological 

malignancies pre-HSCT as compared to both the healthy controls and donors. However, 

after HSCT, sialylation showed an increase, which was more pronounced when studied 

relative to the level of galactosylation. While pre-HSCT sialylation was lower than in 

healthy controls and in donors, post-HSCT no difference was observed between case and 

control or donor levels. In addition, post-HSCT sialylation per galactose was higher than 

the levels observed in the donors. While overall sialylation effects might be a possible 
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side-effect of changing galactosylation (terminal galactoses are a substrate for sialylation), 

an increase in the amount of sialic acids per galactose is likely to be caused by the up-

regulation of the sialyltransferase ST6Gal1 or an increased availability of the substrate 

CMP-sialic acid [192]. Next to the regulation inside the B cell by genetic and local factors 

[74, 78, 196], IgG Fc sialylation in mice is also reported to by dynamically regulated 

independently of the B cell [200]. This is suggested to happen in a stress driven way, with 

the accumulation of platelets that serve as source of CMP-sialic acid [201]. In murine 

models an increase in Fc sialylation was reported to act as an anti-inflammatory regulator 

resulting in up-regulation of the FcγRIIb on macrophages [202]. However, this finding is 

hard to translate directly to the human situation, due to the differences between mice 

and men in IgG effector functions [45]. In human in vitro models, an increased Fc 

sialylation on polyclonal IgG was connected to a decreased C1q binding and, consequently, 

to an impairment of complement-mediated cytotoxicity (CDC) [56]. 

While various association studies in humans point towards a more pronounced role of 

galactosylation rather than of sialylation in potentially mediating pro- and anti-

inflammatory effects of IgG [54, 97, 203], these studies were all performed in the adult 

population, while knowledge about the effects in children is limited. A recent study 

showed the decrease of sialylation per galactose, but not of galactosylation, with age in 

healthy children [176]. Contrary, for healthy adults it was reported that galactosylation 

decreases with age, while sialylation per galactose remains stable in males and only 

slightly decreases in females [28]. These differences in the regulation of IgG 

galactosylation and sialylation between children and adults warrant further investigation 

as to the causes as well as downstream effects. 

Both IgG1 hybrid-type glycans and sialylation showed a difference between the healthy 

controls or donors and the recipient treated for hematological malignancies pre-HSCT 

which was not observed anymore post-HSCT. This might indicate that environmental 

factors regulating these Fc glycosylation traits have been normalized. 

4.4.3 Disease-specific IgG Fc Glycosylation 

While for patients treated for hematological malignancies, pre-HSCT, multiple differences 

in IgG Fc glycosylation were observed as compared to healthy controls, for the group with 

non-malignant diseases less profound differences were found between cases and controls. 

Specifically, lower levels of galactosylation and sialylation, as well as lower hybrid-type 

glycans, were exclusively observed in the group of hematological malignancies. It has 

previously been reported that IgG galactosylation decreased with different forms of 

cancer in adults, like ovarian and colorectal cancer [102, 103] while corresponding 

knowledge on malignancies in children has hitherto been lacking. To our knowledge, the 

only IgG glycosylation studies performed in diseased children so far were in patients with 

allergic diseases, asthma and juvenile idiopathic arthritis, showing no associations 
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between aberrant IgG glycosylation profiles and the two former disorders [76, 105], and a 

decreased galactosylation and sialylation in juvenile idiopathic arthritis [66]. Here we show 

that pediatric patients treated for hematological malignancies have an altered IgG Fc 

glycosylation, which might be specific for their condition or treatment regimens as 

compared to patients treated for non-malignant hematological diseases. 

4.4.4 Conclusion 

While the B cells in children after HSCT are mainly of donor origin [204] and patients were 

investigated after reaching independency of IgG supplementation, we found that IgG Fc 

glycosylation in our pediatric cohort did not reflect the glycosylation pattern of the 

donors. Galactosylation was already low pre-HSCT in patients treated for hematological 

malignancies as compared to their donors and age-matched healthy controls, and 

remained at this lower level the first year after HSCT. In patients treated for non-

malignant hematological diseases, galactosylation showed a strong decrease to similarly 

low levels after HSCT. These data suggest that external local influences on the IgG Fc 

glycosylation are operative before HSCT in patients treated for hematological 

malignancies as well long term after HSCT independently of the original disease. To further 

identify the external factors influencing IgG glycosylation after HSCT, future research 

should focus on the expression of glycan-modifying enzymes in the ER and Golgi 

apparatus, and in addition on the molecules that can influence up- and down-regulation of 

these enzymes, like cytokines and hormones [78, 196]. Furthermore, antigen-specific IgG 

glycosylation analysis, for example of anti-pneumococcal or anti-meningococcal 

antibodies after vaccination or of autoantibodies, might shed light on the influence of 

antigen stimulation on the IgG glycosylation profile.  

Other IgG1 glycosylation features like hybrid-type glycans and sialylation, were also low 

prior to HSCT in the group treated for hematological malignancies, but normalized after 

transplantation. This could either be explained by normalization of environmental factors 

influencing the latter IgG Fc glycosylation traits upon curing the disease or by a reflection 

of the donor glycosylation status, based on donor genetics. Future studies, in populations 

that contain both cases with and without post-HSCT complications like 

immunodeficiencies or antibody mediated autoimmunity, might reveal pathology-specific 

glycosylation profiles.   
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Pediatric meningococcal sepsis often results in morbidity and/or death, especially in young 

children. Our understanding of the reasons why young children are more susceptible to 

both the meningococcal infection itself and a more fulminant course of the disease is 

limited. Immunoglobulin G (IgG) is involved in the adaptive immune response against 

meningococcal infections and its effector functions are highly influenced by the glycan 

structure attached to the fragment crystallizable (Fc) region.  

It was hypothesized that IgG Fc glycosylation might be related to the susceptibility and 

severity of meningococcal sepsis. Because of this, the differences in IgG Fc glycosylation 

between 60 pediatric meningococcal sepsis patients admitted to the pediatric intensive 

care unit and 46 age-matched healthy controls were investigated, employing liquid 

chromatography with mass spectrometric detection of tryptic IgG glycopeptides. In 

addition, Fc glycosylation profiles were compared between patients with a severe 

outcome (death or the need for amputation) and a non-severe outcome.  

Meningococcal sepsis patients under the age of 4 years showed lower IgG1 fucosylation 

and higher IgG1 bisection as compared to age-matched healthy controls. This might be a 

direct effect of the disease, however, it can also be a reflection of previous immunological 

challenges and/or a higher susceptibility of these children to develop meningococcal 

sepsis. Within the young patient group, levels of IgG1 hybrid-type glycans and IgG2/3 

sialylation per galactose were associated with illness severity and severe outcome. Future 

studies in larger groups should explore whether IgG Fc glycosylation could be a reliable 

predictor for meningococcal sepsis outcome. 
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5.1 Introduction 

Meningococcal infections continue to cause significant mortality and morbidity, despite 

important reductions in the number of cases as a result of vaccination programs [206, 

207]. Several factors associated with susceptibility and/or severity have been identified, 

e.g. living in crowded conditions, passive smoking and antecedent viral infections [208, 

209]. In addition, younger age (<4 years) is an important risk factor for both disease 

susceptibility and severity, presumably due to an immature immune system [206, 210, 

211]. However, the exact mechanism causing young children to be more vulnerable and 

the factors determining the course of disease are largely unknown [210]. Besides 

identifying risk factors for the susceptibility of children to be admitted to the pediatric 

intensive care unit (PICU) with meningococcal sepsis, there is a great interest in identifying 

prognostic markers to predict the course of the disease and severe outcomes (e.g. death 

or the need for amputation). These markers would help to decide on appropriate 

treatment strategies for the individual patients [212]. Several laboratory markers have 

proven to be of predictive value for the course of meningococcal sepsis, including levels of 

procalcitonin, C-reactive protein (CRP), leukocytes, thrombocytes, plasminogen activator 

inhibitor 1 (PAI-1), fibrinogen and various cytokines [213-215]. In addition to the individual 

markers, predictive scores were developed and validated for the course of meningococcal 

sepsis, among which the pediatric risk of mortality (PRISM) score [216], the Rotterdam 

score [214] and the base rate and platelet count (BEP) score [217], all reported to have a 

good predictive performance for meningococcal sepsis mortality with an AUC between 

0.80 and 0.96 [217].  

Immunoglobulin G (IgG) plays an essential role in humoral immune responses and is highly 

involved in the adaptive immune response against meningococcal infections [218, 219]. 

IgG specific for meningococcal serogroup B is able to initiate complement-dependent lysis 

of the bacterium and leukocyte-mediated phagocytosis [220, 221]. Both the complement- 

and the leukocyte-mediated effector functions are mainly induced by IgG1 and IgG3 while 

the other two IgG subclasses show less activity (IgG2) or no activity at all (IgG4) [219]. It 

was suggested that the severity of the disease in young children in particular is not 

determined by the abundance of (certain subclasses of) antimeningococcal-IgG, but rather 

by either the specificity or affinity of the IgG molecule for the antigen or the IgG receptors 

[218]. 

Of great influence on the receptor affinity of IgG is the N-glycan on its fragment 

crystallizable (Fc) at Asn297 [49, 195]. The Fc portion of the IgG molecule is N-glycosylated 

in the endoplasmic reticulum (ER) and Golgi apparatus of B lymphocytes, a process which 

is under the regulation of both genetic factors and environmental B cell stimuli [74, 78, 

196]. Functional studies have shown the effect of alterations in IgG Fc glycosylation on the 

binding affinity to both Fcγ receptors (FcγR) and complement factor C1q [37]. For 
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example, increased IgG1 Fc galactosylation showed increased C1q binding and 

complement-dependent cytotoxicity (CDC) [37, 56]. Of note, afucosylation of IgG1 Fc 

glycans resulted in substantially increased binding of the antibody to FcγRIIIa and FcγRIIIb, 

which resulted in increased antibody-dependent cellular cytotoxicity (ADCC) [37, 49]. 

In addition to the influence of IgG Fc glycosylation on receptor interaction, changes in the 

glycosylation are also associated with various inflammatory diseases, like active 

tuberculosis infections [101], HIV [98], alloimmune cytopenias [99, 100], and autoimmune 

diseases like rheumatoid arthritis [92] and inflammatory bowel disease [95, 222]. Because 

of the large influence of IgG glycosylation on the antibody function and its association with 

inflammatory processes, we hypothesize that the fast development of meningococcal 

sepsis could be associated with Fc glycosylation profiles in the total plasma IgG pool. The 

aim of this study was to identify differences in IgG Fc glycosylation between pediatric 

meningococcal sepsis patients and age-matched healthy controls. In addition, we 

evaluated the potential of specific glycosylation features to serve as a predictive marker 

for disease outcome. 

 

5.2 Results 

IgG Fc glycosylation was analyzed in a subclass-specific way for 60 pediatric patients with a 

meningococcal infection admitted to the PICU, as well as for 46 age and sex matched 

healthy controls (Table 5.1 and Table S1 in Supplementary Material). For all samples 22 

IgG1 Fc glycoforms were quantified, for 57 cases and 34 controls 15 IgG2/3 glycoforms 

were quantified and for 48 cases and 29 controls 10 IgG4 glycoforms were quantified 

(Figure 5.1 and Table S1 and S2 in Supplementary Material). From these directly measured 

glycan traits, derived traits were calculated per IgG subclass. This was done based on 

glycan type (complex or hybrid-type), bisection, fucosylation, galactosylation and 

sialylation (Table 5.2 and Table S2 in Supplementary Material). The samples of the healthy 

controls, remeasured in the current study, were a subset of a larger cohort previously 

analyzed using a different technique, based on the matrix assisted laser/desorption 

ionization time-of-flight mass spectrometric (MALDI-TOF-MS) detection of derivatized 

glycopeptides [176]. The healthy controls featured a lower IgG1 fucosylation and IgG1 and 

IgG2/3 sialylation with higher age as already previously reported for this control cohort 

(Figure S1 and Table S3 in Supplementary Material). In addition, we detected a lower 

relative abundance of IgG1 and IgG2/3 hybrid-type glycans with higher age in the healthy 

controls, as well as a higher abundance of bisected glycans on IgG2/3 with higher age, 

both not previously described for healthy children in this age category (Figure S1 in 

Supplementary Material)[84, 176]. 
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Table 5.1 Baseline characteristics of children admitted to PICU with meningococcal sepsis and of 

their age-matched healthy controls. Median and interquartile ranges are presented unless indicated 

differently. PRISM: Pediatric risk of mortality [216]; P (death Rotterdam): Predicted death rate (%) 

based on the Rotterdam score [214]; DIC: Disseminated intravascular coagulation [223], PAI-1: 

Plasminogen activator inhibitor-1; TNFα: Tumor necrosis factor. The number of samples for which 

specific clinical data was available can be found in Table S1 in Supplementary Material. 

 

5.2.1 IgG Fc glycosylation differences between patients with meningococcal sepsis and 

healthy controls  

Comparing the derived glycosylation traits for all IgG subclasses between the 

meningococcal patients and the healthy controls (Table S4 in Supplementary Material) 

revealed a lower IgG1 fucosylation in the children with a meningococcal infection (median 

 Patients 

(n=60) 

Patients <4 years 

(n=37) 

Patients ≥4 years 

(n=22) 

Age (years) 2.5 [1.5-8.8] 1.8 [1.2-2.4] 10.1 [6.7-12.3] 

Sex (male n, %) 35 (59%) 23 (62%) 12 (55%) 

Illness severity 

PRISM score 

P (death Rotterdam) 

DIC score 

 

20 [12-25] 

11 [1-82] 

5 [4-6] 

 

21 [14-25] 

32 [2-89] 

5 [4-7] 

 

19 [9-27] 

5 [1-14] 

5 [4-7] 

Coagulation markers 

Thrombocytes (x106/L) 

Fibrinogen (g/L) 

PAI-1 (µg/mL) 

 

97 [54-150] 

2.3 [0.9-3.2] 

4.8 [2.7-6.9] 

 

92 [49-166] 

2.3 [0.9-4.0] 

5.4 [3.6-10.7] 

 

109 [82-138] 

2.2 [1.1-2.9] 

4.3 [1.5-6.0] 

Inflammatory markers 

Leukocytes (x109/L) 

C-reactive protein 

(mg/L) 

Procalcitonin (ng/mL) 

TNFα (pg/mL) 

Interleukin-6 (ng/mL) 

Interleukin-8 (ng/mL) 

 

7.8 [4.0-15.3] 

74 [44-119] 

281 [83-482] 

8.4 [5.0-19.8] 

72 [18-383] 

20 [4-119] 

 

7.1 [3.4-14.3] 

60 [39-115] 

361 [145-498] 

12.0 [5.3-23.0] 

176 [42-723] 

33 [5-219] 

 

11.0 [5.5-17.2] 

91 [69-128] 

243 [20-468] 

5.0 [5.0-17.5] 

38 [1-258] 

9 [1-58] 

Outcome 

Mortality (n, %) 

 

12 (20%) 

 

10 (27%) 

 

2 (9%) 

Amputation (n, %) 7 (12%) 2 (5%) 5 (23%) 

Severe outcome (n, %) 19 (32%) 12 (32%) 7 (32%) 

 Controls 

(n=46) 

Controls <4 years 

(n=24) 

Controls ≥4 years 

(n=22) 

Age (years) 3.9 [1.4-10.0] 1.5 [0.8-2.8] 10.0 [6.7-11.6] 

Sex (male n, %) 28 (61%) 15 (63%) 13 (59%) 
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cases: 96.1%, controls: 97.8%; Figure 5.2A). When comparing children in the younger age 

category (< 4 years old) separately form the older children (≥ 4 years old) this effect 

appeared to be strongly present in the younger children (cases: 96.1%, controls: 98.1%; 

Figure 5.2B, Table 5.3), while for the older children the difference in IgG1 fucosylation was 

only detected as trend (Figure 5.2C). Also IgG1 bisection showed to associate with disease 

in children below 4, being higher in meningococcal patients (11.0%) compared to healthy 

controls (8.4%; Figure 5.2E, Table 5.3). In the older age group, a corresponding trend was 

observed (Figure 5.2D and F). 

 

 

Figure 5.1 IgG1 glycoforms detected in healthy controls and meningococcal patients. 

Representative mass spectra of a (A) healthy 2.8 year old boy and a (B) 2.8 year old male 

meningococcal patient. Annotated are the 15 overall most abundant IgG1 glycoforms, the 

glycoforms that were found to be higher in the meningococcal patients as compared to healthy 

controls (diantennary glycans without fucose or with a bisecting GlcNAc) are indicated in the 

spectrum of the patient (B). The proposed glycan structures are based on fragmentation and 

literature [74, 176]. Green circle: mannose, yellow circle: galactose, blue square: N-

acetylglucosamine (GlcNAc), red triangle: fucose, pink diamond: N-acetylneuraminic acid (Neu5Ac). 
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Table 5.2 Derived glycosylation traits. The individual glycoforms were grouped based on their 

glycosylation features as described before for IgG glycopeptides [176]. Green circle: mannose, 

yellow circle: galactose, blue square: N-acetylglucosamine, red triangle: fucose, pink diamond: N-

acetylneuraminic acid. The depictions of the derived traits show the minimally required composition 

to contribute to the given trait. For detailed calculations of the traits, see Table S2 in the 

Supplementary Material. 

Derived trait Depiction Description 

Hybrid-type 

 
Fraction of hybrid-type glycans 

Bisection 

 

Fraction of glycans with a bisecting N-
acetylglucosamine 

Fucosylation 

 

Fraction of glycans with a core fucose 

Galactosylation 
 

Galactosylation per antenna of 
diantennary glycans 

Sialylation 

 

Sialylation per antenna of diantennary 
glycans 

Sialylation per 

galactose 
 

Sialylation per galactose of diantennary 
glycans 

 

5.2.2 IgG Fc glycosylation associates with patient outcome in children below 4 years old 

IgG Fc glycosylation differences between cases and controls were most pronounced in the 

young children (below the age of 4 years), a group known to behave clinically different 

from older meningococcal infected patients [210, 224]. The glycosylation differences 

between patients with severe disease outcome (death or amputation) and non-severe 

disease outcome (full recovery) were only compared within this group (Table 5.3), as our 

cohort contained high data density in this age category (Figure S2 in Supplementary 

Material). The abundance of hybrid-type structures on IgG1 was found to be overall low 

(below 1%), however it appeared to be even lower in patients with a severe disease 

outcome (0.37%) as compared to the patients that fully recovered (0.50%; Figure 5.3A). A 

similar observation was done for the hybrid-type structures on IgG2/3 (Figure 5.3B), of 

which the levels correlated significantly with the levels of IgG1 hybrid-type glycans (Figure 

S3 in Supplementary Material). In addition, IgG2/3 sialylation per galactose was lower in 

patients with a severe disease outcome (19.3%) as compared to the patients with non-

severe outcome (21.9%; Figure 5.3D). A similar trend was also observed for sialylation per 

galactose on the other IgG subclasses (Figure 5.3C and E), which correlated positively with 

the levels on IgG2/3 (Figure S3 in Supplementary Material). The IgG1 hybrid-type glycans, 
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Figure 5.2 IgG1 Fc fucosylation and bisection are different between meningococcal patients (M) 

and healthy controls (H) below the age of 4. IgG1 Fc fucosylation in meningococcal patients 

between 0 and 18 (A), 0 and 3.9 (B) and 4 and 18 (C) years old compared to age-matched healthy 

controls and IgG1 Fc bisection in meningococcal patients between 0 and 18 (D), 0 and 3.9 (E) and 4 

and 18 (F) years old compared to age-matched healthy controls. Shown are box and whisker plots, 

where the boxes represent the inter quartile range (IQR) and the whiskers 1.5xIQR. After multiple 

testing correction, p-values below 2.7x10-3 were considered statistical significant (indicated by an 

asterisk). The number of samples for which subclass-specific glycosylation data was available can be 

found in Table S1 in Supplementary Material. 
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as well as the sialylation per galactose on IgG2/3 associated negatively with the Rotterdam 

score (IgG1 hybrid-type correlation coefficient (r) = -0.6, IgG2/3 sialylation per galactose r 

= -0.7; Figure 5.4 and Table S5 in Supplementary Material), known to be predictive for 

patient outcome [214]. Also IgG1 and IgG2/3 sialylation associated negatively with the 

Rotterdam score (IgG1 r = -0.5, IgG2/3 r = -0.6). In addition, IgG2/3 sialylation and IgG4 

sialylation per galactose associated negatively with the other clinically used predictive 

score, PRISM (r = -0.6 for both; Figure 5.4) [216] which correlated positively with the 

Rotterdam score (Figure S3 in Supplementary Material). The described associations were 

less pronounced in the total dataset, and were not present for the older pediatric patients 

(Figure S3 in Supplementary Material). 

5.2.3 Associations between IgG Fc glycosylation and inflammatory markers 

Various inflammatory markers were measured in the patient samples, including levels of 

thrombocytes, fibrinogen, PAI-1, CRP, leukocytes, procalcitonin, TNFα and IL-6 and -8. 

Thrombocyte levels associated positively with IgG1 and IgG2/3 hybrid-type glycans in the 

young children (r = 0.6 for the hybrid-type glycans on both subclasses; Figure 5.4 and 

Table S5 in Supplementary Material). The same effect was seen for IgG1 hybrid-type 

glycans and fibrinogen levels (r = 0.6). In addition, IgG2/3 sialylation per galactose 

correlated positively with fibrinogen and thrombocyte levels (r = 0.6 and 0.7, respectively). 

Furthermore, IgG2/3 sialylation associated negatively with PAI-1 levels (r = -0.7) and IgG1 

fucosylation associated negatively with IL-6 (r = -0.7). In the older pediatric meningococcal 

patients, leukocyte levels were positively associated with IgG1 and IgG2/3 hybrid-type 

structures (r = 0.6 for both subclasses) and patients with lower CRP levels had lower levels 

of IgG2/3 hybrid-type structures (r: 0.7; Figure S3 and Table S5 in Supplementary 

Material).  

 

5.3 Discussion 

5.3.1 IgG Fc glycosylation in patients with meningococcal sepsis 

Pediatric meningococcal infections resulting in septic shock often occur in young and 

previously healthy children [206]. The reason why young children are more susceptible to 

this severe infection and the factors that determine the outcome of disease are largely 

unknown [210]. In this study, we analyzed the IgG Fc glycosylation of children admitted to 

the PICU with meningococcal sepsis. Changes in IgG Fc glycosylation are known to have a 

large influence on the effector function of the antibody and are associated with various 

inflammatory conditions [37, 49, 56, 92, 101].   
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Cases and controls <4 years  Meningococcal patients <4 years 

Healthy Patients Non severe Severe 

Derived trait Median % (IQR) Median % (IQR) p-value  Median % (IQR) Median % (IQR) p-value  

IgG1 Hybrid-type 0.45 (0.43-0.52) 0.45 (0.41-0.53) 8.0E-01 0.50 (0.44-0.54) 0.37 (0.35-0.43) 2.1E-03 

IgG1 Bisection 8.4 (7.4-10.3) 11.0 (9.2-12.9) 2.0E-03 10.0 (9.1-11.8) 13.1 (11.6-14.3) 3.0E-02 

IgG1 Fucosylation 98.1 (97.8-98.4) 96.1 (94.2-97.3) 1.9E-06 96.4 (94.6-97.8) 94.5 (93.9-95.8) 2.7E-02 

IgG1 Galactosylation 61.9 (56.7-63.6) 61.6 (58.4-63.3) 8.2E-01 62.2 (59.1-63.4) 59.7 (56.9-62.1) 2.1E-01 

IgG1 Sialylation 11.3 (10.1-12.8) 10.6 (9.7-11.9) 1.5E-01 11.2 (10.3-11.9) 9.6 (9.2-10.4) 1.8E-02 

IgG1 Sialylation per galactose 18.4 (17.7-19.7) 17.8 (16.9-18.7) 3.7E-02 18.2 (17.5-19) 17.2 (15.9-17.6) 1.6E-02 

IgG2/3 Hybrid-type 0.43 (0.40-0.54) 0.39 (0.30-0.49) 9.5E-02 0.43 (0.39-0.51) 0.30 (0.25-0.35) 4.8E-03 

IgG2/3 Bisection 7.4 (6.3-8.1) 9.7 (8.8-11.2) 4.0E-03 9.2 (8.5-10) 11.1 (9.2-11.6) 1.2E-01 

IgG2/3 Fucosylation 98.4 (98.3-98.7) 97.7 (97.5-98.1) 5.7E-03 97.8 (97.5-98.4) 97.5 (97.5-98) 4.6E-01 

IgG2/3 Galactosylation 54.5 (46.7-58.1) 51.4 (49.2-53.6) 5.1E-01 51.8 (49.3-54.4) 51.3 (49.8-52.6) 6.1E-01 

IgG2/3 Sialylation 13.1 (9.3-14.3) 10.6 (9.7-11.7) 2.1E-01 11.0 (10.5-11.9) 9.6 (9.4-10.3) 8.3E-03 

IgG2/3 Sialylation per galactose 23.7 (21.4-24.7) 21.1 (19.5-22.6) 1.4E-02 21.9 (20.5-23.1) 19.3 (18.5-20.9) 2.0E-03 

IgG4 Bisection 13.2 (10.6-14.5) 15.5 (13.5-16) 1.7E-01 14.2 (12.4-15.8) 15.9 (15.7-16.1) 3.8E-02 

IgG4 Galactosylation 51.6 (44.5-54.9) 54.5 (52.5-58.2) 7.0E-02 55.8 (52.4-59.1) 53.7 (52.7-55.4) 4.5E-01 

IgG4 Sialylation 14.1 (11.3-14.9) 13.6 (12.4-14.7) 8.5E-01 14.4 (13.4-15.4) 12.5 (12.3-13) 2.3E-02 

IgG4 Sialylation per galactose 26.5 (25.2-28.6) 24.9 (23-26.7) 1.5E-01 25.7 (23.6-27.3) 22.9 (22.6-25.1) 2.7E-02 
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Figure 5.3 Levels of IgG Fc glycosylation features between meningococcal patients below the age 

of 4 with severe (S) and non-severe (NS) disease outcome. Shown are box and whisker plots of the 

levels of (A) IgG1 hybrid-type glycans, (B) IgG2/3 hybrid-type glycans, (C) IgG1 sialylation per 

galactose, (D) IgG2/3 sialylation per galactose, (E) IgG4 sialylation per galactose, where the boxes 

represent the inter quartile range (IQR) and the whiskers 1.5xIQR. After multiple testing correction, 

p-values below 2.7x10-3 were considered statistically significant (indicated by an asterisk). The 

number of samples for which subclass-specific glycosylation data was available can be found in 

Table S1 in Supplementary Material.  

We found IgG1 Fc fucosylation to be lower in patients as compared to age-matched 

healthy controls. As previous research showed no sex-related IgG glycosylation effects in 

healthy children between 3 months and 17 years [176], the boys and girls in the current 

study were not assessed separately. The observed difference between cases and controls 

was more pronounced in children below the age of 4 years. In addition, in children of this 

age category, IgG1 Fc bisection was higher in patients as compared to controls. Previous 

studies reported a different disease course and mortality rate in very young children, 

showing the relevance of studying this patient group separately from older pediatric 

meningococcal sepsis patients [206, 210]. Additionally, we found that the cytokine levels 

in our cohort tended to be higher in younger patients as compared to the older ones. This 

might be explained by a trend of higher illness severity in young patients and 

consequently higher cytokine levels . During the maturation of the immune system, when 

children start to produce their own IgG molecules, the Fc fucosylation is relatively high 

compared to older children (above the age of 4 years), while the Fc bisection is relatively 

low [176]. In young children with meningococcal sepsis, a change in the glycosylation of a 

disease-specific subset of their IgGs might be induced by the meningococcal infection 

itself in an early stage of the disease. IgG glycosylation is able to change fast as shown in 

patients experiencing acute systemic inflammation after cardiac surgery, where part of 
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the patients showed an increased antibody galactosylation the first day after surgery 

[225]. In addition, studies in mice showed that Fc sialylation could be regulated 

dynamically, by the interplay of soluble sialyltransferases and the accumulation of 

platelets providing CMP-sialic acid [200, 201]. The fact that sialyl- and 

galactosyltransferases are also circulating in the human plasma suggests that glycosylation 

might be dynamically regulated in humans too [226]. 

 

 

Figure 5.4 Correlation between IgG Fc glycosylation and clinical variables for meningococcal 

patients between 0 and 3.9 years old. The Spearman correlation coefficient is represented in red 

for a positive correlation and in blue for a negative correlation between derived glycan trait and the 

outcome scores and inflammatory markers. Periods (.): p < 0.05, crosses (x): p < 2.7x10-3 (α = 2.7x10-

3 adjusted to allow an FDR of 5%). 
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Alternatively, low Fc fucosylation and high Fc bisection in young patients rather reflect the 

extent of exposure to previous infections and subsequent adaptive immune responses. 

Antigen-specific IgG Fc glycosylation was previously shown to differ substantially from the 

glycosylation of the total pool of IgG. For example gp120-specific IgG in HIV infected 

patients displays significantly lower Fc fucosylation compared to the total pool of IgG in 

the infected patients [98]. Furthermore, in alloimmune cytopenias also low levels of Fc 

fucosylation were observed in anti-HPA-1a and anti-RhD IgGs, as compared to the total 

IgG pool [99, 100]. Low IgG1 Fc fucosylation (i.e., high afucosylation) enhances binding of 

IgG to FcγRIIIa and FcγRIIIb 20- to 100-fold [37, 47], thereby increasing antibody-

dependent cellular cytotoxicity (ADCC) [37, 49]. The two-fold higher abundance of 

afucosylated IgGs that we observed for meningococcal sepsis patients might reflect the 

upregulation of antigen-specific groups of IgG. For IgG specific for meningococcal outer 

membrane vesicle (OMV) antigens obtained after OMV vaccination, no change in 

fucosylation was seen over time [227]. However, no comparison was made between total 

IgG before and after vaccination and glycosylation changes on antigen-specific IgG might 

be substantially different between vaccinated and naturally infected individuals. We 

speculate that the low IgG fucosylation observed in young meningococcal patients may 

reflect a history of exposure to (viral) infections, or in a broader sense antigenic stimuli, 

resulting in the build-up of low-fucosylation IgG against the respective antigens which 

manifests itself in a shift of the total IgG pool towards lower fucosylation. Hence, the low 

fucosylation may be a marker of a history of infections which may e.g. reflect a certain 

proneness to viral or other infectious diseases in these children. 

Future studies should elucidate whether skewed IgG Fc glycosylation featuring low 

fucosylation and high bisection can be identified on meningococcal-specific IgG and 

whether the deviations from normal are induced by the meningococcal infection or were 

already present in the children before infection. 

5.3.2 IgG Fc glycosylation associates with illness severity 

Young patients with severe disease, defined by death or need for amputation, have a 

lower level of IgG1 hybrid-type glycans and IgG2/3 sialylation per galactose when 

admitted to the PICU. In addition, these glycosylation features correlate negatively with 

illness severity, as measured by the Rotterdam score, as well as positively with previously 

determined predictive factors in meningococcal sepsis, namely levels of thrombocytes and 

fibrinogen [214], which correlate negatively with severity. Thus, our data suggest that IgG1 

hybrid-type glycans and IgG2/3 sialylation per galactose could be a predictor for 

meningococcal sepsis severity. 

Hybrid-type glycans are known to be present on human IgG-Fc in minor amounts, and not 

much is known about their function [26, 27]. We show here, for the first time, that the 
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level of hybrid-type glycans on both IgG1 and IgG2/3 correlates negatively with age in 

healthy children. This is likely connected to maturation of the immune system as hybrid-

type glycans are precursors of the usually found complex-type glycans on IgG and might 

originate from immature B-cells.  

In the young patients, IgG2/3 Fc sialylation seems to change independently from the level 

of Fc galactosylation (serving as a substrate for sialylation), which is likely an effect of the 

higher availability of sialyltransferase ST6Gal1 or the increased presence of the substrate 

CMP-sialic acid, either inside the Golgi apparatus or outside the cell [192, 200, 201]. IgG1 

Fc sialylation is known to modulate antibody binding to C1q, and subsequent CDC, either 

positively [37] or negatively [56]. This discrepancy is suggested to be caused by the spatial 

distribution of the monoclonal antibodies on the cell surface, which depends on the 

monoclonal antibody studied.  

Similar to the glycosylation differences observed between cases and controls, the question 

is whether the low levels of hybrid-type glycans and sialylation per galactose are emerging 

during the course of the disease (and are thus meningococcal sepsis specific) or were 

already present on (a fraction of) the IgG-Fc of patients appearing to have a severe disease 

outcome. In both situations, the alterations can either be the cause of the severe 

outcome, or a bystander effect. In either situation IgG Fc glycosylation features have the 

potential to be used to predict meningococcal sepsis outcome in very young patients, 

which should be validated in larger study populations. 

Interestingly, IgG1 fucosylation associated negatively with IL-6 levels in patients below the 

age of 4 years, while previous studies in healthy adults showed a positive correlation 

between IL-6 levels and fucosylation [88]. IL-6 levels have been shown before to be 

elevated with meningococcal sepsis and to have a potential role in outcome prediction 

[228]. Furthermore, none of the glycosylation features are associated with levels of CRP in 

the young patients, while CRP in the healthy adult population does associate with IgG Fc 

galactosylation (negatively) and Fc fucosylation (positively) [88]. Low CRP levels at the 

time of admission at the PICU are a known predictor of mortality rate in meningococcal 

sepsis [214], indicating that the prediction based on CRP is grounded on different 

mechanisms than the prediction based on glycosylation features. This opens possibilities 

to combine these factors for an improved prediction tool.  

5.3.3 Conclusion 

We found IgG1 fucosylation and bisection to be associated with meningococcal sepsis in 

children below the age of 4 years. Within these young patients we found IgG1 hybrid-type 

glycans and IgG2/3 sialylation per galactose correlated to the severity of the disease. 

Further research is needed to determine whether the observed glycosylation differences 
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between patients and controls are a result of the meningococcal infection itself or rather 

associated with increased susceptibility to meningococcal septic shock. Furthermore, 

glycosylation changes associated with illness severity have the potential to be used as 

outcome predictors, which should be validated in larger study populations. 

 

5.4 Materials and Methods 

5.4.1 Patients and controls 

In the current retrospective study, plasma or serum samples of prospective cohorts of 

children with meningococcal sepsis were used. Samples were collected from patients 

recruited for pediatric meningococcal sepsis studies (1988 to 2005) at the PICU of Erasmus 

MC-Sophia Children’s Hospital (Rotterdam, The Netherlands) [214, 229-231]. These 

studies were conducted in accordance with the Declaration of Helsinki and Good Clinical 

Practice guidelines. All individual meningococcal studies as well as the current study were 

approved by the ethical committee of Erasmus MC (MEC-2015-497), and written informed 

consent was obtained from parents or legal guardians. 

Blood samples from 60 children with meningococcal sepsis were taken within 6 hours 

after admission to the PICU. All patients fulfilled internationally agreed criteria for sepsis 

[232]. Most patients already received antibiotics treatment at the moment of sampling 

and had a central venous catheter in situ. In addition, treatment and medication assisting 

in resuscitation were generally given (such as fluids and inotropes). Samples were 

processed on ice and were stored at -80 °C until analysis. The samples types comprised a 

variety of serum, citrate plasma, heparin plasma and EDTA plasma. For several patients, 

multiple materials taken at the same time point were available. 

Plasma samples of 46 healthy controls, selected to be in the same age range as the 

patients, were collected in accordance with the Declaration of Helsinki and Good Clinical 

Practice guidelines [176, 188]. The collection of the samples was approved by the ethical 

committee of Erasmus MC (MEC-2005-137), and written informed consent was obtained 

from parents or legal guardians. 

5.4.2 Clinical data collection 

Various clinical data were collected, illness severity was indicated by Pediatric Risk of 

Mortality (PRISM) [216], predicted death based on the Rotterdam score [214], and the 

disseminated intravascular coagulation (DIC) score [223]. Coagulation (thrombocytes, 

fibrinogen and PAI-1) and inflammation (leukocytes, procalcitonin, CRP, tumor necrosis 

factor (TNFα), interleukins (IL)-6 and -8) markers were measured for clinical reasons or 

were obtained in previous meningococcal sepsis studies [214, 229, 231]. Patients were 
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classified to have died if death occurred during PICU-stay. The need for amputation and/or 

the occurrence of death during the PICU-stay were together classified as a severe disease 

outcome. 

5.4.3 Chemicals 

Disodium hydrogen phosphate dihydrate (Na2HPO4∙2H2O), potassium dihydrogen 

phosphate (KH2PO4), NaCl, and trifluoroacetic acid were purchased from Merck 

(Darmstadt, Germany). Formic acid, ammonium bicarbonate, and TPCK-treated trypsin 

from bovine pancreas were obtained from Sigma-Aldrich (Steinheim, Germany). 

Furthermore, HPLC SupraGradient acetonitrile (ACN) was obtained from Biosolve 

(Valkenswaard, The Netherlands) and ultra-pure deionized water (MQ) was generated by 

the Purelab Ultra, maintained at 18.2 MΩ (Veolia Water Technologies Netherlands B.V., 

Ede, The Netherlands). Phosphate-buffered saline (PBS; pH 7.3) was made in-house, 

containing 5.7 g/L Na2HPO4∙2H2O, 0.5 g/L KH2PO4 and 8.5 g/L NaCl. 

5.4.4 IgG isolation and glycopeptide preparation 

The 98 clinical samples and 46 healthy control samples were randomized in a 96-well plate 

format, together with 32 VisuCon pooled plasma standards (Affinity Biologicals Inc., 

Ancaster, ON, Canada; eight per plate) and 16 PBS blanks (minimally two per plate). 

Randomization was performed in a supervised way, selecting an optimal distribution of 

age, sex and case-control-ratio per plate. IgG was isolated using protein G affinity beads 

(GE Healthcare, Uppsala, Sweden) as described previously [197]. Briefly, 2 µL of plasma 

was incubated with 15 µL of beads in 100 µL of PBS for 1 h with agitation. Beads were then 

washed three times with 200 µL of PBS and three times with 200 µL of MQ, after which 

the antibodies were eluted with 100 µL 100 mM formic acid. Eluates were dried for 2 h at 

60 ˚C in a vacuum concentrator and dissolved in 40 µL 25 mM ammonium bicarbonate 

containing 25 ng/µL trypsin. Samples were shaken for 10 min and incubated at 37 ˚C for 17 

h. 

5.4.5 LC-MS analysis of glycopeptides  

The IgG digest was separated and analyzed by an Ultimate 3000 high-performance liquid 

chromatography (HPLC) system (Dionex Corporation, Sunnyvale, CA), coupled to a Maxis 

Impact HD quadrupole time-of-flight mass spectrometer (q-TOF-MS; Bruker Daltonics) as 

described before [197] and explained in detail in the Supplementary Materials and 

Methods (Text S1).  

5.4.6 Data processing 

The raw LC-MS data was extracted and curated using LacyTools v0.0.7.2 as described 

previously [197, 198], cohort specific parameters are provided in the Supplementary 
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Materials and Methods (Text S1). Using the described separation methods, glycopeptides 

with the same peptide portion co-eluted. This resulted in three glycopeptide clusters: one 

for IgG1, one for IgG4 and one for the combination of IgG2 and 3. As the study population 

was mainly of the Caucasian ancestry, the tryptic Fc glycopeptides of IgG2 and 3 were 

assumed to have identical masses, and could therefore not be distinguished by our 

profiling method. However, it is possible that for part of the samples, the IgG3 

glycopeptides are co-analyzed with the ones of IgG4, due to the presence of different IgG3 

allotypes [22]. All chromatograms were aligned based on the exact mass and the average 

retention time of the three most abundant glycoforms of each IgG subclass. After 

alignment, sum spectra were created per glycopeptide cluster, and then calibrated based 

on at least five glycopeptides per cluster with a signal-to-noise ratio (S/N) higher than 

nine. For the targeted extraction, analyte lists were created by manual annotation of 

summed spectra per biological class (healthy or meningococcal sepsis), covering both 

doubly charged and triply charged species. Compositional assignments were made on the 

basis of accurate mass and literature [29, 74]. Glycopeptide signals were integrated by 

including enough isotopomers to cover at least 95% of the area of the isotopic envelope. 

Spectra were excluded from further analysis when the total spectrum intensity was below 

ten times the average spectrum intensity of the blanks. In this way, no spectra were 

excluded for IgG1, 15 spectra were excluded for IgG2/3 and 29 spectra were excluded for 

IgG4. Analytes were included in the final data analysis when their average S/N (calculated 

per biological class) was above nine, their isotopic pattern did not, on average, deviate 

more than 20% from the theoretical pattern and their average mass error was within ± 10 

parts per million (ppm). This resulted in the extraction of 22 IgG1, 15 IgG2/3 and 10 IgG4 

glycoforms (Table S2 in Supplementary Material).  

5.4.7 Data analysis  

The absolute intensities of the extracted glycoforms were total area normalized per IgG 

subclass and derived glycan traits were calculated based on specific glycosylation features 

(Table 5.2 and Table S2 in Supplementary Material). Data quality was evaluated based on 

the 32 pooled plasma standards that were randomly included in the cohort. These 

resulted in highly repeatable profiles showing a median relative standard deviation of 

3.6% for the IgG1 glycopeptides, 2.9% for the IgG2/3 glycopeptides and 2.4% for the IgG4 

glycopeptides (Figure S4 in Supplementary Material). For ten patients, serum, citrate 

plasma and EDTA plasma of the same time point were available. For these samples, the 

relative intensities of the individual glycoforms were averaged over the different materials 

and relative standard deviations were calculated and compared to the standard deviations 

obtained from the technical replicates. This revealed in general no higher relative 

standard deviation over the different materials than over the technical replicates (Figure 

S4 in Supplementary Material). For patients that had different materials available at the 
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same time point, the data of the samples were averaged. Statistical analysis was 

performed using R 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria) and 

RStudio 0.98.1091 (RStudio, Inc.). First, outliers were removed, which were defined as 

values outside the 99% confidence interval per biological group (healthy or meningococcal 

sepsis). Samples were excluded from further statistical analysis when two or more of the 

derived traits per IgG subclass were marked as outlier. This resulted in the exclusion of 

one IgG1 and IgG2/3 sample and two IgG4 samples. The derived glycosylation traits per 

subclass were tested to correlate with age and the continuous clinical variables using 

Spearman’s correlation test. Mann-Whitney U tests were performed to assess 

glycosylation differences between cases and controls and between patients with a severe 

and a non-severe disease outcome. All statistical tests were performed both on the whole 

dataset, and on the subsets of children below the age of 4 and above the age of 4. The 

tests for disease outcome were exclusively performed on the younger age category (below 

4). The significance threshold (α) was adjusted for multiple testing by the Benjamini 

Hochberg false discovery rate (FDR) method, with an FDR of 5%. This resulted in α = 

0.0027 throughout the study. 
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Background and aims: Causes of inflammatory bowel diseases are not well understood 

and the most prominent forms, Crohn’s disease (CD) and ulcerative colitis (UC), are 

sometimes hard to distinguish. Glycosylation of IgG has been associated with CD and UC. 

IgG Fc glycosylation affects IgG effector functions. We evaluated changes in IgG Fc 

glycosylation associated with UC and CD, as well as with disease characteristics in different 

patient groups.  

Methods: We analyzed 3441 plasma samples obtained from 2 independent cohorts of 

patients with CD (874 patients from Italy and 391 from the United States (US)) or UC (1056 

from Italy and 253 from the US and healthy individuals [controls]; 427 from Italy and 440 

from the US). IgG Fc glycosylation (tryptic glycopeptides) was analyzed by liquid 

chromatography coupled to mass spectrometry. We analyzed associations between 

disease status (UC vs controls, CD vs controls, and UC vs CD) and glycopeptide traits, and 

associations between clinical characteristics and glycopeptide traits, using a logistic 

regression model with age and sex included as covariates.  

Results: Patients with CD or UC had lower levels of IgG galactosylation than controls. For 

example, the odds ratio (OR) for IgG1 galactosylation in patients with CD was 0.59 (95% 

confidence interval [CI], 0.51-0.69) and for patients with UC was 0.81 (95% CI, 0.71-0.92). 

Fucosylation of IgG was increased in patients with CD vs controls (for IgG1: OR, 1.27; 95% 

CI, 1.12-1.44), but decreased in patients with UC vs controls (for IgG23: OR, 0.72; 95% CI, 

0.63-0.82). Decreased galactosylation associated with more severe CD or UC, including the 

need for surgery in patients with UC vs controls (for IgG1: OR, 0.69; 95% CI, 0.54-0.89) and 

in patients with CD vs controls (for IgG23: OR, 0.78; 95% CI, 0.66-0.91).  

Conclusions: In a retrospective analysis of plasma samples from patients with CD or UC, 

we associated levels of IgG Fc glycosylation with disease (compared to controls) and its 

clinical features. These findings could increase our understanding of mechanisms of CD 

and UC pathogenesis and be used to develop diagnostics or guide treatment.  
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6.1 Introduction 

The incidence of inflammatory bowel diseases (IBDs) is increasing [233], and currently 

affects approximately 1 in 200 people in developed countries [234]. In Europe, IBD has a 

prevalence of 2.5 to 3 million people [235, 236], with health care costs of €4.6 to 5.2 

billion per year [235], while in the United States, the costs for IBD are estimated at US$11-

28 billion per year [237]. The two main types of IBD are Crohn’s disease (CD) and 

ulcerative colitis (UC), which are further subcategorized by the Montreal classification, 

based on age of onset, disease location, and behavior (CD), and on disease extent and 

severity (UC) [238].  

IBD results from an aberrant host immune response to luminal gut microbiota occurring in 

genetically susceptible individuals [239]. However, genetic variants associated with IBD 

explain only 7.5% and 13.6% of UC and CD susceptibility [240], respectively, indicating the 

importance of studying other factors that contribute to the course of IBD. One of these 

factors is the regulation of innate and adaptive immunity.  

The majority of extracellular and membrane proteins are glycosylated, and glycans are 

directly involved in the pathophysiology of every major disease [241, 242]. Alternative 

glycosylation affects the protein structure and its function in a similar manner to 

mutations in the amino acid sequence [243]. Protein glycosylation has been reported to 

change significantly in various diseases [96, 103, 244, 245], including cancer [246] and IBD 

[247-249]. Current strategies for diagnosis, prognosis, and monitoring of IBD are often 

invasive or lack adequate sensitivity [250, 251], therefore, the measurement of protein 

glycosylation in serum could be an attractive, minimally invasive biomarker and assist 

patient stratification for precision medicine.  

Recent studies have shown that IgG, which is a key effector of the humoral immune 

system and has multiple roles in balancing inflammation on the systemic level [252], has 

altered glycosylation in a number of different diseases [253], including IBD [95, 248, 249]. 

Additionally, genome-wide association studies of IgG glycosylation have shown pleiotropy 

with IBD susceptibility loci, suggesting a role for IgG glycosylation in the onset and 

progression of IBD [240, 254, 255]. However, none of these studies have elucidated the 

mechanisms behind the observed changes or their clinical relevance.  

IgG molecules contain 2 diantennary N-glycans covalently attached to conserved N-

glycosylation sites at Asn-297 on each of its heavy chains. The most complex Fc glycan, 

FA2BG2S2, is a diantennary (A2) digalactosylated (G2) and disialylated structure with a 

bisecting b(1,4) N-acetylglucosamine (GlcNAc) (B) and an α(1,6) fucose (F) attached to 

core GlcNAc (Figure 6.1) [105, 177]. Other IgG glycans correspond to this complex 

structure with the lack of one or more sugar units. Fc glycosylation of IgG is complex and 
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affected by multiple genetic [255], epigenetic [256], and environmental factors [74], 

resulting in a glycome composition that is very variable between individuals, but stable 

within an individual in homeostatic conditions [225]. Age is a notable exception that 

strongly affects the composition of the IgG glycome of an individual [81]. IgG in mice can 

have pro- and anti-inflammatory activity, depending on its glycosylation status. Sialylation 

of murine IgG is associated with anti-inflammatory activity [202], while IgG core 

fucosylation limits IgG-mediated antibody-dependent cellular cytotoxicity (ADCC) [74, 257] 

and activates complement [258]. Decreased galactosylation of IgG is reported in 

inflammatory diseases, suggesting an anti-inflammatory role of the attached galactoses 

[95]. However, pro-inflammatory effects of IgG galactosylation have also been observed 

[52, 259], hinting at alternative interpretations. The composition of the N-glycan attached 

to the Fc region of IgG affects binding of IgG to both high- and low-affinity Fc gamma 

receptors [51, 243]. Although the exact molecular mechanism is still elusive [260], the 

glycans attached to IgG strongly affect immunosuppressive properties of IgG, as 

exemplified in therapeutic function of intravenously administered immunoglobulins [261]. 

Inter-individual variability in IgG glycome composition and its changes in disease thus have 

profound effects on the immune system.  

 

 

Figure 6.1 The most complex IgG Fc glycan found in our samples: FA2BG2S2. A diantennary (A2) 

digalactosylated (G2) and disialylated (S2) glycan with a bisecting β(1,4) GlcNAc (B) and an 

α(1,6)fucose (F) attached to core GlcNAc. Linkages and anomeric configurations are shown [105, 

177]. Blue square: GlcNAc; red triangle: fucose; green circle: mannose; yellow circle: galactose; pink 

diamond: N-acetylneuraminic acid. 

The understanding of functional significance of glycosylation changes in disease are 

complicated by subclass-specific effects, as demonstrated in different models [36]. Until 

recently, the IgG glycome in IBD was analyzed on the level of total released glycans [95] by 

ultraperformance liquid chromatography, which does not discriminate between individual 

IgG subclasses nor glycan location. Fc and Fab glycosylation of IgG differ significantly and 

we also demonstrated that disease course can specifically associate with Fc glycosylation 
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[262]. In this study, we used liquid chromatography coupled to mass spectrometry (LC-

MS), that enables high-throughput analysis of IgG Fc glycans in a subclass-specific manner 

[85, 197] and provides a more detailed insight into IgG glycosylation changes in IBD. By 

measuring subclass-specific IgG Fc N-glycosylation in 3441 IBD patients and controls from 

two independent cohorts participating in the IBD-BIOM (Inflammatory Bowel Disease 

Biomarkers) Consortium project, we demonstrated a clear difference in IgG Fc 

glycosylation between diseased and healthy individuals, but also between the different 

forms of IBD, and associations with disease severity.  

 

6.2 Materials and Methods 

6.2.1 Clinical Samples and Ethical Considerations 

Samples were collected from two case-control populations, the Italian cohort (ITA) from 

Italy (n = 2357) and the US cohort from the United States (n = 1084), each including CD 

(ITA: n = 874, US: n = 391) and UC (ITA: n = 1056, US: n = 253) patients as well as healthy 

controls (HC) (ITA: n = 427, US: n = 440). Both cohorts were collected with the approval of 

the local ethics committees and informed consent was obtained from all participants. 

Phenotype was defined using the Montreal classification at the last follow-up [238]. 

Clinical characteristics were obtained by chart review according to criteria agreed by the 

clinicians and as described previously [263-265] (Table 6.1).  

6.2.2 Sample Preparation and Data Preprocessing 

Sample preparation and glycopeptide analysis (IgG purification by Protein G affinity 

chromatography, tryptic digestion, nano-LC-MS analysis, and data preprocessing) were 

performed separately for the ITA and US cohort [28, 74, 85, 197, 198] (details in the 

Supplementary Materials and Methods, Supplementary Table 1, and Supplementary 

Figure 1). The tryptic Fc glycopeptides for IgG2 and 3 have identical peptide moieties in 

the Caucasian population and are therefore not distinguishable with our methods [163, 

266]. Annotation of the spectra was done based on accurate mass and literature [74, 256]. 

Using the directly measured glycopeptides, derived glycosylation traits were calculated 

per IgG subclass (Supplementary Tables 2 and 3), which average particular glycosylation 

features like galactosylation, fucosylation, sialylation, and the presence of a bisecting 

GlcNAc (bisection).  

6.2.3 Statistical Analysis 

Data analysis and visualization was performed with R v3.0.1 (R Foundation for Statistical 

Computing, Vienna, Austria). Association analyses between disease status (UC patients 

and HC, CD patients and HC and UC and CD patients) and glycopeptide traits as well as 
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 American cohort 

 

Italian cohort 

 HC a UC CD HC UC CD 

Sample Number 440 253 391 427 1056 874 

Age (med/IQR) 46.3 (33.5 - 56.0) 39.4 (29.2 - 54.8) 35.4 (26.0 - 48.4) 44.0 (35.0 – 56.0) 41.0 (31.0 – 52.0) 35.5 (27.0 – 46.0) 

Sex (F) (n/%) 254 (57.9%) 129 (51.0%) 169 (43.2%) 145 (34.0%) 423 (40.1%) 368 (42.1%) 

Disease Duration (med/IQR) b 7.2 (3.3 - 15.4) 8.3 (3.0 - 14.8) 6.0 (2.0 – 13.0) 5.0 (1.0 – 11.0) 

Disease Location (CD) (n/%) c 

    Illeal (L1±L4) - - 91 (23.8%) - - 327 (38.7%) 

    Colonic (L2±L4) - - 58 (15.2%) - - 161 (19.1%) 

    Illeocolonic (L3±L4) - - 233 (61.0%) - - 343 (40.6%) 

    Upper GI (L4 only) - - 0 (0%) - - 13 (1.5%) 

Disease Behaviour (CD) (n/%) 

    Inflammatory (B1) - - 140 (36.3%) - - 504 (58.3%) 

    Stricturing (B2) - - 109 (28.2%) - - 237 (27.4%) 

    Penetrating (B3) - - 137 (35.5%) - - 124 (14.3%) 

Disease Extent (UC) (n/%) 

    Proctitis (E1) - 8 (3.2%) - - 115 (11.0%) - 

    Left-sided (E2) - 63 (25.2%) - - 489 (47.0%) - 

    Extensive (E3) - 179 (71.6%) - - 437 (42.0%) - 

Medication (n/%) 

    Mesalazine - - 320 (32.5%) 179 (22.7%) 

    Prednisolone - all (100%) all (100%) - 360 (36.6%) 229 (29.0%) 

    Thiopurines (AZA/6MP) - 84 (36.5%) 71 (18.7%) - 213 (21.6%) 174 (22.1%) 

    Anti-TNF - 146 (63.5%) 309 (81.3%) - 90 (9.l%) 207 (26.2%) 

Surgical resection (n/%) - 141 (55.7%) 228 (60.6%) - 81 (8.1%) 327 (37.8%) 
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within-disease analyses of associations between clinical characteristics and glycopeptide 

traits were performed using a logistic regression model with age and sex included as 

additional covariates. For UC, we assessed disease location, duration of the disease, and 

need for a colectomy. Regarding disease location, we analyzed the differences between 

Montreal E1 (proctitis) and E2 (left-sided UC) against E3 (extensive UC). For CD, we 

assessed disease location and behavior, duration of disease, and the need for surgery. For 

CD behavior, we compared Montreal B2 (stricturing) and B3 (internal penetrating) with B1 

(inflammatory disease). For location, we compared Montreal L1 (ileal) against L2 (colonic 

disease) and L1 against L3 (ileocolonic disease). For both diseases, we used a cutoff of 5 

years since diagnosis to stratify disease duration into two groups. In the ITA cohort, for CD 

as well as for UC, patients treated with the third most potent medication (steroids) were 

compared to patients treated with mesalazine only and, in addition, patients treated with 

the first most potent medication (inhibitor of tumor necrosis factor [anti-TNF]) were 

compared to patients treated with the second most potent medication (azathioprine [AZ] 

and 6-mercaptopurine [6MP]). These latter tests were also done in the US cohort. Both 

case-control and within-disease analyses were first performed for each cohort separately 

and then combined using an inverse variance-weighted meta-analysis approach (R 

package “metafor” [267]). The false discovery rate was controlled for each analysis using 

the Benjamini-Hochberg method with false discovery rate set to 0.05. All P values were 

corrected for multiple testing.  

For prediction of disease status, a regularized logistic (elastic net) regression model was 

applied (R package “glmnet” [268]) using direct glycosylation traits as predictors 

(Supplementary Materials and Methods). Three models were built for each cohort (UC vs 

HC, CD vs HC, and UC vs CD), using age, sex, and glycopeptide measurements as 

predictors. To evaluate the performance of the predictive models based on the individual 

glycoforms, a 10-cross-validation procedure was used. The predictions from each 

validation round were merged into 1 validation set on which the performance of each 

model was evaluated based on the area under the curve (AUC) criteria. 

 

6.3 Results 

6.3.1 IgG Fc Glycosylation Differences Between Inflammatory Bowel Disease Patients 

and Healthy Controls 

For both CD and UC, we observed an increase in agalactosylated IgG glycopeptides in both 

cohorts compared to HC and a corresponding decrease of monogalactosylated (not 

significant for IgG1 in CD patients of the US cohort, but significant in meta-analysis of both 

cohorts) and digalactosylated IgG glycopeptides (not significant for IgG1 and IgG4 in UC 

patients of the ITA cohort, but significant in metaanalysis of both cohorts) (Table 6.2, 
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HC vs. UCb HC vs. CD UC vs. CD 

Derived traita Description OR (95% CI)c p-valued OR (95% CI) p-value OR (95% CI) p-value 

IgG1 

IgG1_agal Fraction of agalactosylatedglycans 1.29 (1.13 - 1.47) 8.9E-05 1.69 (1.46 - 1.96) 2.2E-13 1.23 (1.11 - 1.36) 3.9E-05 

IgG1_digal Fraction of digalactosylatedglycans 0.88 (0.77 - 1.00) 5.7E-02 0.61 (0.52 - 0.70) 2.7E-12 0.71 (0.64 - 0.79) 8.0E-11 

IgG1_monogal Fraction of monogalactosylatedglycans 0.69 (0.61 - 0.79) 5.4E-09 0.69 (0.61 - 0.79) 4.3E-08 1.06 (0.97 - 1.17) 2.0E-01 

IgG1_sial Fraction of sialylatedglycans 1.05 (0.93 - 1.20) 4.1E-01 0.81 (0.70 - 0.92) 1.4E-03 0.78 (0.71 - 0.87) 1.5E-06 

IgG1_A2B Bisection of diantennaryglycans 0.69 (0.61 - 0.78) 3.5E-09 0.91 (0.79 - 1.03) 1.4E-01 1.22 (1.11 - 1.35) 7.8E-05 

IgG1_A2F Fucosylation of diantennaryglycans 0.93 (0.82 - 1.04) 2.1E-01 1.27 (1.12 - 1.44) 2.2E-04 1.36 (1.23 - 1.51) 6.0E-10 

IgG1_A2G Galactosylation per antenna on diantennaryglycans 0.81 (0.71 - 0.92) 1.5E-03 0.59 (0.51 - 0.69) 3.2E-13 0.77 (0.69 - 0.85) 2.5E-07 

IgG1_A2S Sialylation per antenna on diantennaryglycans 1.04 (0.92 - 1.18) 5.1E-01 0.78 (0.68 - 0.90) 3.2E-04 0.77 (0.70 - 0.85) 3.7E-07 

IgG1_A2GS Sialylation per galactose on diantennaryglycans 1.33 (1.18 - 1.51) 3.6E-06 1.15 (1.01 - 1.30) 3.1E-02 0.85 (0.77 - 0.94) 1.1E-03 

IgG23 

IgG23_agal Fraction of agalactosylatedglycans 1.30 (1.14 - 1.50) 1.3E-04 2.76 (2.31 - 3.29) 1.7E-37 2.11 (1.87 - 2.37) 1.2E-40 

IgG23_digal Fraction of digalactosylatedglycans 0.82 (0.71 - 0.94) 3.7E-03 0.41 (0.35 - 0.48) 2.2E-31 0.49 (0.43 - 0.55) 1.0E-36 

IgG23_monogal Fraction of monogalactosylatedglycans 0.77 (0.67 - 0.87) 4.1E-05 0.39 (0.32 - 0.46) 8.5E-34 0.54 (0.48 - 0.60) 8.2E-32 

IgG23_sial Fraction of sialylatedglycans 0.87 (0.76 - 0.99) 2.9E-02 0.53 (0.46 - 0.61) 6.8E-20 0.58 (0.52 - 0.64) 1.0E-24 

IgG23_A2B Bisection of diantennaryglycans 0.62 (0.55 - 0.71) 3.2E-13 0.91 (0.80 - 1.05) 1.9E-01 1.34 (1.21 - 1.48) 8.2E-09 

IgG23_A2F Fucosylation of diantennaryglycans 0.72 (0.63 - 0.82) 3.2E-07 1.12 (0.99 - 1.27) 7.5E-02 1.57 (1.41 - 1.74) 1.6E-18 

IgG23_A2G Galactosylation per antenna on diantennaryglycans 0.79 (0.68 - 0.90) 5.3E-04 0.38 (0.32 - 0.45) 1.9E-35 0.47 (0.42 - 0.53) 4.1E-40 

IgG23_A2S Sialylation per antenna on diantennaryglycans 0.86 (0.76 - 0.98) 2.3E-02 0.52 (0.45 - 0.60) 5.7E-21 0.57 (0.51 - 0.64) 2.4E-25 

IgG23_A2GS Sialylation per galactose on diantennaryglycans 1.02 (0.90 - 1.14) 8.0E-01 1.19 (1.05 - 1.35) 7.6E-03 1.11 (1.01 - 1.22) 2.9E-02 

IgG4 

IgG4_agal Fraction of agalactosylatedglycans 1.30 (1.13 - 1.48) 1.2E-04 2.16 (1.84 - 2.54) 2.3E-24 1.62 (1.46 - 1.80) 3.7E-20 

IgG4_digal Fraction of digalactosylatedglycans 0.89 (0.78 - 1.01) 7.9E-02 0.53 (0.46 - 0.61) 2.8E-18 0.60 (0.53 - 0.67) 1.4E-21 

IgG4_monogal Fraction of monogalactosylatedglycans 0.69 (0.60 - 0.79) 2.0E-08 0.45 (0.38 - 0.53) 7.9E-26 0.68 (0.62 - 0.76) 6.9E-14 

IgG4_sial Fraction of sialylatedglycans 1.01 (0.89 - 1.14) 9.2E-01 0.68 (0.59 - 0.78) 2.2E-08 0.66 (0.60 - 0.74) 3.0E-15 

IgG4_A2FB Bisection of diantennaryglycans 0.79 (0.70 - 0.90) 3.5E-04 0.84 (0.73 - 0.96) 1.1E-02 0.97 (0.88 - 1.08) 5.9E-01 

IgG4_A2FG Galactosylation per antenna on diantennaryglycans 0.81 (0.71 - 0.92) 1.5E-03 0.48 (0.41 - 0.57) 2.2E-22 0.61 (0.55 - 0.68) 5.4E-21 

IgG4_A2FS Sialylation per antenna on diantennaryglycans 1.03 (0.90 - 1.17) 6.8E-01 0.70 (0.61 - 0.80) 1.3E-07 0.67 (0.60 - 0.74) 8.5E-15 

IgG4_A2FGS Sialylation per galactose on diantennaryglycans 1.38 (1.21 - 1.57) 8.5E-07 1.39 (1.22 - 1.60) 7.2E-07 1.00 (0.90 - 1.10) 9.3E-01 
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Supplementary Tables 5-7, Figure 6.2). In both cohorts, all IgG subclasses showed lower 

overall galactosylation (A2G) for CD patients compared to UC patients. A decrease in 

sialylation was also associated with CD in both the US and the ITA cohort, but for UC this 

effect was only seen in the US cohort. Sialylation per galactose of diantennary glycans 

(A2GS) increased with disease, or did not change at all. We observed a subclass and 

disease-specific association for fucosylated IgG glycopeptides (A2F). Increased A2F was 

associated with CD in the US cohort for both IgG1 and IgG23 and for IgG1 in ITA cohort. 

Conversely, there was a negative association between IgG23 A2F and UC in both cohorts. 

Furthermore, both cohorts showed IgG1 and IgG23 A2F to be high in CD patients 

compared to UC patients. IgG4 bisection (structures with bisecting β(1,4) N-

acetylglucosamine on IgG4) was low for CD and UC compared to HC in both cohorts. A 

decrease in bisection (A2B) was also observed for the other IgG subclasses in UC patients 

of the ITA cohort, on the other hand, IgG1 and IgG23 A2B was increased for CD compared 

to HC in the US cohort. For both cohorts IgG1 and IgG23 A2B was higher in CD compared 

to UC. Results for the individual IgG glycoforms are shown in Supplementary Tables 8-11, 

and Supplementary Figure 2. 

6.3.2 Discrimination of Disease Status 

The discriminatory performance of individual glycoforms per IgG subclass in distinguishing 

UC from HC, CD from HC, and UC from CD, was evaluated for ITA and US cohorts 

separately, using a regularized logistic regression model. The receiver operating 

characteristic curves for the ITA cohort showed a good performance in discriminating UC 

from HC (AUC = 0.801; Figure 6.3A) and CD from HC (AUC = 0.854; Figure 6.3B), and fair 

performance in discriminating UC from CD (AUC = 0.770; Figure 6.3C). This was replicated 

in the US cohort, showing a good performance in discriminating UC from HC (AUC = 0.814; 

Figure 6.3D) and CD from HC (AUC = 0.849; Figure 6.3E), and fair performance in 

discriminating UC from CD (AUC = 0.746; Figure 6.3F). To assess which glycoforms were 

most important in these models, individual receiver operating characteristic analyses were 

performed per glycoform per IgG subclass, revealing for example G1 on IgG23 to be in the 

top 5 of most important glycoforms discriminating UC from HC in both cohorts 

(Supplementary Figures 3A and 4A). In addition, IgG23 and IgG4 G0F were in the top 5 

between CD and HC in both cohorts (Supplementary Figures 5A and 6A) and IgG23 G0F, 

G0FN, G2, and G2F were found in both cohorts to be in the top 5 most discriminating 

glycans between UC and CD (Supplementary Figures 7A and 8A). These findings were also 

reflected in the predictive values of the individual-derived traits (Supplementary Figures 

3-8, panels B).  
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Figure 6.2 Differences in derived IgG Fc glycan traits between HC, UC, and CD for all IgG subclasses 

in both cohorts. Differences in derived glycan traits for all IgG subclasses between HC, UC, and CD 

are shown separately for the US (red) and ITA (blue) cohort. Data are shown as box and whiskers 

plots. Each box represents the 25th to 75th percentiles (interquartile range [IQR]). Lines inside the 

boxes represent the median. The whiskers represent the lowest and highest values within the boxes 

±1.5x the IQR. Derived glycan traits are listed in Supplementary Table 2 and 3 and their glycoforms 

in Supplementary Table 8. Analysis of the differences in glycan traits between UC and HC, CD and 

HC, and UC and CD, were performed using a logistic regression model with age and sex included as 

additional covariates (Table 6.2, Supplementary Tables 5-7). 

6.3.3 Disease Behavior, Location, and Classification 

In the ITA cohort (and the meta-analysis of both cohorts) an increase in agalactosylated 

IgG glycopeptides and a decrease in digalactosylated IgG glycopeptides were associated 

with extensive UC and the need for surgery in UC. In addition, the need for surgery was 

associated with less sialylated glycans on all IgG subclasses. In both cohorts, 

agalactosylated IgG1 glycopeptides decreased and monogalactosylated IgG1 glycopeptides 

increased with the duration of UC (Supplementary Table 12 and Figure 6.4). In addition, 

for surgery in CD patients, the IgG23 agalactosylation increased in both cohorts, while 

IgG23 digalactosylation was decreased. Furthermore, IgG23 sialylation decreased in the 

ITA cohort (and the meta-analysis of both cohorts). Also a worse disease behavior 
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(Montreal B2 + B3 vs B1) was associated with increased IgG23 agalactosylation and 

decreased IgG23 digalactosylation and sialylation in the ITA cohort (and the meta-analysis 

of both cohorts), while a more extensive CD (ileal [L1] vs ileocolonic [L3]) was associated 

with increased IgG1 agalactosylation in the US cohort (and the meta-analysis of both 

cohorts; Supplementary Tables 13 and Figure 6.5). Results for the individual IgG 

glycoforms are shown in Supplementary Tables 14 and 15.  

 

 

Figure 6.3 Receiver operating characteristic curves illustrating the discriminative power of 

individual glycoforms per IgG subclass. Prediction of disease status was performed using a logistic 

(elastic net) regression model for the ITA cohort between UC and HC (A), CD and HC (B), UC and CD 

(C), and for the US cohort between UC and HC (D), CD and HC (E), and UC and CD (F). While models 

based only on age and sex did not show predictive power (dotted line), addition of individual 

glycoforms increased the predictive power of the models (solid line). 
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Figure 6.4 Associations between derived IgG Fc glycan traits and clinical characteristics in UC 

(duration, location, and surgery). Odds ratios for the associations between derived glycan traits and 

clinical traits in UC (duration of disease: <5 years = 0, >5 years = 1, disease location: E1 (proctitis) + 

E2 (left-sided UC) = 0, E3 (extensive UC) = 1, and surgery: no = 0, yes = 1) for all IgG subclasses are 

shown for the ITA cohort (green) and the US cohort (red). Bars indicate odds ratios. Derived glycan 

traits are explained in Supplementary Tables 2 and 3 and their glycoforms in Supplementary Table 

8. Analysis of the association between derived glycan traits and clinical characteristics in UC were 

performed using a logistic regression model, with age and sex included as additional covariates, 

statistically significant findings are indicated with an asterisk (*) (Supplementary Table 12). 
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Figure 6.5 Associations between derived IgG Fc glycan traits and clinical characteristics in CD 

(duration, location, behavior, and surgery). Odds ratios for the associations between derived glycan 

traits and clinical characteristics in CD (duration of disease: <5 years = 0, >5 years = 1, disease 

location: L1 [ileal CD] = 0, L3 [ileocolonic CD] = 1, behavior: B1 [inflammatory CD] = 0, B2 [structuring 

CD] + B3 [penetrating CD] = 1, and surgery: no = 0, yes = 1) for all IgG subclasses are shown for the 

ITA cohort (green) and the US cohort (red). Bars indicate positive/negative odds ratios. Derived 

glycan traits are explained in Supplementary Table 2 and 3 and their glycoforms in Supplementary 

Table 8. Analysis of the association between derived glycan traits and clinical characteristics in CD 

were performed using a logistic regression model, with age and sex included as additional 

covariates, statistically significant findings are indicated with an asterisk (*) (Supplementary Table 

13). 
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6.3.4 Use of Medication 

For UC patients in the ITA cohort, an increase in overall agalactosylation was associated 

with the use of steroids compared to mesalazine. This difference was not observed for CD 

patients in the ITA cohort (Supplementary Tables 16 and 17). In the US cohort, UC 

patients treated with anti-TNF showed a decrease in overall galactosylation, and IgG1 and 

IgG4 sialylation when compared to patients treated with AZA/6MP. This was not 

replicated in the ITA cohort. However, the same observation was made for CD patients in 

the US cohort (and the meta-analysis of both cohorts), where a decrease in overall 

galactosylation was associated with treatment with anti-TNF compared to treatment with 

AZA/6MP. Results for the individual IgG glycoforms are shown in Supplementary Tables 

18 and 19.  

 

6.4 Discussion 

In this study, we analyzed subclass-specific IgG Fc glycosylation in IBD in two independent 

cohorts, using a nano-LC-MS method [85]. The importance of altered glycosylation in IBD 

has been reported before in different models [247, 269] and specifically IgG Fc 

glycosylation was found to play an important role in a number of inflammatory processes 

[270], including the course of IBD [95].  

6.4.1 Associations Between IgG Fc glycosylation and Inflammatory Bowel Disease 

Although observed for both diseases, associations between galactosylation and sialylation 

and disease were consistently more pronounced in CD than in UC. IgG Fc galactosylation 

was decreased in IBD patients compared to HC. This decrease was previously found in the 

total IgG N-glycome [95], and we revealed that this change is not subclass-specific (Figure 

6.2). Decreased IgG Fc galactosylation has been reported in different inflammatory 

diseases [95]. Because IgG galactosylation has been shown to also decrease with aging 

[256], observed changes in galactosylation are most likely connected to inflammation in 

general and are not IBD-specific. On the other hand, decreased galactosylation on antigen-

specific antibodies in rheumatoid arthritis precedes onset of the disease [93, 271], which 

indicates that the individual differences in IgG galactosylation could be associated with 

predisposing factors for the development of inflammatory disease, including IBD [272].  

In addition, sialylation was decreased in IBD, which was previously observed in CD but not 

UC [95]. This effect was less pronounced than the galactosylation effect and it was also 

not replicated in both cohorts for all IgG subclasses. Likely, the decrease in sialylation is a 

by-effect of the observed decrease in galactosylation, as galactosylation is required for the 

addition of a sialic acid to a glycan. This is supported by our observation that sialylation 
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per galactose (derived trait A2GS) did not show a difference between either CD or UC and 

HC, or increased with disease. Various studies in humans have shown the predominant 

role of galactosylation rather than sialylation in the regulation of pro- and anti-

inflammatory effects of IgG [52, 54, 97]. 

Recently, it was discovered that 5 genetic loci associated with IgG glycosylation showed 

pleiotropy with IBD, suggesting the role of IgG glycosylation in the development and 

course of IBD [240, 254, 255]. Mutations in these genetic loci associated with IgG 

galactosylation, fucosylation, and bisection, features also significantly changing with IBD 

as found in the current study.  As multiple-derived glycosylation traits were associated 

with IBD, we hypothesized that IgG Fc glycosylation might be used as tool to discriminate 

between IBD patients and HC. Our prediction models were based on the individual 

glycoforms per IgG subclass and showed an improved discriminatory performance 

compared to previously published models based on individual glycoforms [95], this is likely 

due to the higher number of individual glycoforms included in our model and the subclass 

specificity of our analysis. For example, in both cohorts, IgG23 and IgG4 glycoforms 

showed the largest effect size between HC and IBD patients. IgG23 and IgG4 are less 

abundant in human plasma than IgG1 [191], likely causing the effect of their glycoforms to 

be partly masked during released glycan analysis. Despite the differences between the 

two cohorts in terms of disease behavior in CD and disease extent in UC (both more 

severe in the US cohort, likely due to a longer disease duration) and collection of the 

samples (a single tertiary/quartenary IBD center for the US cohort and multiple primary 

centers for the ITA cohort), we still found equally performing models for both of them.  

These findings suggest possible clinical utility of glycans as minimally invasive diagnostic 

markers. However, future studies confirming these findings and contrasting/combining 

these markers with others minimally invasive prognostic markers are warranted [273-

275]. Previous studies have identified IBD-associated serologies, transcriptomics, and 

genetics. Especially the comparative utility of IgG Fc glycosylation as peripheral biomarker 

compared to IBD-associated serologies, which measure antibodies to commensal flora (eg, 

ASCA, anti–CBIR1, and ANCA) [264, 273, 276, 277], should be evaluated. The preferred 

study design for this would be a prospective longitudinal study that further explores the 

impact of changes in disease severity and progression over time. Previously, it was 

suggested that the IgG glycome of healthy individuals is stable over time [90], although 

influenced by changes in lifestyle and environmental factors [90]. In the context of IBD, it 

is likely to change with disease activity.  

6.4.2 Differences Between Crohn’s Disease and Ulcerative Colitis 

Reliable differentiation between UC and CD is currently done by colonoscopy (invasive) or 

radiology (radiation exposure) [278]. Current methods based on serology markers, like 
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antibodies specific for microbial antigens, still do not reach the specificity and sensitivity 

demanded for a diagnostic test [279]. In addition, the differences in mechanisms leading 

to the development of these diseases remain unclear [280]. Lower IgG galactosylation was 

more pronounced in CD than in UC, which might indicate a more severe inflammatory 

response in CD [186]. Fucosylation was decreased in UC, but increased in CD, suggesting 

different regulation mechanisms. The absence of a fucose on an IgG Fc glycan has shown 

to improve Fc binding to Fcg receptor III, thereby enhancing ADCC [47]. As an increased 

galactosylation also enhances the ADCC activity of antibodies in in vitro models, the 

combination of a lower fucosylation and higher galactosylation in UC compared to CD 

might result in higher ADCC activity in UC than in CD [259]. IgG Fc bisection was also 

different between UC and CD patients, showing a higher bisection in CD than in UC. This 

was consistent with the previous observation that IgG bisection was higher in CD, but not 

in UC, compared to HC [95]. Although bisection has a large influence on the structure of a 

glycan, its effect on antibody function is largely unknown [74]. Various studies report an 

increased bisection to be related to a higher antibody affinity for Fcg receptor III and, 

therefore, an associated increase of ADCC [62, 281]. 

6.4.3 Associations Between IgG Fc Glycosylation and Disease Status 

The potential role of IgG Fc glycosylation in the course and development of IBD has been 

consolidated through confirming, for the first time, the changes in IgG Fc glycosylation 

with clinical subphenotypes of UC and CD. The increase of aglycosylated glycoforms with 

more severe disease and the need for surgery in both UC and CD might suggest that when 

the disease involves more of the colon (more extensive [E3] UC or ileocolonic [L3] CD) and 

is more severe (there is a need for surgery), IgG has less possibilities to suppress the 

inflammation [89]. With longer duration of UC, on the other hand, a decrease in 

agalactosylation was observed, which was not detected with duration in CD. This can be 

connected to the different disease behaviors, as for UC, it is known that disease activity 

can decrease over time, while CD usually has a pattern of worsening activity [282].  

The treatment exposures in the two cohorts were different, IBD patients in the US cohort 

had all been exposed to corticosteroids, which was not the case in the ITA cohort, where 

the patients on and off corticosteroids were compared. In both cohorts, patients on anti-

TNF therapy (more severe cases) were compared to the ones exposed to AZA/6MP (less 

severe cases) [283, 284]. In the US cohort, we observed increased agalactosylation for all 

subclasses in IBD patients on anti-TNF therapy compared to patients on AZA/6MP. This 

was not replicated in the ITA cohort, which likely reflects the heterogeneity of the two 

cohorts in terms of treatment guidelines. However, in the ITA cohort, an increase in 

agalactosylated structures was found with the use of corticosteroids as most potent 

treatment, compared to the less potent one with mesalazine. Steroids compared to 

mesalazine and anti-TNF compared to AZA/6MP might be considered surrogate markers 
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for disease severity, as they are used when the disease progresses [283, 284]. This 

corresponds to our findings that more severe disease was also associated with a decrease 

in IgG Fc galactosylation. Although corticosteroids have an anti-inflammatory effect [285], 

our findings suggest that the observed glycosidic changes are not an effect of therapy, but 

are rather connected to a more severe disease.  

 

6.5 Conclusions 

In this study, we confirmed previous associations of reduced galactosylation in IBD 

compared to HC. In addition, it was demonstrated that this same glycosylation trait was 

associated with more extensive and progressive disease, suggesting a potential role of IgG 

Fc glycosylation as diagnostic and/or prognostic tool. Furthermore, we found the IgG 

glycosylation features fucosylation, galactosylation, and bisection to be different between 

UC and CD patients. Individual glycoforms showed good performance for distinguishing 

both UC and CD from HCs and fair performance for distinguishing UC from CD, which gave 

an insight into the difference in mechanisms behind the two diseases. The reported 

differences in IgG Fc glycans might influence the development and behavior of IBD 

through affecting binding of IgG to FcgRs [51, 243]. Furthermore, individual differences in 

IgG glycosylation might affect efficacy of therapeutic monoclonal antibodies, which have 

to compete with circulating IgG to activate effector functions [286]. The reported changes 

in IgG Fc glycosylation in the current study give guidelines for future, prospective studies 

that should elucidate the longitudinal relationship between changes in IgG Fc glycans and 

development of disease, and disease progression, as well as their role in predicting 

treatment response. Clinical exploitation of these glycan markers will be facilitated by the 

existing broad application in clinical laboratories of mass spectrometry or capillary 

electrophoresis, which show great potential for glycomics assays [287, 288].  
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N-linked glycosylation of the Fc region of IgG is known to have a large influence on the 

activity of the antibody, an effect reported to be IgG subclass-specific. This situation 

applies both to humans and mice. The mouse is often used as experimental animal model 

to study the effects of Fc glycosylation on IgG effector functions, and results are not 

uncommonly translated back to the human situation. However, while human IgG Fc 

glycosylation has been extensively characterized in both health and disease, this is not the 

case for mice.  

To characterize the glycosylation profile of murine IgG-Fc and in addition evaluate the 

systematic glycosylation differences between mouse strains, sexes and IgG subclasses, we 

used nanoLC-MS(/MS) to look at the subclass-specific IgG Fc glycopeptides of male and 

female mice from the strains BALB/c, C57BL/6, CD-1 and Swiss Webster. 

The structural analysis revealed the presence of predominantly fucosylated, diantennary 

glycans, with varying amounts of galactosylation and α2,6-sialylation. In addition, we 

report glycosylation features not previously reported in an Fc specific way on murine IgG, 

including monoantennary, hybrid, and high mannose structures, as well as diantennary 

structures without a core fucose, with a bisecting GlcNAc, or with α1,3-galactosylation.  

Pronounced differences were detected between strains and the IgG subclasses within 

each strain. Especially the large spread in galactosylation and sialylation levels found 

between both strains and subclasses may vastly influence IgG effector functions. Mouse 

strain-based and subclass-specific glycosylation differences should be taken into account 

when designing and interpreting immunological and glycobiological mouse studies 

involving IgG effector functions. 
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7.1 Introduction 

Immunoglobulin G (IgG) is the most abundant antibody in human plasma and plays a 

crucial role in the humoral immune response [290]. Various effector functions of IgG are 

affected by its fragment crystallizable (Fc)-glycosylation, which has shown to influence the 

binding of IgG-Fc to e.g. Fcγ-receptors (FcγR) and C-type lectins [58, 186, 252]. Changes in 

IgG Fc glycosylation are associated with various diseases and physiological processes. For 

example, galactosylation on total IgG is decreased in rheumatoid arthritis and active 

tuberculosis infections and increases with pregnancy [54, 92, 101]. Fucosylation on the 

other hand, is decreased on alloantibodies against red blood cells and platelets as well as 

on gp120-specific antibodies in HIV-infected patients [98, 99, 291]. Modification of IgG Fc 

glycosylation has also shown to be a suitable measure to improve the efficacy of 

therapeutic monoclonal antibodies [292].  

Mice are often used as experimental animal models to study the effects of Fc glycosylation 

on IgG effector functions [45, 252]. Various mouse strains are established for different 

research areas, for example outbred strains like CD-1 or Swiss Webster are used 

frequently for toxicological and pharmaceutical studies [293]. In addition, because CD-1 

mice are efficient breeders, they are regularly used in genetic experiments [294]. On the 

other hand, inbred strains like BALB/c and C57BL/6 are often used to study infectious 

diseases and cancer [295, 296].  

Contrary to the human IgG Fc glycosylation, mice predominantly express the sialic acid N-

glycolylneuraminic acid (Neu5Gc), while humans exclusively express N-acetylneuraminic 

acid (Neu5Ac) [42]. Furthermore, as IgG Fc glycosylation is partly genetically determined 

[256], and partly influenced by environmental factors like exposure to immunological 

challenges [297], baseline Fc glycosylation may play a role in the outcome of an 

immunological study, and may confound the potential translation to the human situation. 

Differences in total plasma N-glycosylation between mouse strains were demonstrated 

before [298]. Interestingly, glycans that are for humans known to be predominantly 

derived from IgG [299] showed both sex and strain specific differences in the murine total 

plasma N-glycome study. For example, galactosylation of diantennary fucosylated species, 

which is a known immune modulator on IgGs [186], was reported to be higher for BALB/c 

and C57BL/6 mice, as compared to CD-1 and Swiss Webster [298].  

In contrast to human IgG, which can be divided into four subclasses (IgG1 to 4), murine 

IgG only knows three subclasses (IgG1 to 3) [300]. In addition, murine IgG2 can be split in 

the isotypes IgG2a, 2b and 2c, of which IgG2a and 2c are allelic variants and further 

sequence variants are known for IgG1 and IgG2b [44, 301]. Like for human IgG, the affinity 

of murine IgG for the various FcγRs differs per subclass [22, 300, 302, 303]. For example, 

defucosylation of IgG Fc glycans has been found to improve the FcγR-mediated pro-
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inflammatory activity of murine IgG2b, while this is not the case for murine IgG1 [304]. 

Despite its importance and some previous descriptions of single case murine IgG 

glycosylation [44], no comprehensive strain- and subclass-specific characterization was 

hitherto performed.  

We used nano-liquid chromatography (nanoLC) coupled to electrospray ionization (ESI)-

mass spectrometry (MS) to analyze glycopeptides derived from murine IgG. In this way, 

we were able to separate the N-glycosylation present on IgG1 and its sequence variant 

(IgG1i), as well as on IgG2b, IgG2a/c, and IgG3, and to perform a subclass-specific relative 

quantification thereof. The glycosylation profiling of mice from each of the commonly 

used strains BALB/c, C57BL/6, CD-1 and Swiss Webster revealed significant differences 

between both the mouse strains and the subclasses within the strains. In addition, 

nanoLC-MS/MS allowed the characterization of glycan structures which, to our 

knowledge, were not previously reported on polyclonal murine IgG-Fc. These included 

high-mannose structures, hybrid structures, and structures with a bisecting N-

acetylglucosamine (GlcNAc), without a core fucose, or with α1,3-linked galactose attached 

to the β-linked-galactose. Next to Neu5Gc, we detected Neu5Ac on several of the 

subclasses. Finally, previously reported matrix-assisted laser desorption/ionization 

(MALDI)-time-of-flight (TOF)-MS(/MS) [124, 298] and ultra-performance liquid 

chromatography (UPLC)-fluorescence [74, 305] methods allowed to differentiate between 

respectively sialic acid linkages and antenna galactosylation in monogalactosylated 

species.  

 

7.2 Materials and Methods 

7.2.1 Chemicals 

Ultra-pure deionized water was generated by the Purelab Ultra, maintained at 18.2 MΩ 

(Veolia Water Technologies Netherlands B.V., Ede, The Netherlands) and used throughout. 

Disodium hydrogen phosphate dihydrate (Na2HPO4∙2H2O), potassium dihydrogen 

phosphate (KH2PO4), NaCl, sodium dodecyl sulfate (SDS), ethanol, glacial acetic acid and 

trifluoroacetic acid  were purchased from Merck (Darmstadt, Germany). 1-

Hydroxybenzotriazole hydrate, dimethyl sulfoxide (DMSO), ammonium bicarbonate, 

formic acid, Nonidet P-40 substitute (NP-40), super-DHB, NaOH and tosyl phenylalanyl 

chloromethyl ketone (TPCK)-treated trypsin from bovine pancreas were purchased from 

Sigma-Aldrich (St. Louis, MO), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide 

hydrochloride from Fluorochem (Hadfield, Derbyshire, UK) and HPLC SupraGradient 

acetonitrile (ACN) from Biosolve (Valkenswaard, The Netherlands). Recombinant peptide-

N-glycosidase F (PNGaseF) was obtained from Roche Diagnostics (Mannheim, Germany). 
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Phosphate-buffered saline (PBS) was made in-house, containing 5.7 g/L Na2HPO4∙2H2O, 0.5 

g/L KH2PO4 and 8.5 g/L NaCl.  

For specifically the ultra-performance liquid chromatography (UPLC)-fluorescence analysis 

of the 2-aminobenzamide (2-AB) labeled glycans, ultra-pure deionized water was 

generated by the Millipore Synergy Ultrapure Water Purification System, maintained at 

≥18.2 MΩ at 25 °C (Merck Millipore, Billerica, MA), whereas formic acid was purchased 

from Merck, ethanol from Carlo Erba Reagents (Val de Reuil, France) and 2-AB, DMSO, 2-

picoline borane and ACN from Sigma-Aldrich (St. Louis, MO).  

7.2.2 Samples 

The disodium EDTA plasma of 40 individual mice was purchased from BioChemed Services 

(Winchester, VA). The mice, aged between 8 and 12 weeks, originated from the strains 

BALB/c, C57BL/6, CD-1 and Swiss Webster. Of each strain, five male and five female mice 

were included in the study. Four pooled disodium EDTA plasma samples (one male and 

one female) of the same strains were purchased from Seralab (West-Sussex, U.K.; Figure 

7.1; [298]). 

7.2.3 IgG isolation from murine plasma 

Murine IgG was captured from 2 µL (for the glycopeptide workflow) or 100 µL (for the 

released glycan workflow) plasma, using respectively 15 µL or 500 µL protein G affinity 

beads (GE Healthcare, Uppsala, Sweden) in 100 µL or 1000 µL PBS. Proteins were allowed 

to interact with the beads while shaken for 1 h, after which the beads were washed three 

times with PBS and three times with water. IgG was eluted in 100 µL 100 mM FA, by 

incubating the beads 15 min at room temperature with agitation. Eluates were dried for 2 

h in a vacuum concentrator at 60 °C.    

7.2.4 Preparation glycopeptides 

Glycopeptide analysis was performed for all 40 individual mouse samples and in addition 

for six technical replicates of the four pooled samples in a randomized 96-well plate 

format. Six blanks were included to serve as negative control. Dried IgG samples (between 

3 and 5 µg based on SDS-PAGE-gel analysis; Figure S1 in Supplementary Material) were 

dissolved in 40 µL 25 mM ammonium bicarbonate (pH 8) with 1 µg TPCK-treated trypsin 

and incubated for 17 h at 37 °C. Before nano-liquid chromatography (nanoLC)-mass 

spectrometry (MS) analysis all samples were diluted 20 times in ultra-pure water. 
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Figure 7.1 Schematic representation of the study design. The IgG glycopeptides of 40 individual 

mice were analyzed by nanoLC-MS(/MS). The mice originated from the strains BALB/c, C57BL/6, CD-

1 and Swiss Webster. Of each strain, five male and five female mice were included. Based on these 

analyses, relative quantification of the glycoforms was performed in a strain- and subclass-specific 

way. In addition, released IgG glycans of four pooled plasma samples (one male and one female) of 

the same strains were analyzed by nanoLC-MS(/MS), MALDI-TOF(/TOF)-MS(/MS) and UPLC-

fluorescence for further structural elucidation of the glycoforms. 
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7.2.5 Preparation of released glycans 

Released glycan analysis was performed for the four pooled samples. The complete 

sample preparation was carried out in triplicate. Dried IgG samples (between 150 and 250 

µg based on SDS-PAGE-gel analysis; Figure S1 in Supplementary Material) were dissolved 

in 20 µL water and 40 µL 2% SDS and incubated for 10 min at 60 °C. N-Glycans were 

released by adding 40 µL release mixture (2 mU PNGase F and 2% NP-40 in 2.5x PBS) and 

incubating for 17 h at 37 °C. 

Prior to matrix-assisted laser desorption/ionization (MALDI)-time-of-flight (TOF)-MS 

analysis, sialic acids were stabilized in a linkage-specific way by ethyl esterification [124]. 2 

µL of the released glycans was added to 20 µL derivatization reagent (250 mM 1-ethyl-3-

(3-(dimethylamino)propyl)carbodiimide and 250 mM 1-hydroxybenzotriazole in ethanol) 

and incubated for 1 h at 37 °C. 20 µL ACN was added and derivatized glycans were 

enriched by cotton hydrophilic-interaction liquid chromatography (HILIC)−solid phase 

extraction (SPE) as described before, and eluted in 10 µL water [124, 168]. 

Prior to UPLC analysis, the released glycans were labeled at the reducing end with 2-AB. 

90 µL of the released glycans was dried and reconstituted in 50 µL of water. The labeling 

mixture was freshly prepared by dissolving 19.2 mg/mL 2-AB and 44.8 mg/mL 2-picoline 

borane in DMSO and glacial acetic acid (70:30, v/v). 25 μL of labeling mixture was added to 

each sample in a 96-well plate format and the plate was sealed using adhesive tape. 

Samples were mixed by a 10 min shaking step, followed by 2 h incubation at 65 °C. After 

incubation, samples were left to cool down to room temperature for 30 min. The samples 

(in a volume of 75 μL) were mixed with 700 μL of cold 100% ACN. Free label and reducing 

agent were removed from the samples using HILIC-SPE on a 0.2 μm GHP filter plate (Pall 

Corporation, Ann Arbor, MI, USA). Solvent was removed by a vacuum manifold (Millipore 

Corporation, Billerica, MA, USA). All wells were prewashed using 200 μL of 70% ethanol, 

followed by 200 μL of water and equilibrated with 200 μL of cold 96% ACN. The samples 

were loaded onto GHP filter plate and incubated for 2 min before the vacuum application. 

The wells were subsequently washed 5 times using 200 μL of cold 96% ACN. The last 

washing step was followed by centrifugation at 1000 rpm for 5 min. Glycans were eluted 

two times with 90 µL of water after 15 min of shaking at room temperature followed by 

centrifugation at 1000 rpm for 5 min. The combined eluates were stored at –20 °C until 

usage. 

7.2.6 nanoLC-MS(/MS) analysis of glycopeptides 

The 20 times diluted tryptic digests of the IgG samples were separated with an Ultimate 

3000 RSLCnano system (Dionex/Thermo Scientific, Breda, The Netherlands) equipped with 

an Acclaim PepMap 100 trap column (100 μm x 20mm, particle size 5 μm, Dionex/Thermo 

Scientific) and an Acclaim PepMap RSLC C18 nano-column (75 μm x 150 mm, particle size 
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2 μm, Dionex/Thermo Scientific). 2 µL sample was injected and separated with a gradient 

from 97% solvent A (0.1% formic acid in water) and 3% solvent B (95% ACN) to 27% 

solvent B over 15 min, with a flow rate of 700 nL/min. The nanoLC was coupled to a MaXis 

HD quadrupole time-of-flight-MS (q-TOF-MS; Bruker Daltonics) via an electrospray 

ionization (ESI) interface, equipped with the CaptiveSpray and nanoBooster technologies 

(Bruker Daltonics), using ACN-doped nebulizing gas. Profile spectra were recorded in m/z 

range 550 to 1800 with a frequency of 1 Hz. The collision energy was 5 eV, the transfer 

time 130 μs, and the pre-pulse storage 10 μs. The total analysis time per sample was 19 

min. The nanoLC system and the q-TOF-MS were operated under Chromeleon Client 

version 6.8 and otofControl version 4.0.15, respectively. For a closer examination of the 

glycoforms present, nanoLC-MS/MS was performed on a pooled sample of the undiluted 

digests of all 40 individual mouse samples. 5 µL of the pooled sample was injected and all 

putative glycopeptides peaks were selected for MS/MS fragmentation analysis by 

collision-induced dissociation.  

7.2.7 MALDI-TOF(/TOF)-MS(/MS) analysis of released glycans 

MALDI-TOF(/TOF)-MS(/MS) analysis was performed on an UltrafleXtreme (Bruker 

Daltonics) operated under flexControl 3.3 (Build 108; Bruker Daltonics). 1 µL of the 

enriched ethyl-esterified glycans was spotted on a MALDI target (MTP AnchorChip 

800/384 TF; Bruker Daltonics) together with 1 µL 5 mg/mL super-DHB in 50% ACN and 1 

mM NaOH. The spots were dried by air at room temperature. For each spot, a mass 

spectrum was recorded from m/z 1 000 to 3 000, combining 10 000 shots in a random 

walk patter at 1 000 Hz and 100 shots per raster spot. Prior to the analysis of the samples, 

the instrument was calibrated using peptide calibration standard (Bruker Daltonics). 

MALDI-TOF/TOF-MS/MS of the most abundant peaks was performed by laser-induced 

dissociation.   

7.2.8 UPLC-fluorescence analysis of released glycans  

Fluorescently labeled N-glycans were separated by HILIC on a Waters Acquity UPLC 

instrument (Milford, MA, USA) consisting of a quaternary solvent manager, sample 

manager and a FLR fluorescence detector set with excitation and emission wavelengths of 

250 and 428 nm, respectively. The instrument was under the control of Empower 3 

software, build 3471 (Waters, Milford, MA, USA). The UPLC system was equipped with a 

Waters BEH Glycan chromatography column (100 × 2.1 mm i.d., 1.7 μm BEH particles). 40 

µL (80% ACN:20% water) sample was injected and separated with a gradient of 75% 

solvent B (100% ACN; solvent A: 100 mM ammonium formate pH 4.4) to 62% solvent B 

over 27 min, with a flow of 0.4 ml/min. Solvent B was maintained at 62% for an additional 

5 min. Samples were maintained at 10 °C before injection, and the separation 

temperature was 60 °C. The system was calibrated using an external standard of 
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hydrolyzed and 2-AB labeled glucose oligomers from which the retention times for the 

individual glycans were converted to glucose units (GU).  

7.2.9 Data processing 

For automated relative quantification of the glycopeptides by LaCyTools (version 1.0.1, 

build 8) [198], the nanoLC-MS files were converted to mzXML files. Chromatograms were 

aligned based on at least six glycopeptide signals with a signal-to-noise ratio (S/N) above 

nine, covering the full elution range of the glycopeptides (412 to 716 s; Table S1 in 

Supplementary Material). Targeted peak integration was performed on doubly, triply and 

quadruply charged species. Twelve chromatographic glycopeptide clusters were defined, 

one per IgG subclass (IgG1, IgG1i, total IgG2, IgG3) and within each subclass, one per 

degree of sialylation (zero, one or two sialic acids; Table S2A and Figure S2 in 

Supplementary Material). Sum spectra were created for these clusters and signals were 

integrated to include at least 85% of the theoretical isotopic pattern. The actual presence 

of a glycopeptide was assessed based on the mass accuracy (between -20 and 20 ppm), 

the deviation from the theoretical isotopic pattern (IPQ; below 25%) and the S/N (above 

nine) of an integrated signal. Analytes were included for all samples when present in at 

least 50% of the spectra of one biological group (vendor, strain and sex). For the 

glycopeptides that passed analyte curation for total IgG2, new extraction clusters were 

defined to separate IgG2b glycoforms from IgG2a/c glycoforms (two clusters per analyte; 

Table S2B in Supplementary Material). Again, glycoforms were included when meeting the 

requirements described above. Glycopeptide signals were corrected for the actual 

percentage of isotopic patter integrated, the included charge states were summed per 

analyte and absolute values were normalized to the total signal intensity per IgG subclass. 

For the in-depth analysis of compositional features, derived traits were calculated (Table 

S3 in Supplementary Material, [176, 298]). 

For automated relative quantification of the released glycans analyzed by MALDI-TOF-MS, 

using MassyTools (version 0.1.8.1.)[190], the MALDI-TOF-MS files were converted to text 

files. Spectra were calibrated based on at least six glycan signals with a S/N above nine, 

covering the full m/z range of the glycans (Table S4 in Supplementary Material). Targeted 

peak integration was performed for an extensive, visually determined, list of glycans, 

including at least 95% of the theoretical isotopic pattern. The actual presence of a glycan 

was assessed based on the mass accuracy (between -20 and 20 ppm), the IPQ (below 25%) 

and the S/N (above nine) of an integrated signal. Analytes were included for all samples 

when present in at least two-thirds of one of the technical triplicates. Glycan signals were 

normalized to the total signal intensity.  

The chromatographic glycan peaks resulting from the UPLC-fluorescence analysis were 

integrated using an automatic processing method with the “Traditional integration 
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algorithm” after which each chromatogram was manually corrected to maintain the same 

intervals of integration for all samples. In this way, all chromatograms were separated into 

27 peaks and the amount of glycans in each peak was expressed as a percentage of the 

total integrated area. Assignment of the glycans structures in all major UPLC peaks was 

based on previous analysis [305]. 

7.2.10 Data analysis 

Statistical analysis of the glycopeptide data was performed using R 3.1.2 (R Foundation for 

Statistical Computing, Vienna, Austria) and RStudio 0.98.1091(RStudio, Inc.). Because of 

the small sample sizes (between 5 and 40 cases) and the skewing in the distribution of 

some of the glycosylation traits, non-parametric Mann-Whitney U tests were performed 

to assess sex-, strain- and subclass-specific glycosylation differences. Multiple testing was 

accounted for by Bonferroni-correction of the significance threshold (α) per biological 

question. Differences between the sexes were assessed based on the combined strains (47 

tests; α = 0.05/47 = 1.1*10-3; Table S5 in Supplementary Material), as well as for the 

individual strains (168 tests; α = 3.0*10-4; Table S5 in Supplementary Material). 

Subsequently, the sexes were combined to compare the glycosylation between the 

different strains (222 tests; α = 2.3*10-4; Table S6 in Supplementary Material), between 

the different subclasses of the combined strains (87 tests; α = 5.7*10-4; Table S7 in 

Supplementary Material), and between the different subclasses of the individual strains 

(87 tests each; α = 5.7*10-4; Table S8 in Supplementary Material). 

 

7.3 Results 

7.3.1 Glycoform characterization  

The IgG Fc glycosylation of 40 individual mice of four strains (BALB/c, C57BL/6, CD-1 and 

Swiss Webster) and both sexes (five mice per strain per sex) was analyzed by nanoLC-

MS(/MS) of tryptic glycopeptides in a subclass-specific manner. In addition, the strain-

specific IgG Fc glycosylation was studied for four plasma pools of one male and one female 

mouse per strain (Figure 7.1; Figure 7.2A). A total of 32 different glycan compositions was 

detected on the combination of IgG subclasses, whereof 27 on IgG1, 22 on IgG1i, 24 on 

IgG2b, 25 on IgG2a/c and 21 on IgG3, showing a vast overlap of the glycoforms present 

per subclass (Table 7.1; Figure S2, S3, S4 and S5 in Supplementary Material). In addition to 

the nanoLC-MS(/MS) analysis of glycopeptides, the total IgG glycans of the four pooled 

samples (one of each strain) were enzymatically released and analyzed by both MALDI-

TOF(/TOF)-MS(/MS) after sialic acid linkage-specific derivatization and UPLC-fluorescence 

after 2-AB labeling. The latter two methods allowed the distinction between α2,3- and 
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α2,6-linked sialic acids and α1,3- and α1,6-antenna galactosylation, respectively (Figure 

7.2B and C).    

 

 

Figure 7.2 Glycoforms detected by the three synergetic analysis methods. Representative data and 

analytes detected in the analysis of the pooled CD-1 sample, showing (A) IgG1 Fc glycopeptides 

analyzed by nanoLC-MS, (B) the 20 most abundant released glycans of total IgG analyzed by MALDI-

TOF-MS after linkage-specific sialic acid derivatization, and (C) released glycans of total IgG analyzed 

by UPLC-florescence after 2-AB labeling. Except for the sialic acid linkage in the MALDI-TOF-MS 

analysis (B), and the antenna galactosylation in the UPLC-fluorescence analysis (C) the 

monosaccharide linkages were not determined. The proposed glycan structures are based on 

fragmentation and literature [42, 44, 306, 307].  
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Table 7.1 Detected glycoforms per IgG subclass by nanoLC-MS.  

Glycoform 

compositiona 
Depictionb IgG1c IgG1i IgG2b IgG2a/c IgG3 

H2N3F1 
 

x x x x   

H5N2 
 

x x     x 

H3N3F1 
 

x x x x x 

H3N4 
 

x x     x 

H6N2 
 

x         

H4N3F1 
 

x x x x x 

H3N4F1 
 

x x x x x 

H4N4 
 

x x x x x 

H5N3F1 
 

  x x x   

H4N4F1 
 

x x x x x 

H5N4 
 

x   x x x 

H3N5F1 
 

x x   x   

H4N5 
 

        x 

H4N3F1G1 
 

x x x x x 

H4N4G1 
 

  x       

H5N4F1 
 

x x x x x 

H4N5F1 
 

x   x x x 

H5N3F1G1 
 

x x x x   

H4N4F1G1 
 

x x x x x 

H5N4G1 
 

x x x x x 

H6N4F1 
 

x x x x x 

H5N5F1 
 

x       x 

H6N3F1G1 
 

x x x x x 

H5N4F1G1 
 

x x x x x 

H6N4G1 
 

x         

H4N5F1G1 
 

x x x x x 

H5N4G2 
 

    x x   

H6N4F1G1 
 

x x x x x 

H5N5F1G1 
 

x   x x   

H5N4F1G1S1 
 

    x x   

H5N4F1G2 
 

x x x x x 

H5N5F1G2 
 

x   x x   
a H: hexose, N: N-acetylhexosamine, F: fucose, G: N-glycolylneuraminic acid, S: N-acetylneuraminic 

acid. b Symbols used: green circle: mannose, yellow circle: galactose, blue square:  
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(Table 7.1 continued) N-acetylglucosamine, red triangle: fucose, white diamond: N-

glycolylneuraminic acid (Neu5Gc). The proposed glycan structures are based on fragmentation and 

literature [42, 44, 306, 307]. See also Table S9 in Supplementary Material. c Peptide sequence of 

IgG1: EEQFNSTFR, IgG1i: EEQINSTFR, IgG2b: EDYNSTIR, IgG2a/c: EDYNSTLR, IgG3: EAQYNSTFR. 

For all subclasses and in all mice the most abundant glycoforms (approximately 90% of the 

total area) included diantennary glycans with zero, one or two galactoses, a core fucose, 

and zero, one or two α2,6-linked sialic acids, all in agreement with literature [42, 44]. In all 

samples, the sialic acids proved to be mainly N-glycolylneuraminic acid (Neu5Gc) [42, 44], 

with only the IgG2 isotypes showing the additional presence of N-acetylneuraminic acid 

(Neu5Ac) (IgG2a/b/c glycoform H5N4F1G1S1; H: hexose, N: N-acetylhexosamine, F: 

fucose, G: Neu5Gc, S: Neu5Ac; Table S9 in Supplementary Material). The presence of 

these minor amounts of Neu5Ac was also registered by MALDI-TOF/TOF-MS/MS analysis 

(H5N4F1E1Ge1; E: α2,6-linked Neu5Ac, Ge: α2,6-linked Neu5Gc; Table S9 in 

Supplementary Material). In addition to the α2,6-linked Neu5Gc, the MALDI-TOF-MS 

method showed α2,3-linked Neu5Gc to be present in the form of H5N4F1Gl1, 

H5N4Gl1Ge1 and H5N4F1Gl1Ge1 (Gl: α2,3-linked Neu5Gc; Table S9 in Supplementary 

Material).  

Next to the fucosylated diantennary glycans described above, also variants without core 

fucose, with bisecting GlcNAc or with α1,3-galactosylation on the β-linked-galactoses were 

detected on mouse IgG-Fc. Bisection was confirmed by nanoLC-MS/MS analysis of the 

H4N5F1G1 glycoform on IgG1 (Table S9 in Supplementary Material) and in accordance 

with literature [42, 307]. The presence of an extra hexose on diantennary, digalactosylated 

structures was indicated by nanoLC-MS/MS analysis of the glycan composition H6N4F1G1 

on IgG1 (Table S9 in Supplementary Material). In line with literature, this structure, as well 

as H6N4F1 and H6N4G1, were assigned to diantennary structures that carry an α1,3-

galactose on one of their antennae (Table S9 in Supplementary Material) [43, 306, 308]. 

Besides diantennary glycans, also monoantennary, high mannose and hybrid structures 

were detected on the IgG Fc glycopeptides. While monoantennary glycans were reported 

before on mouse IgG [42], high mannose and hybrid structures were not. Both H5N2 and 

H6N2 were detected at the glycopeptides level (Table S9 in Supplementary Material), 

H8N2 was additionally observed in the MALDI-TOF-MS analysis (Table S9 in 

Supplementary Material). The presence of hybrid structures was confirmed by nanoLC-

MS/MS of H6N3F1G1 on IgG1 (Table S9 in Supplementary Material). 

7.3.2 Sex- and strain-specific IgG Fc glycosylation  

Based on the glycopeptide analysis of the 40 individual mice, it was shown that the two 

isotypes of IgG1, i.e. IgG1 (UniProt entry P01868 [309]) and IgG1i (A0A075B5P4), were 

simultaneously present in four of the CD-1 mice and five of the Swiss Webster mice, while 
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the others expressed exclusively one of the two forms. In addition, BALB/c and C57BL/6 

showed solely the respective presence of IgG1 and IgG1i. IgG2b (P01867/A0A075B5P3), 

IgG3 (P03987) and IgG2a (P01863/P01864) and/or IgG2c (A0A0A6YY53) glycopeptides 

were observed in all mice, although no distinction could be made between the IgG2a and 

IgG2c isotypes, as they resulted in the same tryptic glycopeptides (Table 7.1; Table S10 in 

Supplementary Material). 

For the relative quantification of the glycoforms, absolute intensities were normalized per 

subclass. In addition, derived traits were calculated based on compositional features 

(Table 7.2; Table S3 in Supplementary Material). The derived traits per IgG subclass, such 

as overall galactosylation and sialylation, were compared between the four strains using 

Mann-Whitney U tests. As no difference was found between sexes for any of the testing 

groups, male and female mice were pooled for all subsequent analyses (Table S5 in 

Supplementary Material). 

Many glycosylation traits showed to differ between strains, one of the most pronounced 

differences being the relative abundance of bisecting GlcNAc on diantennaries (A2B). A2B 

was low throughout, but clearly higher in BALB/c and C57BL/6 (e.g. IgG2b medians of 1.0% 

and 0.7%) than in CD-1 and Swiss Webster (0.3% and 0.2%; for statistical test outcomes 

see Table 7.3, Table S6 in Supplementary Material and Figure 7.3A). This difference was 

detected for all IgG subclasses except IgG3, where the A2B was found to be similarly low 

for BALB/c (IgG3 BALB/c: 1.9%, C57BL/6: 5.0%, CD-1: 2.3% and SW: 2.6%).  

All strains had low levels of afucosylated glycans, with BALB/c and C57BL/6 having a 

slightly higher relative abundance of afucosylated diantennaries (A2aF) on IgG2a/c (1.0% 

and 1.3%) than CD-1 (0.7%; Table S6 and Figure S6 in Supplementary Material). This trend 

appeared similar for IgG1, IgG1i and IgG3 (Figure 7.3B; Table S6 and Figure S6 in 

Supplementary Material). 

Differences in antenna galactosylation (A2G) between the four strains were specifically 

observed for IgG2a/c and IgG3. On IgG2a/c, galactosylation was high for C57BL/6 (61%), as 

compared to all other strains (e.g. BALB/c: 44%; Table S6 and Figure S6 in Supplementary 

Material). On IgG3, high galactosylation was seen in BALB/c and C57BL/6 (38% and 42%), 

as compared to CD-1 and Swiss Webster (31% and 30%; Figure 7.3C). UPLC-fluorescence 

analysis showed furthermore the galactose on the monogalactosylated species to be 

between 78% and 85% on the α1,6-antenna for H4N4F1 and between 51% and 62% on the 

α1,6-antenna for H4N4F1G1 (Figure S7 in Supplementary Material). Sialylation (A2S) 

followed the same behavior as the galactosylation on IgG3 and IgG2a/c, showing IgG3 A2S 

to be higher for BALB/c and C57BL/6 (9.2% and 11%) than for CD-1 (6.7%), and IgG2a/c 

A2S to be higher for C57BL/6 (18%) than for all other strains (e.g. BALB/c: 7.5%; Table S6 
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and Figure S6 in Supplementary Material). In addition A2S on IgG2b was lower for CD-1 

(13%) than for C57BL/6 (20%; Figure 7.3D).  

Finally, strain-specific differences were found for the relative abundance of hybrid 

structures (Hy) on the two isotypes of IgG2, namely a high degree of hybrid structures on 

IgG2a/c for BALB/c and C57BL/6 (both 0.8%) as compared to CD-1 and Swiss Webster 

 

Table 7.2 Derived glycosylation traits. 

Derived trait Depictiona Description 

Total 
 

Sum of all glycans 

M 
 

Fraction of high mannose glycans 

Hy 
 

Fraction of hybrid glycans 

A1 
 

Fraction of N3 glycans (non-hybrid) 

A2aF 
 

Afucosylation of diantennary glycans 

A2B 
 

Bisection of diantennary glycans 

A2G 
 

Galactosylation per antenna of diantennary glycans 

A2Ga 
 

α1,3-galactosylation per antenna of diantennary glycans 

A2GGa 
 

α1,3-galactosylation per β-galactose of diantennary 
glycans 

A2S 
 

Sialylation per antenna of diantennary glycans 

A2GS 
 

Sialylation per β-galactose of diantennary glycans 

S2Sa 
 

Fraction of Neu5Ac on disialylated, diantennary glycans 

a The depictions of the derived traits show the minimally required composition to contribute to a 

trait. Symbols used: green circle: mannose, yellow circle: galactose, blue square: N-

acetylglucosamine, red triangle: fucose, white diamond: N-glycolylneuraminic acid (Neu5Gc), pink 

diamond: N-acetylneuraminic acid (Neu5Ac). For exact calculations per IgG subclass, see Table S3 in 

Supplementary Material.  



140 
 

(both 0.2%), and on IgG2b for BALB/c (0.6%) as compared to CD-1 and Swiss Webster 

(0.2% and 0.1%; Table S6 and Figure S6 in Supplementary Material). 

No significant differences were found between the strains for the glycosylation traits on 

IgG1i, likely due to a reduced statistical power as IgG1i was only present in five of the 

studied CD-1 and six of the studied Swiss Webster mice. However, the IgG1i derived 

glycosylation traits followed the trends observed for the IgG2 and IgG3 traits between the 

strains (Table 7.3, Table S6 in Supplementary Material). None of the derived glycosylation 

traits appeared to be different between CD-1 and Swiss Webster. 

 

Table 7.3 Fold differences in the derived glycosylation traits between the strains.  

C57BL/6 / 
BALB/c

b

CD-1 / 
BALB/c

SW / 
BALB/c

CD-1 / 
C57BL/6

SW / 
C57BL/6

CD-1 / 
SWDerived trait

a 
IgG1             
A2B n.d. 0.22 0.27 n.d. n.d. 1.22 

A2GS n.d. 0.68 0.75 n.d. n.d. 1.10 
IgG2b             

Hy 0.56 0.29 0.20 0.53 0.36 0.69 
A1 0.56 1.33 1.08 2.36 1.92 0.82 

A2aF 0.80 1.09 0.96 1.35 1.20 0.88 
A2B 0.74 0.29 0.24 0.39 0.33 0.84 
A2S 1.14 0.75 0.82 0.66 0.72 1.09 

A2GS 1.10 0.80 0.87 0.73 0.79 1.08 
S2Sa 0.36 0.55 0.37 1.53 1.03 0.68 

IgG2a/c             
Hy 0.98 0.23 0.19 0.23 0.19 0.83 

A2aF 1.27 0.71 0.75 0.56 0.59 1.05 
A2B 1.92 0.23 0.20 0.12 0.10 0.87 
A2G 1.39 1.02 1.06 0.74 0.76 1.04 

A2Ga 1.93 0.98 0.98 0.51 0.51 1.00 
A2S 2.33 1.16 1.46 0.50 0.63 1.27 

A2GS 1.65 1.09 1.26 0.66 0.76 1.15 
IgG3             
A1 1.18 0.72 0.73 0.61 0.62 1.01 

A2B 2.63 1.19 1.36 0.45 0.52 1.14 
A2G 1.10 0.81 0.79 0.74 0.72 0.97 
A2S 1.14 0.73 0.77 0.64 0.68 1.06 

a For an explanation of the derived traits, see Table 7.2 and Table S3 in Supplementary Material. b 

Presented values indicate the fold difference between the group medians of strain A / strain B 

(indicated above each column). Values in bold: statistically significant, n.d.: not determined. 
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Figure 7.3 Differences in the relative abundances of glycosylation traits between strains. Relative 

abundances of the derived glycosylation traits (A) bisection (A2B), (B) afucosylation (A2aF), (C) 

galactosylation (A2G) and (D) sialylation (A2S) on IgG2b and IgG3 for the four different mouse 

strains: BALB/c, C57BL/6, CD-1 and Swiss Webster (SW). Significant differences between strains are 

indicated by black lines above the boxes. Boxes represent the interquartile range (IQR) and median 

value, whiskers represent the first and the third quartiles respectively minus or plus 1.5 times the 

IQR . 

7.3.3 Subclass-specific glycosylation 

Glycosylation differences between subclasses were assessed for the 40 mice of the 

combined strains using the Mann-Whitney U test (Table 7.4, Table S7 in Supplementary 

Material). In addition, all glycosylation differences between the subclasses were 
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confirmed by the analysis of the four pooled plasma samples (Figure S8 in Supplementary 

Material).  

Table 7.4 Fold differences in the derived glycosylation traits between the IgG subclasses.  

IgG1i 

/ IgG1
b

 

IgG2b 

/ IgG1 

IgG2a/c 

/ IgG1 

IgG3 

/ IgG1 

IgG2b 

/ IgG1i 

IgG2a/c 

/ IgG1i 

IgG3 

/ IgG1i 

IgG2a/c 

/ IgG2b 

IgG3 

/ IgG2b 

IgG3 

/ IgG2a/c 
Derived 

trait
a 

Hy 1.09 0.35 0.42 n.d. 0.32 0.38 n.d. 1.18 n.d. n.d. 
A1 2.66 0.40 0.82 1.89 0.15 0.31 0.71 2.05 4.73 2.30 

A2aF 0.87 0.39 0.47 0.77 0.45 0.54 0.89 1.20 1.97 1.64 
A2B 0.39 0.20 0.24 0.98 0.51 0.62 2.51 1.22 4.95 4.04 
A2G 0.76 1.77 1.38 1.04 2.33 1.82 1.37 0.78 0.59 0.75 

A2Ga 3.04 2.13 1.70 2.37 0.70 0.56 0.78 0.80 1.11 1.39 
A2GGa 3.33 1.26 1.19 2.05 0.38 0.36 0.62 0.94 1.63 1.73 

A2S 0.53 1.53 0.89 0.78 2.90 1.67 1.46 0.58 0.51 0.88 
A2GS 0.83 0.91 0.68 0.79 1.10 0.82 0.95 0.75 0.87 1.16 

a For an explanation of the derived traits, see Table 2 and Table S3 in Supplementary Material.  
b Presented values indicate the fold difference between the group medians of IgG A / IgG B 

(indicated above each column). Values in bold: statistically significant, n.d.: not determined.    

One of the most noticeable differences between subclasses was the level of A2G, which 

proved highest on IgG2b (median 60%), followed by IgG2a/c (47%), IgG3 (35%) and IgG1 

(34%), and IgG1i (26%; Figure 7.4A). A2S showed a similar pattern, being highest on IgG2b 

(17%) followed by IgG1 (11%), IgG2a/c (9.6%) and IgG3 (8.4%), and IgG1i (5.7%; Figure 

7.4B). Also the sialylation per galactose (A2GS) was not the same for all subclasses, namely 

higher on IgG1 (31%) and IgG2b (28%) as compared to IgG3 (24%) and IgG2a/c (21%; 

Figure 7.4C). This effect could specifically be attributed to BALB/c, which showed low 

IgG2a/c A2GS (18%) and high IgG1 A2GS (40%, Table S8 in Supplementary Material).  

For the overall sample set, the abundance of A2aF was higher for IgG1 (2.0%), IgG1i (1.7%) 

and IgG3 (1.5%) than for IgG2a/c (0.9%; Figure 7.4D). Furthermore, A2B, was consistently 

low on both IgG2 isotypes (IgG2b: 0.5%, IgG2a/c: 0.7%), as well as on IgG1i (1.0%), 

compared to IgG1 (2.7%) and IgG3 (2.6%; Figure 7.4E). The presence of α1,3-

galactosylation on diantennaries (A2Ga) was relatively constant over all subclasses 

(IgG2a/c: 0.7%, IgG2b: 0.8%, IgG3: 0.9% and IgG1i: 1.2%), except on IgG1 (0.4%), on which 

it was significantly lower than on all others (Figure 7.4F). This effect was even more 

pronounced when studied for BALB/c specifically (IgG1: 0.4% and e.g. IgG2b: 0.9%; Table 

S8 in Supplementary Material).  
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Figure 7.4 Differences in the relative abundances of glycosylation traits between the IgG 

subclasses. Relative abundances of the derived glycosylation traits (A) galactosylation (A2G), (B) 

sialylation (A2S), (C) sialylation per galactose (A2GS), (D) afucosylation (A2aF), (E) bisection (A2B), 

and (F) α1,3-galactosylation (A2Ga) on the different IgG subclasses studied for the 40 individual mice 

of all strains. Significant differences between subclasses are indicated by black lines above the 

boxes. Box and whisker plots as described in Figure 7.3. 

 

7.4 Discussion 

In this research we present, to our knowledge, the most in-depth characterization of 

mouse IgG Fc glycosylation conducted to date. Next to thorough IgG glycoform 

characterization, we provide the subclass-specific comparison of the IgG Fc glycosylation 

of several commonly used mouse strains. Previous studies into the characterization of 
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mouse IgG glycosylation made use of enzymatically released glycans from isolated IgG, 

losing both Fc  and subclass-specificity [42, 307]. Here, IgG Fc glycosylation profiling was 

achieved in a subclass-specific way by analyzing tryptic glycopeptides by nanoLC-MS(/MS). 

The methodology was reported before, but never applied to multiple mice of different 

strains and sexes [44]. We included in our study five male and five female mice of the 

commonly used strains BALB/c, C57BL/6, CD-1 and Swiss Webster. On top of the nanoLC-

MS(/MS) method, we used two additional techniques for the in-depth characterization of 

the released IgG N-glycans, namely MALDI-TOF(/TOF)-MS(/MS) and UPLC-fluorescence.  

7.4.1 Detected glycoforms 

Consistent with literature, our methods revealed the presence of mainly fucosylated, 

diantennary glycans with zero to two galactoses and sialic acids [42, 44, 307]. The sialic 

acids were predominantly found as α2,6-Neu5Gc, but the presence of minor amounts of 

α2,6-Neu5Ac was detected as well. As CMP-Neu5Ac is the precursor for the CMP-Neu5Gc 

synthesis the presence of this substrate may be assumed in murine plasma cells [310]. 

Next to α2,6-Neu5Gc, also α2,3-Neu5Gc was present in low abundances, although this 

feature could not be assigned to the Fc portion specifically, as the sialic acid linkage-

differentiation was only achieved on the released glycan level (Figure 7.1). Furthermore, 

on the released glycan level, we performed with UPLC-fluorescence a relative 

quantification of α1,6-antenna galactosylation, as compared to the α1,3-antenna 

galactosylation for monogalactosylated glycans. The α1,6-antenna showed to be 

preferably galactosylated, consistent with literature on both human and mouse IgG 

glycosylation [42, 74]. Interestingly, the α1,6-antenna preference was lower for the 

sialylated H4N4F1G1 as compared to nonsialylated H4N4F1, which might be explained by 

steric constrains of the α1,6-antenna availability for processing as soon as it is 

galactosylated [311]. On the other hand, this ratio might be influenced by varying 

distributions of these glycoforms over the subclasses, in combination with unequal IgG 

subclass abundances.   

The presence of afucosylated diantennaries as well as that of a bisecting GlcNAc on the 

diantennaries is well-known for human IgG-Fc [25, 74, 84, 176], but has not yet been 

reported in an Fc specific way for mouse IgG before [44]. Interestingly, we identified both 

afucosylation and bisection on all IgG subclasses. The enzyme catalyzing the addition of a 

bisecting GlcNAc to the β-mannose in the N-glycan core, GlcNAc-transferase III, was 

reported to be expressed in human B lymphocytes [312] and murine brain and kidney 

tissues [313, 314], making the bisection on mouse IgG-Fc not unimaginable. In addition, 

both bisection and afucosylation were reported before for glycans released from isolated 

murine IgG [42].  



145 
 

Whereas α1,3-galactosylation was previously only reported on monoclonal IgG produced 

in the mouse cell-lines SP2/0 and J558L [306, 308], we here demonstrate its presence on 

polyclonal murine IgG-Fc. α1,3-Galactosylation is immunogenic in human, in which the 

α1,3-galactosyltransferase is not functionally expressed [315]. For mice, α1,3-

galactosylation is a known glycosylation feature [43].  

Next to the diantennary glycan variants described, also high-mannose, hybrid and 

monoantennary structures were identified specifically on the mouse Fc. Where 

monoantennary glycans were already reported on murine IgG before, both high mannoses 

and hybrids were not [42]. These glycoforms can be expected as they are precursors of the 

complex diantennary glycans [316].  

7.4.2 Strain and subclass differences 

Interestingly, not all IgG subclasses were detected equivalently between the mouse strains 

and even individuals. We revealed the presence of IgG2b and IgG3 in all mice studied. 

However, the inbred BALB/c and C57BL/6 mice respectively expressed only IgG1 or IgG1i, 

while several individuals of outbred CD-1 and Swiss Webster mice showed both isotypes 

at the same time, which would suggest IgG1 and IgG1i to be allelic variants. This situation 

was prior reported for IgG2a and IgG2c showing IgG2a to be exclusively present in BALB/c 

and IgG2c in C57BL/6 [44, 301]. However, we were not able to assess this, as the tryptic 

digestion of IgG2a and IgG2c resulted in the same glycopeptides which were detected in 

all mice.  

When comparing the glycosylation traits between the strains, we observed galactosylation 

and sialylation to have a lower variation between the individual mice of BALB/c and 

C57BL/6, as compared to CD-1 and Swiss Webster. As outbred strains are expected to 

have a wider genetic background than inbred strains, this suggests that there is a strong 

genetic influence on IgG Fc glycosylation [255, 293, 294]. Next to the genetics, also 

environmental factors might play a role in the differences between the strains, like 

exposure to pathogens and health status. For example, the high levels of IgG1 bisection 

and afucosylation and low levels of IgG1 galactosylation in BALB/c mice, as compared to 

the other strains in this study, may well represent a more proinflammatory phenotype 

[193, 304, 317]. 

The difference in variation between the mouse strains was observed before in the analysis 

of the murine total plasma N-glycome [298]. Diantennary, fucosylated glycans in the total 

plasma N-glycome, for healthy humans known to be almost exclusively derived from IgG 

[299], showed a larger biological variation in the strains CD-1 and Swiss Webster as 

compared to C57BL/6 and BALB/c. To the contrary, whereas for the total IgG glycans in 

the total plasma N-glycome a clear difference was observed between male and female CD-
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1 and Swiss Webster mice, this was not the case in the current IgG subclass specific 

glycopeptide analysis. This might be explained by an interplay between, on the one hand, 

IgG subclass abundances between the sexes, and on the other hand, glycosylation 

differences between the IgG subclasses. In addition, other, hitherto unidentified 

glycoproteins than IgG that show a pronounced sex-specificity may overlap with the IgG 

glycans in the total plasma N-glycome. Other sex-related glycosylation differences 

observed in the total plasma N-glycome study are in glycans that are derived from 

proteins other than IgG and might indeed have a sex-influenced glycosylation pattern.  

Both galactosylation and sialylation of IgG Fc glycans are established traits involved in the 

anti-inflammatory activity of IgG [186, 202, 318]. On the one hand, sialylation has been 

reported to dampen immune responses in an antigen-independent way by binding SIGN-

R1 (mouse) and DC-SIGN (human) [58, 200], is suggested to be involved in the inhibition of 

B-cell activation in mice [319] and is in addition able to decrease complement-mediated 

cytotoxicity via C1q binding [56]. An increased galactosylation, on the other hand, causes 

improved binding of mouse IgG1 to the FcγRIIB and subsequent downregulation of 

proinflammatory activities [186]. Of note, the latter phenomenon is observed for IgG1, but 

not for IgG2a, emphasizing the differences between the IgG subclasses [186].  

Another trait known to influence antibody activity in both humans and mice is 

afucosylation. An increased afucosylation on human IgG1 and murine IgG2a and IgG2b is 

known to result in an improved binding to specific FcγRs (FcγRIII in humans and FcγRIIB 

and FcγRIV in mice) and thereby increasing antibody-dependent cellular cytotoxicity 

(ADCC) [47, 304]. Similar to the galactosylation described above, it is relevant to study 

afucosylation in a subclass-specific way to predict its effect. As IgG subclasses have varying 

binding affinities for the FcγRs, differential afucosylation can alter the ratio between 

activating and inhibiting FcγR stimulation. For example, the in vivo effect of mouse IgG2b 

afucosylation on ADCC is larger than that of IgG2a [304].  

7.4.3 Translation of murine IgG-Fc glycosylation to the human system 

In terms of glycan structures identified, our mouse data match the glycoforms reported on 

human IgG-Fc to a large extent, but several pronounced and relevant difference were also 

observed. One example of this is the earlier-reported difference between the most 

abundant sialic acid structure, namely Neu5Gc in the mouse and Neu5Ac in man [42, 44, 

45, 307], and another is the alternative termination of murine glycans by α1,3-

galactosylation instead of (or next to) sialylation. Both factors are important in assessing 

the suitability of mice for immunological studies, as they might change the interaction 

between IgG-Fc and effector proteins. For example, it was shown that not the mouse sialic 

acid-binding Ig-like lectin CD22, but only the human CD22 is able to bind Neu5Ac on 

intravenous immunoglobulin [45, 46].  
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Of importance for interpretation of the data is that mouse IgG-subclass nomenclature 

does not match that of humans, human IgG1 and IgG3 are often directed against protein 

antigens, while for mice this is the case for IgG2a and IgG2b [22, 320]. In addition, human 

IgG4 is similar to mouse IgG1 in its involvement in responses to allergens and mast-cell 

binding, and human IgG2 is similar to mouse IgG3 in the recognition of carbohydrate 

antigens [22, 320, 321]. Furthermore, the affinity for FcγRs is not consistent between 

mouse and human IgG subclasses, as human IgG1 has a broad affinity for all FcγRs, while 

for the mouse this is achieved by IgG2a and IgG2b [185, 322]. In addition, the inhibitory 

FcγRIIB binds in mice to IgG1, 2a and 2b, while in human it binds to IgG1, 3 and 4 [300].  

The mice we studied were aged between eight and twelve weeks and considered young 

adults [323]. Comparing their IgG2b and IgG2a/c galactosylation to that found previously 

on IgG1 in healthy human between 20 and 40 years, similar levels were observed [28]. The 

other murine IgG subclasses showed considerably lower levels of galactosylation. The 

murine IgG2a/c and 2b sialylation, on the other hand, was found to be high in mice, as 

compared to overall human IgG Fc sialylation. In addition, the overall bisection and 

afucosylation were lower on all subclasses in mice than in humans [28, 74]. This latter 

finding might be related to the infrequent immunological challenges lab mice experience. 

The same phenomenon was observed before in very young children (aged between 0.3 

and 4 years), showing low levels of afucosylated IgGs, which increased with age (and likely 

immunological challenges) [176]. In addition, high levels of afucosylated antibodies were 

observed before in human on antigen specific antibodies against, amongst others, HIV 

gp120, human platelet antigen and red blood cells [98, 99, 291]. Interestingly, the mice 

showed no differences for the Fc glycosylation features between the sexes. This is 

different from what is known for human (young) adult IgG glycosylation, where significant 

differences were reported for IgG Fc galactosylation and sialylation [28]. 

 

7.5 Conclusion 

We report pronounced differences of IgG Fc glycosylation in mice between both subclass 

and strains. Especially galactosylation and sialylation showed a large variation in their 

abundance. In addition, the levels of hybrid structures, α1,3-galactosylation, afucosylation 

and bisection, all not previously reported on murine IgG in an Fc specific way, showed to 

differ between the subclasses and strains. Noticeable variations were observed for the 

murine Fc glycosylation, as compared to prior-reported human Fc glycosylation, for 

example in terms of sialic acids present (respectively Neu5Gc and Neu5Ac in mice and 

humans). Also levels of glycosylation traits that are recognized as important immune 

modulators, including galactosylation, sialylation, afucosylation and bisection deviated 

between humans and mice. When considering mouse models for immunological research, 
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a careful selection should be made both on the mouse strain and on the IgG subclasses 

used, taking into account the baseline glycosylation profiles and biological engagement.  
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The N-glycosylation of immunoglobulin (Ig) G, the major antibody in the circulation of 

human adults, is well known for its influences on antibody effector functions and its 

alterations with various diseases. In contrast, knowledge on the role of glycans attached to 

IgA, which is a key immune defense agent in secretions, is very scarce. In this study we 

aimed to characterize the glycosylation of salivary (secretory) IgA, including the IgA joining 

chain (JC) and secretory component (SC) and to compare IgA and IgG glycosylation 

between human plasma and saliva samples to gain a first insight into oral cavity-specific 

antibody glycosylation. 

Plasma and whole saliva were collected from 19 healthy volunteers within a two-hour 

time window. IgG and IgA were affinity-purified from the two biofluids, followed by tryptic 

digestion and nanoLC-ESI-QTOF-MS(/MS) analysis.  

Saliva-derived IgG exhibited a slightly lower galactosylation and sialylation as compared to 

plasma-derived IgG. Glycosylation of IgA1, IgA2 and the JC showed substantial differences 

between the biofluids, with salivary proteins exhibiting a higher bisection, and lower 

galactosylation and sialylation as compared to plasma-derived IgA and JC. Additionally, all 

seven N-glycosylation sites, characterized on the SC of secretory IgA in saliva, carried 

highly fucosylated and fully galactosylated diantennary N-glycans. This study lays the basis 

for future research into the functional role of salivary Ig glycosylation as well as its 

biomarker potential. 
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8.1 Introduction 

Using saliva for diagnostic purposes has gained increasing popularity due to its various 

advantages over plasma or serum. First, saliva can be easily and painlessly collected from 

donors without the need for specialized equipment or training. Second, next to proteins 

derived from serum (ca. 27% of total salivary proteins), saliva also contains locally 

produced proteins which might reflect diseases that affect the oral cavity, such as 

Sjögren’s syndrome, or oral cancer [325-327]. Saliva assays are already available on the 

market, e.g. for the detection of antibodies against HIV [325]. Moreover, numerous 

potential salivary protein-, DNA-, RNA-, and small-molecule-based biomarkers for various 

diseases have been proposed, as recently reviewed [328]. Furthermore, two studies using 

global lectin-based profiling of glycans in saliva revealed associations with breast cancer 

and Sjögren’s syndrome [329, 330]. 

Glycosylation is a prevalent posttranslational modification which heavily influences the 

structure and function of proteins, as is well known for plasma-derived immunoglobulin 

(Ig) G. The glycosylation of the fragment crystallizable (Fc) portion of IgG has been shown 

to influence binding to Fcγ receptors (FcγRs) and complement factors [37]. Moreover, 

plasma IgG glycosylation has been associated with various diseases and could, therefore, 

be exploited for diagnostic and therapeutic approaches in the future [331-333]. In 

contrast, for other Igs, such as IgA, way less is known about the relationship between their 

glycosylation and effector functions. Although IgA N-glycosylation was shown to influence 

the IgA transport from circulation to mucosal tissue [334] and the O-glycosylation of IgA1 

is considered a major factor in the pathogenesis of IgA nephropathy [335], the absence of 

the Fc N-glycosylation of IgA1 had no effect on FcαR binding [336]. Site-specific 

investigation of antibody glycosylation in human samples other than plasma has been 

limited to cerebrospinal fluid and synovial fluid for IgG [337, 338] and colostrum for IgA 

[339, 340]. The glycosylation of saliva-derived IgG and IgA has only been crudely examined 

using lectin binding assays, and without a direct comparison to blood [341, 342]. 

The lack of knowledge about salivary antibody glycosylation is mainly due to the fact that 

the antibody concentrations are much lower than in plasma, posing a major challenge for 

their in-depth characterization. Plasma contains approximately 12.5 mg/mL IgG and 2.2 

mg/mL IgA, while the concentrations for unstimulated whole saliva are estimated at 

approximately 0.014 mg/mL and 0.19 mg/mL for IgG and IgA, respectively [343, 344]. 

Salivary IgG is thought to mainly be derived from circulation, while a minority (< 20%) is 

produced by local plasma cells in gingival lesions or salivary glands [343, 345]. In contrast, 

more than 95% of salivary IgA is produced locally by plasma cells in various glands, where 

it can form a dimeric complex via the associated joining chain (JC) [346]. Secretion of 

dimeric IgA across the epithelial layer is enabled by the polymeric Ig receptor (pIgR), of 

which a part remains bound to the IgA and is known as the secretory component (SC). As a 
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consequence, secretory (S)IgA as a complex of dimeric IgA covalently linked to the JC and 

SC (Figure 8.1), makes up for more than 80% of the salivary IgA pool, while plasma IgA is 

predominantly (~90%) monomeric [343, 347]. In addition, the ratio between IgA1 and IgA2 

is dependent on the source of IgA: while saliva contains approximately 35% IgA2, around 

20% IgA2 is found in serum [343, 347]. In contrast to IgG, which only contains one, or two 

in the case of some IgG3 variants [23], N-glycosylation sites at the constant domain, the 

IgA1 and IgA2 constant domains contain two up to five potential N-glycosylation sites, 

respectively, and IgA1 carries up to six O-glycans in the hinge region [177, 348] (Figure 

8.1). In addition, the JC has one N-glycosylation site and the SC seven (Figure 8.1). This 

further complicates detailed (S)IgA glycosylation analysis. However, in recent years great 

progress has been made with respect to both measurement sensitivity and data analysis 

tools in the field of glycoproteomics, facilitating site-specific glycosylation analysis of 

minute amounts of Igs [133, 198, 349, 350].  

Here, we developed a method for the analysis of IgG and (S)IgA glycosylation in whole 

saliva using bead-based affinity chromatography purification, followed by tryptic digestion 

and analysis with nano liquid chromatography (nanoLC)-electrospray ionization (ESI)-

quadrupole time-of-flight (QTOF)-mass spectrometry (MS). The method can be used in a 

96-well plate format and was applied to characterize and compare the glycosylation of 

both IgG and (S)IgA in saliva and plasma of 19 healthy individuals. To the best of our 

knowledge we are the first to report site-specific glycoprofiling of antibodies in saliva. 

 

8.2 Material and Methods 

8.2.1 Collection of biofluids and preprocessing 

Nineteen healthy donors (18 Caucasians and 1 of South Asian ancestry) were recruited to 

donate blood and saliva. The study population included 13 females and 6 males, with an 

average age of 28.4 years (range: 20-42). All donors gave informed consent, and the study 

was approved by the Medical Ethics Commission of the Leiden University Medical Center 

(P16.189). Both biofluids were collected between 10:30 A.M. and 12:30 P.M. on the same 

day. Donors were instructed to rinse their mouth with water an hour prior to collection of 

saliva and abstain from food and beverages until sample collection was finished. Saliva 

was collected by unstimulated drooling into a 5-mL Eppendorf tube for approximately 10 

min, and immediately frozen at -20 °C. Subsequently, 10 mL of venous blood was collected 

in an EDTA vial. The blood was centrifuged at 3184 × g for 5 min and the clear upper 

fraction, consisting of plasma, was collected and frozen at -20 °C.  

Saliva samples underwent a preprocessing step to reduce viscosity: After thawing, the 

samples were centrifuged at 3184 × g at 4 °C for 30 min. Four hundred µL of supernatant 
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Figure 8.1 Schematic representation of IgG1, IgA1 and SIgA2 and their glycosylation sites. IgA2 is 

shown in its dimeric form, in a complex with a joining chain (JC; red) and a secretory component (SC; 

blue). The JC and SC are covalently linked to IgA by disulfide bonds (not shown). Each Ig monomer is 

composed of two heavy chains (dark grey) and two light chains (light grey), again connected by 

disulfide bonds. The chains are further subdivided as constant (C) and variable (V) domains. N-

glycosylation sites on IgG are indicated by their amino acid number according to the nomenclature 

used by conventional literature, e.g. [177], while IgA, the JC and SC have UniProt numbering [309]. 

N92 on IgA2 was previously reported to be glycosylated, however, N92 on the IgA2 allotype found in 

our samples (A2m(1)) was not incorporated in a N-glycosylation consensus sequence and was found 

to be non-glycosylated.  

was collected from each sample and dispersed over 4 aliquots of 100 µL (for IgG and IgA 

purification each in duplicate), which were added to a 96-well filter plate with a 10 µm 

pore frit (Orochem, Naperville, IL). The samples were centrifuged at 200 × g for 1 min, and 

flow-throughs were used for IgG and IgA affinity purification immediately after. 
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8.2.2 Purification and digestion of immunoglobulins from donor plasma and saliva  

IgG and IgA were each purified in duplicate on separate plates using affinity bead 

chromatography, based on a protocol described previously [29]. For IgG purification, 15 µL 

of Protein G Sepharose 4 Fast Flow beads (GE Healthcare, Uppsala, Sweden) were added 

per well on an Orochem filter plate and washed three times with phosphate-buffered 

saline (PBS). For IgA purification, the same procedure was followed using 2 µL 

CaptureSelect IgA Affinity Matrix beads (Thermo Fisher Scientific, Breda, The 

Netherlands). For IgG purification, either 100 µL of saliva or 2 µL of plasma was added to 

each well, while 100 µL of saliva or 5 µL of plasma was used for IgA purification. Sample 

volumes were brought to a total of 200 µL by the addition of PBS. The plates were 

incubated for 1 h while shaking at 750 rpm with 1.5 mm orbit (Heidolph Titramax 100; 

Heidolph, Kelheim, Germany) to accommodate binding. 

Using a vacuum manifold, the samples were washed 3 times by adding 400 µL PBS, 

followed by 3 times 400 µL of MilliQ-purified water (Purelab Ultra, maintained at 18.2 MΩ; 

Veolia Water Technologies Netherlands B.V., Ede, The Netherlands). The antibodies were 

eluted from the beads by adding 100 µL of 100 mM formic acid (Sigma-Aldrich, 

Zwijndrecht, The Netherlands), incubating for 5 min at 750 rpm, and centrifuging at 100 × 

g for 2 min. Samples were dried for 2 h at 60 °C in a vacuum centrifuge.  

The IgG samples were resolubilized in 20 µL 50 mM ammonium bicarbonate (Sigma-

Aldrich) while shaking for 5 min at 750 rpm. Twenty µL of 0.05 µg/µL tosyl phenylalanyl 

chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich) in ice-cold MilliQ-purified 

water was added per well, and the samples were incubated at 37 °C overnight. 

In contrast to tryptic IgG digestion to obtain Fc glycopeptides, IgA molecules need to be 

reduced and alkylated prior to digestion to obtain peptides covering all glycosylation sites. 

IgA samples were resolubilized in 30 µL 30 mM ammonium bicarbonate, 12.5% 

acetonitrile (Biosolve, Valkenswaard, the Netherlands) while shaking for 5 min at 750 rpm. 

Subsequently, 5 µL of 35 mM dithiothreitol (Sigma-Aldrich) was added, followed by 5 min 

incubation at room temperature on a shaker (750 rpm) and 30 min incubation at 60 °C in 

an oven. After cooling to room temperature, 5 µL of 125 mM iodoacetamide (Sigma-

Aldrich) was added and the samples were incubated in the dark while shaking for 30 min. 

Two µL of 100 mM dithiothreitol was added to quench the iodoacetamide. Finally, 8 µL of 

0.08 µg/µL TPCK-treated trypsin in ice-cold MilliQ-purified water was added per well, and 

the samples were incubated at 37 °C overnight. Before LC-MS analysis, IgA and IgG 

samples derived from plasma were diluted twice and 20-times, respectively, with MilliQ-

purified water, whereas saliva-derived samples were not diluted. Assuming no losses and 

prior concentrations of 12.5 mg/mL plasma IgG, 0.014 mg/mL saliva IgG, 2.2 mg/mL 

plasma IgA and 0.19 mg/mL saliva IgG [343, 344], the concentrations of the final digests 
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were 0.031 mg/mL, 0.035 mg/mL, 0.110 mg/mL and 0.380 mg/mL for plasma IgG, saliva 

IgG, plasma IgA and saliva IgA, respectively. 

8.2.3 Digestion and N-glycan release of IgA samples for MS/MS analysis 

For the fragmentation analysis by MS/MS of the IgA glycopeptides, a separate purification 

and tryptic digestion of IgA was done in triplicate on two saliva samples from two donors 

from the study described above, a pooled-plasma standard from a minimum of 20 human 

donors (VisuCon-F Frozen Normal Control Plasma; Affinity Biologicals, Ancaster, Canada), 

10 µg of a human plasma-derived IgA standard (Lee Biosolutions, Maryland Heights, MO), 

and a human colostrum-derived SIgA standard (Athens Research and Technology, Athens, 

GA). The procedure was similar to what is described above, except that 1 µg trypsin per 

sample was used instead of 0.64 µg. Twenty µL of trypsin-digested sample was collected 

and heated to 95 °C to inactivate the trypsin. After cooling to room temperature, 1 µL of 

N-glycosidase F (Roche Diagnostics, Mannheim, Germany) was added and the samples 

were incubated at 37 °C overnight. The samples obtained from the pooled-plasma 

standard were diluted twice and the (S)IgA standard samples thrice with MilliQ-purified 

water, whereas the saliva-derived samples were not diluted. 

8.2.4 NanoLC-ESI-QTOF-MS(/MS) analysis 

IgG and IgA samples were present on separate plates and measured on different days. 

Each pair of plasma and saliva sample of the same donor was analyzed successively, but 

the duplicate pair of the same donor was measured at a later time point. Blanks consisting 

of MilliQ-purified water were run after every 20 samples. Two hundred nL of each sample 

was injected into an Ultimate 3000 RSLCnano system (Dionex/Thermo Scientific, Breda, 

the Netherlands) coupled to a quadrupole-TOF-MS (MaXis HD; Bruker Daltonics, Bremen, 

Germany). The LC system was equipped with an Acclaim PepMap 100 trap column 

(particle size 5 µm, pore size 100 Å, 100 µm × 20 mm, Dionex/Thermo Scientific) and an 

Acclaim PepMap C18 nano analytical column (particle size 2 µm, pore size 100 Å, 75 µm × 

150 mm, Dionex/Thermo Scientific). A mixture of solvent A (0.1% formic acid in MilliQ-

purified water) and solvent B (95% acetonitrile) was applied with a constant flow of 0.7 

µL/min using a linear gradient: t (min) = 0, %B = 3; t = 5, %B = 3; t = 35, %B = 53; with 

washing and equilibration starting at t = 36, %B = 70; t = 38, %B = 70; t = 39, %B = 3; t = 58, 

%B = 3. The sample was ionized in positive-ion mode using a CaptiveSprayer (Bruker 

Daltonics) electrospray source at 1300 V. A nanoBooster (Bruker Daltonics) was used to 

enrich the nitrogen gas with acetonitrile to enhance ionization efficiency. Mass spectra 

were acquired with a frequency of 1 Hz and the MS ion detection window was set at mass-

to-charge ratio (m/z) 550-1800. Fragmentation by collision-induced dissociation MS/MS 

used an ion detection window of m/z 50-2800.  
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8.2.5 Data processing 

LC-MS(/MS) data were first examined manually using DataAnalysis (Bruker Daltonics). 

Glycopeptides were identified based on their m/z and literature (Supplemental Table S1) 

[26, 29, 74, 85, 107, 340, 351-353]. In the following, glycosylation site numbering for IgG is 

based on conventions commonly used in literature , e.g. [177], and for IgA1, IgA2, the JC 

and the SC, UniProt numbering is used  (Figure 8.1)[309]. For each glycopeptide cluster, 

here defined as a group of glycopeptides sharing the same peptide portion, e.g. IgA2 

N205, at least one glycopeptide was characterized by MS/MS fragmentation, elucidating 

the glycan composition and the identity of the peptide (Supplemental Figure S1). In order 

to provide information on the peptide sequence of the IgA glycopeptides, a proteomics 

analysis (MASCOT Deamon version 2.2.2; Matrix Science, London, UK) was run on the LC-

MS/MS data of the N-glycosidase F-digested IgA samples, in which the N-glycans had been 

released. The following settings were used: database: SwissProt (2017_09); taxonomy: 

Homo sapiens; enzyme: trypsin; fixed modifications: carbamidomethyl (C); variable 

modifications: oxidation (M), deamidated (NQ) and Gln�pyro-Glu (N-term Q); maximal 

amount of missed cleavages: 2; peptide tolerance MS: 0.05 Da; peptide tolerance MS/MS: 

0.07 Da (Supplemental Table S2). The peptides covering IgA2 N47 and N92 were not 

recognized by the software, but could still be manually identified (Supplemental Figure 

S2).  

For IgA1/2 N340/N327, two different peptide sequences were identified in N-glycosidase 

F-treated samples: the expected LAGKPTHVNVSVVMAEVDGTCY and the truncated 

LAGKPTHVNVSVVMAEVDGTC, lacking the C-terminal tyrosine, as described before by 

Bondt et al. [351]. Both of these peptides eluted at two different retention times: a minor 

peak (< 20%) first, and a higher peak eluting one minute later. The same pattern could be 

seen in samples that were not treated with N-glycosidase F. For data analysis, only the 

higher, later-eluting peak was included, since the lower peak was often of too low signal 

quality. 

LC-MS data were calibrated in DataAnalysis based on a list of the expected m/z values of 

either IgG1 N297 or IgA N205 glycopeptides. The data files were then converted to mzXML 

format using the MSconvert program from the ProteoWizard 3.0 suite. Alignment of the 

time axis of the data and extraction of glycopeptide signal intensities, based on sum 

spectra, was done using the in-house developed LacyTools software, with a list of 

manually compiled glycopeptides and their retention times as input [198]. For signal 

extraction, area integration was performed within an m/z window of +/-0.05 Th around 

each isotopic peak (with the minimum theoretical % of signal intensity covered by the sum 

of the integrated isotopic peaks at 85%) within an individually specified time window 

surrounding the retention time. This resulted in background-corrected signal areas for 

each glycopeptide per charge state ([M+2H]2+ to [M+7H]7+). Whether an analyte was 
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present in a sample, was determined based on the signal-to-noise ratio (S/N; > 9), the 

isotopic pattern quality score (IPQ; < 0.2) and the mass accuracy (< 10 ppm deviation) of 

each signal per charge state. Data of specific glycopeptide clusters were excluded for 

further processing when either the total number of analytes detected was < 50% of the 

maximum number detected for that cluster, or when the summed absolute intensity of 

the detected analytes was < 5% of the maximum sum observed for that cluster. This 

assessment was performed separately for samples obtained from saliva or plasma. 

Subsequently, individual analytes were subjected to quality control criteria to determine 

which were of sufficient quality for relative quantification. Glycopeptides in specific charge 

states were included for relative quantification if their signal showed a S/N > 9, IPQ < 0.2 

and an absolute mass error < 10 ppm in at least 25% of either all plasma or all saliva 

samples. Finally, all included charge state signals for the same glycopeptide were summed 

and absolute abundances were corrected for the fraction of isotopes integrated. The 

glycopeptide signals were normalized on the total signal intensity per glycopeptide cluster, 

resulting in the relative quantification of each glycopeptide.  

Based on the N-glycan monosaccharide compositions, glycoforms were categorized as 

bisected, high-mannose or hybrid, and, in addition, the number of fucoses, galactoses and 

sialic acids was determined (Supplemental Table S1). This was used for the calculation of 

several glycosylation features per glycosylation site, based on total-area normalized data. 

Fucosylation represents the number of fucoses per complex-type N-glycan, i.e. 

sum((complex-type species with n fucoses)*n)/sum(complex-type species). Bisection 

represents the fraction of bisected complex-type N-glycans, i.e. the sum of all structures 

presumed to carry a β1-4-linked N-acetylglucosamine (GlcNAc) on the innermost 

mannose, divided by the sum of all complex-type glycoforms. Galactosylation was 

calculated as the number of galactoses per complex-type N-glycan, i.e. sum((complex-type 

species with n galactoses)*n)/sum(complex-type species). Sialylation was calculated as the 

number of sialic acids per complex-type N-glycan, i.e. sum((complex-type species with n 

sialic acids)*n)/sum(complex-type species). Sialylation/Galactose represents the number 

of sialic acids per galactose on complex-type species, i.e. sialylation divided by 

galactosylation. High-mannose represents the fraction of high-mannose type N-glycans, 

i.e. sum of all structures where the core is elongated only by mannoses, while hybrid-type 

glycans represent the structures that are either hybrid-type or have only one antenna. In 

addition, for the O-glycosylation on IgA1, glycosylation features were defined as follows. 

#HexNAc represents the number of N-acetylhexosamines per O-glycopeptide, i.e. 

sum((species with n N-acetylhexosamines)*n). #Hex represents the number of hexoses 

per O-glycopeptide, i.e. sum((species with n hexoses)*n). #SA represents the number of 

sialic acids per O-glycopeptide, i.e. sum((species with n sialic acids)*n). Hex/HexNAc 

represents the number of hexoses per N-acetylhexosamine, i.e. #Hex divided by #HexNAc. 

Finally, SA/Hex represents the number of sialic acids per hexose, i.e. #SA divided by #Hex. 
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8.2.6 Statistical analysis 

From each duplicate pair of samples, the sample with the higher absolute signal intensity 

per glycopeptide cluster was used for statistical analyses (Supplemental Table S3). The IgG 

and IgA glycosylation features in plasma and saliva originating from the same donor were 

compared using the Wilcoxon signed rank test (wilcox.test function from the MASS 

package ) in R (v3.1.2; R Foundation for Statistical Computing, Vienna, Austria [354]) and 

RStudio (v0.98.1091; RStudio, Inc.; Supplemental Table S4). Correlation analysis was 

performed between the saliva and plasma samples using the cor.test function from the R 

stats package (use=pairwise.complete.obs, method=spearman) to obtain the correlation 

coefficient (rho) and associated p-value (Table 8.1). The Wilcoxon signed rank test and 

correlation analysis were only performed when data from at least 11 paired (plasma and 

saliva from the same donor) samples were available, which was the case for IgG1 N297, 

IgG2/3 N297, IgG4 N297, IgA2 N205 and IgA2 N47. Bonferroni correction was performed 

to account for multiple testing, resulting in a p-value threshold for significance of 0.05/28 

= 0.00179. Graphs were created either in Microsoft Excel 2010 or Graphpad Prism 7.  

 

Table 8.1 Correlation of derived glycan traits between saliva and plasma samples as shown by the 

Spearman’s correlation coefficient (rho) and associated p-values. The numbers of included pairs 

are listed under 'Npair'. p-values significant after Bonferroni correction are shown in bold (α = 

1.79*10-3). The correlation for IgA1/2 N144/131 and N340/327, JC N71, the SC N-glycosylation and 

the IgA1 O-glycosylation was not assessed because this data was present for less than 11 paired 

samples (plasma and saliva from the same individual). 

 

8.3 Results 

Paired plasma and saliva samples were collected from 19 healthy donors. From these 

samples, IgG and IgA were separately purified in duplicate using bead-based affinity 

chromatography. Samples were trypsin-digested and analyzed by nanoLC-ESI-QTOF-MS. 

Glycopeptides were identified on the basis of the registered m/z, tandem mass 

spectrometric analyses as well as literature information on immunoglobulin glycosylation 

   
Fucosylation Bisection Galactosylation Sialylation 

Sialic acid/ 

galactose 

protein site peptide Npair rho p-value rho p-value rho p-value rho p-value rho p-value 

IgG1 N297 EEQYNSTYR 17 0.973 4.7E-06 0.877 < 1E-07 0.627 0.0084 0.843 9.7E-07 0.961 4.6E-07 

IgG2/3 N297 EEQFNSTFR 17 0.716 0.0017 0.936 < 1E-07 0.699 0.0025 0.748 8.4E-04 0.885 < 1E-07 

IgG4 N297 EEQFNSTYR 12 NA NA 0.965 < 1E-07 0.706 0.013 0.762 0.0059 0.434 0.16 

IgA2 N205 TPLTANITK 16 0.232 0.39 0.474 0.066 -0.0529 0.85 0.191 0.48 0.232 0.39 

IgA2 N47 SESGQNVTAR 13 NA NA 0.412 0.16 -0.242 0.43 0.181 0.55 0.423 0.15 
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(Supplemental Table S1 and Supplemental Figure S1 and S3). Glycosylation features were 

calculated for each glycosylation site of IgG, IgA, JC and SC (Supplemental Table S3). 

8.3.1 IgG N-glycosylation 

For IgG1 N297, 27 different glycan compositions were quantified in both the plasma and 

saliva samples. For IgG2/3 N297, also 27 different glycoforms were quantified and 13 for 

IgG4 N297 (Supplemental Figure S3A and Supplemental Table S1A). IgG1 and IgG4 

derived from saliva showed a slightly lower degree of galactosylation and sialylation as 

compared to plasma (for example, 1.1 and 1.3 times lower medians for IgG1 and IgG4 

galactosylation, respectively). In contrast, high-mannose and hybrid-type glycans were 

more abundant in salivary IgG1 and IgG2/3, as compared to plasma (for example, 2.7 and 

3.4 times higher medians for IgG1 and IgG2/3 high-mannose type glycans, respectively; 

Figure 8.2 and Supplemental Table S4). For IgG1 and IgG2/3, a significant correlation was 

observed for the fucosylation, bisection, sialylation and sialylation/galactose between 

plasma and saliva (Table 8.1), showing the similarities in glycosylation features between 

the two biofluids to be conserved across the different donors. IgG4 showed similar 

behavior (Table 8.1). 

8.3.2 IgA N-glycosylation 

For IgA2 N205 and N47, 15 and 10 different glycoforms were quantified, respectively, in 

both the saliva and the plasma samples (Supplemental Figure S3B and Supplemental 

Table S1B).The N-glycans were of the complex-type and mainly diantennary (> 98% of 

total abundance). Two to five fold differences were observed in the relative abundances of 

the different glycan types present on plasma- vs. saliva-derived IgA2: salivary N-glycans at 

both N205 and N47 showed a higher degree of bisection and a lower degree of 

galactosylation, sialylation and sialylation/galactose (Figure 8.2 and Supplemental Table 

S4). None of the tested glycosylation traits on IgA2 showed a significant correlation 

between plasma and saliva samples (Table 8.1). Of note, for IgA2 N-glycosylation site N47 

a truncated glycopeptide, i.e. (W)SESGQN47VTAR(N), was registered. This peptide features 

a tryptic C-terminal cleavage while the N-terminus stems from a chymotryptic cleavage 

site. The predicted tryptic peptide 

(K)VFPLSLDSTPQDNVVVACLVQGFFPEPLSVTWSESGQN47VTAR(N) was not observed.  

The glycopeptides with the peptide moieties LAGKPTHVNVSVVMAEVDGTCY and 

LAGKPTHVNVSVVMAEVDGTC (truncated; t) were assigned to both IgA1 and IgA2 covering 

the glycosylation sites N340 and IgA2 N327, respectively, as these peptide portions are 

common to both IgA subclasses (Supplemental Table S2). The previously reported 

sequence variant of IgA2 N327, MAGKPTHIN327VSVVMAEADGTC(Y), was not observed in 



162 
 

 

 

Figure 8.2 Glycosylation features for each of the glycosylation sites found in IgG, IgA and the JC. 

The bar graphs represent the medians per glycosylation site (red for plasma and blue for saliva) and 

the black dots represent the individual data points for each donor. A Wilcoxon signed rank test was 

performed between paired samples from plasma and saliva when the total number of pairs was > 10 

(Supplemental Table S4). Significant differences are denoted by ***, non-significant differences are 

denoted by ns. IgA1-N340t is the C-terminally-truncated version of IgA1-N340 and JC-N71m is the 

miscleavage variant of JC-N71. IgA1-N144 also represents IgA2-N131, and IgA1-N340 and -N340t 

also represent IgA2-N327 and -N327t. 

our samples, also not with the naturally occurring polymorphisms I326�V and A335�V 

[340, 355, 356]. The absolute MS signals of the truncated variant were higher in plasma 

samples, while those relating to the sequence including the C-terminal tyrosine were 

higher in saliva (Supplemental Table S3). Twenty-one and eight different glycoforms could 

be quantified on the full-length and the truncated sequence, respectively (Supplemental 
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Table S1B). Furthermore, trends of lower fucosylation (1.4 times lower), galactosylation (2 

times lower) and sialylation (5 times lower) and higher bisection (1.7 times higher) in 

saliva as compared to plasma were observed for IgA1/2 N340/327, but not for IgA1/2 

N340/327t (Figure 8.2, Supplemental Table S4). 

IgA1 N144 and IgA2 N131 share the same tryptic glycopeptide sequence 

LSLHRPALEDLLLGSEAN144/131LTCTLTGLR. While nearly all samples failed to provide data of 

sufficient quality to derive a glycosylation profile, the three samples which did pass data 

curation (one from plasma and two from saliva, not paired) showed up to 20% high-

mannose type glycans and up to 3% hybrid-type/mono-antennary glycans, in addition to 

the complex-type N-glycans (Figure 8.2). In contrast to other IgA N-glycosylation sites, 

glycans at N144/131 were almost entirely afucosylated (< 1% fucosylation; Supplemental 

Table S3 and Supplemental Table S4).  

For IgA2 N92, in all samples only non-glycosylated peptides with the sequence 

HYTN92PSQDVTVPCPVPPPPPCCHPR (allotype A2m(1)) were observed. Moreover, samples 

treated with N-glycosidase F did not show deamidated forms of this peptide, indicating 

that no glycosylated variants of N92 were present prior to N-glycosidase F digestion 

(Supplemental Table S2). 

8.3.3 IgA1 O-glycosylation 

The potential O-glycosylation sites located within the IgA1 hinge region were part of one 

large tryptic peptide: HYTNPSQDVTVPCPVPSTPPTPSPSTPPTPSPSCCHPR. Forty-two O-

glycopeptides were quantified. The collective glycan composition consisted of two to five 

hexoses, three to six HexNAcs and zero to five N-acetylneuraminic acids, likely distributed 

over three to six O-glycans (Supplemental Table S1B). Only a minor trend of lower (1.4 

times lower) salivary O-glycan sialylation was observed as compared to plasma (Figure 

8.2). 

8.3.4 Joining chain (JC) N-glycosylation 

The single N-glycosylation site N71 at the JC was observed on two tryptic peptides: 

EN71ISDPTSPLR (JC N71) and the miscleaved IIVPLNNREN71ISDPTSPLR (JC N71m). In 

general, this glycosylation site contained a higher fraction of monoantennary and hybrid-

type glycans than the IgA heavy chain N-glycosylation sites (between 20 and 50%; 

Supplemental Table S1C). Furthermore, for this site similar differences between saliva and 

plasma were observed as for the IgA1 and IgA2 heavy chain N-glycosylation sites, namely a 

higher bisection (3.2 times higher) and lower galactosylation (1.1 times lower) and 

sialylation (1.7 times lower) in the saliva-derived samples (Figure 8.2 and Supplemental 

Table S4). The miscleaved glycopeptides showed a higher abundance of fucosylation as 
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compared to the expected tryptic glycopeptides (3.2 times higher in plasma and 2.9 times 

higher in saliva; Figure 8.2).  

8.3.5 Secretory component (SC) N-glycosylation 

All seven N-glycosylation sites of the SC were detected after tryptic digestion of salivary 

SIgA. Low-intensity signals of SC glycopeptides were also seen in a few plasma samples 

(Supplemental Table S3). N-glycans at N135, N186, N421 and N469 were determined to 

be complex-type and diantennary, furthermore the antennae were fully galactosylated 

and partially sialylated (Supplemental Table S1D, Supplemental Figure S4). In addition, on 

N499, mono-antennary species were identified. The observed glycoforms carried zero to 

five fucoses, and tandem mass spectrometry indicated the presence of both core and 

antennary fucosylation (Figure 8.3 and Supplemental Figure S1). On N135, N469 and 

N499 between 1% and 4% bisection was observed (Supplemental Figure S4). The 

glycosylation sites N83 and N90 were present on the same tryptic peptide, and the joint 

glycan composition H10N8F2-8S0-3 indicated that the glycans at these two sites were similar 

to those on other SC sites. 

 

Figure 8.3 Fragmentation spectrum of SC N469 H5N4F5S0. The parent ions were detected at m/z 

1250.895 at a retention time of 13.1 min and were assigned as the triply charged variant of [M] = 

3749.664 Da, representing SC N469 H5N4F5S0. The structure carries both core and antenna 

fucosylation, as the former proven by [M+H]+ = 1746.942, representing the peptide sequence 

VPGN469VTAVLGETLK plus a GlcNAc and a fucose, and the latter by [M+H]+ = 512.195 and 658.256, 

representing the antenna oxonium ions with one or two fucoses, respectively. pep: 

VPGN469VTAVLGETLK, white circle: hexose, green circle: mannose, yellow circle: galactose, blue 

square: N-acetylglucosamine, red triangle: fucose. 
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8.4 Discussion 

Here we present the first site-specific glycosylation analysis of antibodies in human saliva. 

IgG and IgA were purified from the plasma and saliva of 19 healthy individuals, and 

analyzed by LC-MS(/MS). Similar to previous studies on human serum and colostrum IgG 

or IgA glycosylation which used a comparable analytical methodology [85, 107, 340, 351], 

we observed glycopeptides covering the N-glycosylation sites of IgG1, 2/3 and 4 at N297, 

IgA1 at N340 and N144, IgA2 at N327, N205 and N131, and of the IgA-associated JC at 

N71, and the O-glycosylation sites in the IgA1 hinge region. We report several non-

sialylated glycoforms on the JC that have not been described previously. Moreover, in 

both plasma and saliva samples we characterized the glycosylation at IgA2 N-glycosylation 

site N47, which had not extensively been described in literature [107, 340]. Finally, we 

provide an overview of the N-glycans at all 7 glycosylation sites of the SC in saliva including 

hitherto unreported molecular species, such as glycoforms with four or five fucoses.  

The region surrounding IgA2 N92 is polymorphic and can produce two types of tryptic 

peptides, HYTN92PSQDVTVPCPVPPPPPCCHPR (allotype A2m(1)) and HYTN92SSQDVTVPCR 

(allotype A2m(2)) [357]. Since we detected the tryptic IgA2 peptide 

HYTN92PSQDVTVPCPVPPPPPCCHPR in saliva and plasma samples from all individuals 

included in our study, we conclude that all carry at least one allele of IgA2 allotype 

A2m(1). This was expected, given that this allele has a frequency of 0.985 in the Caucasian 

population [357, 358]. Allotype A2m(2) peptides were not observed in our samples. Two 

previous studies reported the NPS sequence on the A2m(1) allotype to be N-glycosylated 

[339, 359], even though the proline following the N92 in A2m(1) does not match the 

consensus sequence for N-glycosylation. Here, however, we found that IgA2 N92 was not 

glycosylated in either plasma or saliva, in accordance with a previous report on colostrum 

SIgA [340]. In future research also donors expressing the A2m(2) allotype should be 

included to obtain a complete characterization of IgA glycosylation.  

In the current study, we did not detect the (glyco)peptides covering IgA2 N327 when 

searching for the expected tryptic peptide sequence obtained from UniProt entry 

IGHA2_HUMAN (P01877) or its naturally occurring variants. However, instead of the 

methionine in position 319 on IgA2 [309], a leucine was previously reported in allotype 

A2m(1) [355, 356], resulting in identical peptide sequences for both IgA2 N327 and IgA1 

N340. Our observation that all individuals studied expressed IgA2 allotype A2m(1), made 

us conclude that the glycopeptides that we detected with peptide sequences 

LAGKPTHVNVSVVMAEVDGTCY and LAGKPTHVNVSVVMAEVDGTC (truncated [351, 360]) 

represented a mixture of IgA1 N340 and IgA2 N327. 

The two differentially cleaved peptide sequences covering N71 of the JC showed a large 

variation in their glycan fucosylation, with the miscleaved variant having about 3 times 
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higher fucosylation than the expected peptide. This indicates that the core fucose might 

interfere with tryptic cleavage at R69. Similar differences in fucosylation were found 

previously [340]. 

Saliva collection has multiple advantages over the collection of plasma, for example, it is 

painless and does not require special instrumentation or trained personnel. Specialized 

devices for saliva collection making use of swabs or chewing on paraffin wax do exist [325, 

343]. However, we utilized the simplest method, i.e. unassisted, unstimulated drooling, 

and found that this was sufficient to obtain IgG and IgA for a thorough glycomic analysis. A 

limitation of the current method might be that only solubilized antibodies were obtained, 

while the fraction associated to, for example, mucins was precipitated during the sample 

preparation. Furthermore, before saliva can be used as a potential diagnostic fluid, further 

research is necessary to evaluate robustness in terms of sample collection mode, time 

point and sample storage. Finally, although the current method can be performed in a 96-

well plate format and has the potential to be automated, for its application in a routine 

laboratory or diagnostic setting further technological development is required that allows 

the specific quantification of glycoforms of interest, identified in the discovery phase. 

Despite the mentioned limitations, using saliva Ig glycosylation might have a potential in 

medical research in two different contexts: i) as a proxy for plasma Ig glycosylation 

reflecting systemic conditions, and ii) as a biomarker (panel) or therapeutic target for local 

perturbations in the oral cavity.  

8.4.1 Saliva Ig glycosylation as proxy for plasma Ig glycosylation 

The glycosylation of, in particular, IgG as the most abundant Ig in plasma has been 

proposed as a biomarker for various physiological and pathological states in multiple 

large-scale studies [74, 81, 255]. Similarly, IgA1 O-glycosylation associates with IgA 

nephropathy and IgA1 N- and O-glycosylation showed to alter with pregnancy and 

rheumatoid arthritis [335, 351, 361]. The vast majority of salivary IgG is thought to 

originate from plasma, and thus differences in glycosylation between plasma- and saliva-

derived IgG likely originate from the minority (< 20%) of locally produced IgG [343, 345]. 

Here we found salivary IgG at N297 to exhibit a slightly lower galactosylation and 

sialylation, and a slightly higher abundance of high-mannose and hybrid-type glycans as 

compared to plasma. However, most IgG glycosylation features, except galactosylation, 

correlated well between plasma and saliva. This indicates that these features have 

potential as plasma IgG proxies and, thus, as biomarkers for the systemic health status. 

Low galactosylation and sialylation of plasma IgG are associated with inflammation and 

various autoimmune diseases [88, 362]. Additionally, galactosylation and sialylation are 

known to influence the binding of IgG to FcγRs and the C1q protein [37, 56]. This suggests 

that the slight IgG glycosylation differences we found between the two biofluids from 

healthy individuals may arise from the locally higher inflammatory state in the oral cavity, 
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since it is constantly exposed to pathogens. This aspect should be taken into account 

when further exploring the use of salivary IgG glycosylation as biomarker for systemic 

diseases, with special attention regarding possible co-occurring oral inflammatory 

conditions, such as periodontitis (gum disease). In contrast to IgG, the N-glycosylation of 

IgA was not correlated between plasma and saliva in our study. This is  likely due to either 

the different origin of plasma cells producing the two pools of IgA proteins or to a 

difference in processing, such as dimerization and J-chain binding, or their translocation 

through the epithelial cell layer. Our findings in healthy individuals aged between 20-42 

years suggest that salivary IgA cannot be used as a proxy for plasma IgA N-glycosylation. 

8.4.2 Saliva Ig glycosylation as a biomarker (panel) or therapeutic target for local 

perturbations in the oral cavity 

Differences of Ig glycosylation in locally produced biofluids can be exploited as biomarkers 

for local pathological processes. Accordingly, IgG glycosylation in cerebrospinal and 

synovial fluid from multiple sclerosis and rheumatoid arthritis patients, respectively, 

revealed biofluid-specific associations with disease [337, 338]. In addition, patients with 

advanced periodontitis were reported to exhibit a lower salivary IgG galactosylation than 

healthy individuals [341]. Our data suggest that salivary IgA N-glycosylation analysis also 

provides a promising tool to detect local glycosylation perturbations in the oral cavity 

which might reflect pathological processes. IgA is the most abundant antibody in human 

saliva, and SIgA is regarded as an important first line of defense against pathogens on 

mucosal surfaces [334, 343, 344]. Interestingly, the N-glycosylation profile reported for 

colostrum-derived SIgA [340] is similar to our data on salivary SIgA, in terms of a high 

abundance of glycoforms carrying a bisecting GlcNAc, contrary to plasma-derived IgA. This 

suggests that in healthy individuals, SIgA shares a common N-glycosylation profile, 

whether it originates from the salivary or mammary glands, but differs from the IgA 

glycosylation profile in the circulation. This might be related to the fact that both salivary 

and milk SIgA enter the gastrointestinal tract via the same route, and can exert similar 

functions while passing the oral cavity and the gastrointestinal tract. 

Salivary IgA and JC showed a considerably higher bisection and lower galactosylation and 

sialylation at all observed sites of N-glycosylation, except for the truncated variants of IgA1 

N340 and IgA2 N327 lacking the C-terminal tyrosine, which had a similar glycosylation 

profile in plasma and saliva. Moreover, the truncated version was low-abundant in saliva 

and highly abundant in plasma. Therefore we hypothesize that the truncated form 

originates from circulation and is present in saliva due to leakage or transport from the 

circulation [345], while the full-length variant might mainly be produced and secreted 

locally in the oral cavity. The majority of salivary IgA and JC is produced locally in plasma B 

cells of the glandular stroma [343, 347]. This suggests that changes in the glycosylation 

machinery of specifically these cells are the cause for the substantial glycosylation 
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differences between plasma and saliva. For example, an upregulation of beta-1,4-N-

acetylglucosaminyltransferase III (GnT-III/MGAT3) and a downregulation of beta-1,4-

galactosyltransferase (B4GalT) and beta-galactoside-alpha-2,6-sialyltransferase (St6Gal) 1 

in the glandular stroma B cells could be responsible for the observed differences in IgA N-

glycosylation. Alternatively, the pIgR-enabled transport of IgA across the epithelium, the 

dimerization of IgA, and the binding of the J-chain might be selective for certain 

glycoforms of IgA. However, for the binding to the pIgR this appears unlikely taking into 

account a previous study which reported that the removal of either the N- or O-glycans of 

polymeric IgA had no influence on pIgR-mediated transcytosis [363]. Finally, it could be 

speculated that asialoglycoprotein receptors, which are located primarily in the liver, 

could alter the overall glycosylation of plasma IgA by specifically removing non-sialylated 

proteins from circulation [364], thus leading to a higher level of sialylation compared to 

saliva. However, this would not explain the differences in the levels of bisection between 

plasma and saliva. The functional consequences of differences in IgA N-glycosylation are at 

this point not well understood: The N-glycans on the constant region of IgA do not seem 

to be essential for FcR binding, in contrast to the ones on IgG [336]. However, IgA 

sialylation has been shown to be required for dectin-1-mediated transport of SIgA across 

the epithelium of intestinal cells [334]. Furthermore, in addition to the Fab-binding sites, 

SIgA fucosylation and sialylation enable the binding of the antibody to pathogenic 

bacteria, acting as a decoy to prevent bacterial adhesion to the epithelium and 

subsequent infection [365-367]. Finally, the C-terminal N-glycan sialic acids have recently 

been reported to directly inhibit sialic acid-binding viruses like influenza [368]. 

The fact that we did not find differences between salivary and plasma IgA1 O-

glycosylation, except for a slight trend of lower sialylation in saliva, is likely due to their 

inherently different biosynthetic pathways as compared to N-glycans, involving distinct 

glycosyltransferases [369]. Additionally, we here evaluated all O-glycosylation sites 

simultaneously at the same glycopeptide, of which we could imagine that it provides less 

resolution than when the analysis would have been done on the single-structure level. 

Thus, it is difficult to judge on the usefulness of IgA O-glycosylation as a potential 

diagnostic biomarker based on our data. However, future investigations should further 

assess IgA O-glycosylation in a specific disease context, since in plasma it has been 

associated with pathologies, such as IgA nephropathy and Sjögren’s syndrome [335, 370, 

371]. 

A comparison of the salivary IgA SC with plasma was not possible, due to insufficient signal 

intensities of the plasma SC from most individuals in our study, most likely due to its low 

abundance in plasma. N-glycans on the SC have been shown to be crucial for various 

functional aspects of SIgA [367]. For example, SC glycosylation enables the innate 

protection against mucosal pathogens [372]. Furthermore, SC glycans are essential for a 
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correct localization of IgA in the mucosal lining, resulting in protection from bacterial 

infection in the respiratory tract of mice [373]. Because of the important and diverse role 

of SC glycosylation, future studies should examine whether salivary SC glycosylation is 

associated with, for example, periodontitis, to explore its potential as a diagnostic 

biomarker or therapeutic target. 

8.4.3 Conclusions 

Large differences were found between the glycosylation of plasma- and saliva-derived IgA 

and its JC, while this was not the case for IgG. This suggests that the SIgA, locally produced 

by plasma B cells in the glandular stroma, differs in glycosylation from IgA of the 

circulation, that presumably is largely produced by circulating plasma cells, pointing 

towards distinct regulatory mechanisms. An alternative explanation is that SIgA 

dimerization or transport into the oral cavity might be glycoform-specific, or that certain 

IgA-producing B cells, expressing a specific glycosylation repertoire, may be relocated to 

the glandular stroma after activation. The observed differences between plasma and 

salivary IgA make biofluid-specific analysis of SIgA glycosylation (including the JC and SC) a 

promising tool for mucosal disease-related biomarker research. IgG glycosylation, on the 

other hand, showed a good correlation between plasma and saliva in healthy individuals, 

indicating that salivary IgG might be a proxy to study plasma IgG in situations where a 

healthy oral environment can be assumed.  
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The highly diverse glycan structures present on glycoproteins in human body fluids 

provide a rich source of information on the biological processes taking place in the body. 

This information can provide insights into the mechanisms behind diseases and has high 

potential for pharmaceutical and clinical applications, for instance by revealing new 

therapeutic targets and disease-associated markers. However, the in-depth 

characterization of protein glycosylation is not straightforward as one protein might carry 

multiple glycosylation sites. Furthermore, these sites are not always occupied by a glycan, 

and the glycans attached show many different structures, which are often isomeric. The 

presented work deals with, on the one hand, the development of analytical methods for 

analyzing the glycosylation of antibodies, which represent a major group of human 

glycoproteins, and, on the other hand, the application of these methods to characterize 

glycosylation profiles specific for certain organisms, body fluids, or medical conditions. 

Both of these aspects will be discussed in the following sections, with a focus on their 

current challenges and future applications. 

 

9.1 Technological challenges and considerations 

9.1.1 Protein- and site-specificity 

The specific isolation of proteins from a biofluid of interest, for example by affinity 

chromatography, is an often used approach to reduce sample complexity, thus simplifying 

its glycoproteomic characterization. In the current work, this approach was applied for the 

protein-specific glycoprofiling of the antibodies immunoglobulin G (IgG; Table 9.1; 

Chapters 2 through 8) [149, 176, 194, 205, 222, 289] and immunoglobulin A (IgA; Table 

9.1; Chapter 8). IgG can be subdivided into four subclasses (IgG1 to 4) and IgA into two 

(IgA1 and 2). Obtaining subclass-specific antibody glycosylation profiles is relevant as the 

subclasses have distinct functions and vary in their affinities for interaction partners [34, 

185]. After isolation of the antibodies, site- and subclass-specific glycosylation information 

can be derived from the analysis of glycopeptides using mass spectrometry (MS; Table 

9.1). However, obtaining glycopeptides with peptide moieties fully specific for the 

antibody subclass and glycosylation site remains a challenging task. This was exemplified 

by the isomeric or identical tryptic glycopeptides obtained from: 1) the human IgG3 and 

IgG2 or IgG4 CH2 domains which are observed depending on the IgG3 allotype (Table 9.1; 

Chapters 2 to 6 and 8) [149, 176, 194, 205, 222], 2) the IgA1 and IgA2 CH2 and CH3 

domains (Table 9.1; Chapter 8) and 3) the murine IgG2a, b and c CH2 domains (Table 9.1; 

Chapter 7) [289]. These challenges might be partly overcome by the use of proteases with 

a different specificity as compared to trypsin, as they might result in larger and more 

specific protein fragments. An example of a suitable enzyme would be GluC, which 

preferably cuts proteins at the C-terminus of glutamic acid residues while also showing 
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some reactivity C-terminally of aspartic acid residues. For isomeric peptide moieties, 

optimization of the separation conditions, prior to mass spectrometric detection, might 

provide a suitable approach to enable subclass-specific analysis, as was shown in Chapter 

7 for the differentiation between murine IgG2b and IgG2a/c Fc glycopeptides (Table 9.1) 

[289]. This might also be a solution for the isomeric glycopeptides obtained from human 

IgG4 and specific allotypes of IgG3 (Table 9.1) [22]. So far, glycopeptides from these 

subclasses were not shown to be separated under the chromatographic conditions used.    

9.1.2 Mass spectrometric instrumentation  

The research performed in this thesis made use of two kinds of mass spectrometers. In 

Chapters 2 and 3, matrix-assisted laser desorption/ionization (MALDI)-time of flight (TOF)-

MS was applied for the analysis of glycopeptides [149, 176, 374], while in Chapters 4 

through 8, glycopeptides were analyzed by electrospray ionization (ESI)-TOF-MS coupled 

to reversed-phase (RP)-liquid chromatography (LC) [194, 197, 205, 222, 289]. The MALDI-

TOF-MS workflow included the purification of IgG, its tryptic digestion, the linkage-specific 

sialic acid derivatization of the glycopeptides, purification of the glycopeptides, and their 

analysis by MALDI-TOF-MS. For the LC-ESI-MS workflow, the proteins were isolated and 

digested, after which the glycopeptides were separated by RP-LC and analyzed by on-line 

ESI-TOF-MS. Both approaches have their own advantages in terms of resolution, 

throughput and obtained information content: The MALDI-TOF-MS method demonstrated 

a high sample throughput, enabling the preparation and analysis of approximately 384 

samples in two working days. As proven previously for the analysis of released glycans, the 

method may potentially encompass an even higher sample throughput by the automation 

of the sample preparation [375]. Furthermore, the sialic acid linkage specificity of the 

derivatization adds information on the presence of sialic acid isomers. Although this 

method requires multiple sample preparation steps, it showed to have a high inter- and 

intra-day repeatability, suitable to pick up the biological variation in IgG glycosylation 

between individuals [176]. Method repeatability might be further improved by automated 

sample preparation [375]. 

The reversed phase-LC-ESI-MS approach requires a similar amount of time for the 

preparation of 384 samples as the MALDI method, after which approximately 96 samples 

can be analyzed per 24 hours. The chromatographic separation of the glycopeptides, prior 

to their separation in the m/z dimension, resulted in the clustering of glycopeptides with 

the same peptide sequence. For human IgG this has the advantage that, based on their 

retention time, the afucosylated glycoforms of IgG4/3 can be distinguished from the 

isomeric fucosylated glycoforms of IgG1 with one hexose less. Similarly, the afucosylated 

glycoforms of IgG2/3 can be distinguished from the fucosylated glycoforms of IgG4/3 with 

one hexose less. In both cases, the overlapping masses are caused by a difference of one 
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Table 9.1 Peptide moieties, and their masses, of the tryptic glycopeptides of human and murine 

IgG and human IgA. 

Protein 

Glycosylation site  

Tryptic peptide sequence 

(glycosylation site) 

Peptide mass  

[M] (Da) 

Consensus 

numbering, e.g. 

[177] UniProt [309] 

Human IgG1 N297 N180 EEQYNSTYR 1188.5047 
Human IgG2 N297 N176 EEQFNSTFR 1156.5149 
Human IgG3 TH2-7/TH3-7/TH4-7 T122/T137/T152 SCDTPPPCPR 1071.4478 

Human IgG3 N297 N227 
EEQFNSTFR a 

EEQYNSTFR a 

TKPWEEQYNSTFR a 

1156.5149 a 

1172.5098 a 

1684.7845 a 

Human IgG3 N392 N322 
GFYPSDIAVEWESSGQPENN 

YNTTPPMLDSDGSFFLYSK 
4388.9372 

Human IgG4 N297 N177 EEQFNSTYR 1172.5098 

Murine IgG1 - N173 
EEQFNSTFR b 

EEQINSTFR b 

1156.5149 b 

1122.5306 b 

Murine IgG1 - N278 c NTQPIMNTNGSYFVYSK c 1962.9145 c 

Murine IgG2a - N180/185 d EDYNSTLR 996.4512 
Murine IgG2b - N185 EDYNSTIR 996.4512 
Murine IgG2c - N185 EDYNSTLR 996.4512 
Murine IgG3 - N179 EAQYNSTFR 1114.5043 
Murine IgG3 - N322 c NLSR c 488.2707 c 

Murine IgG3 - N332 c SPELELNETCAEAQDGELDGL 
WTTITIFISLFLLSVCYSASVTLFK c 

5066.5072 c 

Human IgA1 
T225/T228/S230/ 
S232/T233/T236 

T106/T109/S111/ 
S113/T114/T117 

HYTNPSQDVTVPCPVPSTP 
PTPSPSTPPTPSPSCCHPR 

4135.8826 

Human IgA1 N263 N144 LSLHRPALEDLLLGSEANLTCTLTGLR 2962.5909 

Human IgA1 N459 N340 e LAGKPTHVNVSVVMAEVDGTC(Y) e 2183.0714 
(2346.1348) e 

Human IgA2 N166 N47 
VFPLSLDSTPQDNVVVACLVQ 
GFFPEPLSVTWSESGQNVTAR 

4533.252616 

Human IgA2 N211 N92 f HYTNSSQDVTVPCRf 1605.720554 f 
Human IgA2 N263 N131 LSLHRPALEDLLLGSEANLTCTLTGLR 2962.5909 
Human IgA2 N337 N205 TPLTANITK 957.5495 

Human IgA2 N459 N327 e 

LAGKPTHVNVSVVMAEVDGTC(Y) e/g 

 
MAGKPTHINVSVVMAEADGTC(Y) e/g 

 

2183.0714 g 

(2346.1348) e 

2129.9908 g 

(2293.0541) e 

Human  

J-chain 
N49 N71 

ENISDPTSPLR 1227.6095 

Human SC h - N83 + N90 ANLTNFPENGTFVVNIAQLSQDDSGR 2806.3522 
Human SC - N135 GLSFDVSLEVSQGPGLLNDTK 2175.1059 
Human SC - N186 QIGLYPVLVIDSSGYVNPNYTGR 2524.2961 
Human SC - N421 LSLLEEPGNGTFTVILNQLTSR 2401.2852 
Human SC - N469 VPGNVTAVLGETLK 1396.7925 
Human SC - N499 WNNTGCQALPSQDEGPSK 1987.8694 
a Depending on the IgG3 allotype [22]. b Depending on the IgG1 allotype [44, 289]. c N-glycosylation 

motive, not reported to be glycosylated. d Depending on the IgG2a allotype [309]. e This glycosylation 

site is naturally found on a peptide with and without the C-terminal tyrosine [351, 360]. f This 

glycosylation site is only present on the IgA2 allotype A2m(1) [357]. g Depending on the IgA2 

allotype. Additional naturally occurring polymorphisms are known for this peptide portion: I326�V 

and A335�V [340, 356, 357]. h SC: secretory component. 
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oxygen atom in the peptide moiety (phenylalanine instead of tyrosine) and the 

compositional difference between a hexose and a fucose, which is also one oxygen 

(C6H12O6 vs. C6H12O5). The described separation possibilities make LC-ESI-MS the preferred 

approach for the analysis of samples of polyclonal IgG in which all subclasses are present. 

MALDI-TOF-MS may be used, for example, for the characterization of biopharmaceutical 

products, which often consist of monoclonal IgG, or for the analysis of purified polyclonal 

IgG subclasses. Furthermore, the LC-ESI-MS method can be applied on the tryptic digest of 

other antibody isotypes with minor adaptations. In contrast, the derivatization required 

for the MALDI-TOF-MS workflow has to be optimized for each protein separately, in order 

to minimize heterogeneity due to side reactions in the peptide portion (see optimization 

for IgG glycopeptides; Chapter 2) [149]. 

9.1.3 Technical variation and the use of external standards 

The here-reported antibody glycosylation profiling of hundreds up to thousands of 

samples resulted in repeatable outcomes for the included technical standards, with 

median relative standard deviations between 5% and 12% per glycosylation site. The 

technical variation introduced within a study usually proved to be considerably lower than 

the biological variation of interest [176, 194, 205, 222, 289].  

However, in the larger studies, including thousands of samples and covering several weeks 

of measurement time, the technical variability was noticeably higher as compared to 

smaller studies [205, 222]. Additional batch effects were observed when comparing the 

results of two (or more) studies that were prepared and analyzed separately. This often 

hampers the direct integration of two datasets. Enhancing the repeatability and 

reproducibility of the IgG glycopeptide workflows will aid future research, for example, by 

ensuring a higher comparability between studies, allowing the integration of datasets and 

enabling the reuse of data obtained from precious samples. In Chapters 4 and 5, the 

samples from the healthy children studied in Chapter 3 [176] were reused (and 

remeasured) as control samples [194, 205]. Samples from healthy children are precious, as 

it is hard to obtain them due to ethical constrains. Both timewise and because of limited 

sample amounts, it would have be beneficial to be able to reuse the data obtained in one 

of the studies and integrate them with the data from the later studies. Furthermore, data 

comparability over a long period is important with regard to longitudinal study designs 

and the integration of glycomic analysis in a clinical laboratory, which is further elaborated 

on in the section below (Chapter 9.2 on IgG Fc glycosylation as clinical marker).  

External standards are an essential component of a good glycomic and glycoproteomic 

study design and can account for a large part of the introduced technological variability. In 

the presented work two types of external standards were used. One type consisted of 

material representative for the biological samples, and was randomly included throughout 
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the analysis to be subjected to the complete sample preparation. The second external 

standard, the system suitability standard consisting of isolated human IgG, was separately 

prepared and only introduced during LC-MS analysis. While the first standard provided the 

technical variation over the complete workflow, the latter independently evaluated the 

performance of the MS. Keeping both standards constant over time, studies and labs, will 

allow to monitor a large part of the variation introduced by the profiling workflows and 

might allow the mathematical correction of batch-related biases. However, biases caused 

by differences between samples, for example, in the concentration of the analyte of 

interest or the sample matrix, will not be accounted for by these standards. For this 

purpose, the use of internal standards is required, preferably in the form of heavy isotope-

labeled analyte analogues. 

9.1.4 Towards the use of internal standards 

Heavy isotope-labeled internal standards are already commonly used in (clinical) small 

molecule-, lipidomic- and proteomic-based MS workflows [376-378]. These kind of 

standards are a key component of the analysis, both in controlling for inter-sample 

technical variation and to perform absolute quantification of the analytes of interest. 

However, the use of these standards lags behind in the field of glyc(oprote)omics. The 

reason for this is 1) the demand for a wide variety of standards, covering the different 

glycoforms present at one protein glycosylation site or in one biological sample, and 2) the 

laborious process of producing (heavy-labeled) glycoconjugate standards in relevant 

amounts. Ideally, a heavy-labeled variant of every glycoform of interest would be 

available. In exploratory studies, as described in this thesis, a wider range needs to be 

covered. In a future clinical setting (See Chapter 9.2 on IgG Fc glycosylation as clinical 

marker), the panel of glycoforms of interest may be considerably be brought down on the 

basis of the glycosylation biomarker identified in the exploratory phase.  

Isotope labeled internal standards enable both the control of technical variability and the 

absolute quantification of the analytes in case the concentration of the added standard is 

known. Current glycosylation profiling techniques are dependent on some form of 

normalization to assess changes in the profiles. The most commonly used normalization 

method is the total area normalization, representing the abundance of a glycoform 

relative to the total abundance of all glycoforms. A disadvantage of this technique is that 

no distinction can be made between the increasing abundance of a certain glycoform and 

the decreasing abundance of others. Comparing absolute glycoform abundancies to the 

ones form added internal standards, results in a quantification per glycoform that is 

independent of the other glycoforms [379]. Additional information on the absolute 

amount of antibody subclasses can be obtained by the inclusion of heavy-labeled 

analogues of protein- and subclass-specific peptides (nonglycosylated). The absolute 

quantification of IgG subclasses might reveal concentration-dependent glycosylation 
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changes [380]. Additionally, combining glycosylation profiling and antibody quantification 

in the same analysis provides an advantage in terms of time and sample usage [381]. The 

latter is especially important in cases where sample amounts are limited and alternative 

techniques, like immunoassays, are not applicable.  

Ideally, an internal standard covers the variability introduced during the complete IgG 

glycopeptide profiling workflow. For this purpose, a standard should be mixed with each 

sample as early in the process as possible. An intact heavy-labeled monoclonal IgG, like 

the SILuTMMAb molecule [382, 383], might be spiked into the samples prior to affinity 

purification of the antibodies. These glycoproteins are expressed by cells grown in 13C6, 
15N4-arginine and 13C6, 15N2 lysine-enriched medium. Their tryptic glycopeptides always 

contain either a heavy arginine or lysine residue at the C-terminus [382, 383]. Currently, 

these monoclonals are produced in CHO cells, hence they do not resemble human-like 

glycosylation (e.g., α2,3-linked sialylation instead of α2,6-linked and limited bisection). 

Although they are suitable to monitor IgG isolation and digestion, in their current form 

these heavy-labeled glycoproteins cannot be used to correct for, or quantify, all human 

IgG glycoforms. When the four human IgG subclasses were covered and the heavy labeled 

antibodies were expressed with a more humanized glycosylation repertoire, these would 

be suitable standards to support both subclass and glycoform quantification. Additionally, 

such standards would allow to largely correct for the technical variation introduced during 

the complete experimental procedure. However, one should keep in mind that such a 

procedure does not cover for variability in the preparation or addition of the internal 

standard itself. Furthermore, sample handling steps occurring prior to the addition of the 

standards are not taken into account. These steps might include specific storage 

conditions and possibly sample concentration via evaporation. To account for the latter, 

an internal standard is preferably added during  or right after sample collection.       

To monitor specific steps later in a profiling workflow, (additional) standards could either 

be added after the affinity purification or after protein digestion. In the first case this 

could be in the form of an intact antibody or a panel of glycopeptides with extended 

peptide moieties surrounding the tryptic cleavage sites. In the second case this could be a 

panel of glycopeptides, representing the glycoforms of interest. For the current 

exploratory profiling methods, every added standard is a step forward in managing the 

experimental variation and/or obtaining quantitative subclass or glycoform information. 

However, a combination of multiple standards is expected to be essential for the 

incorporation of MS-based glycopeptide profiling in a clinical laboratory. 

The combination of chemical, chemoenzymatic or cell culturing metabolic approaches 

recently accelerated the availability of heavy labeled glycans and glycoconjugates, as 

exemplified by the heavy-labeled glycosylated antibody described above [382, 383]. 
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However, it remains challenging to cover the complete repertoire of glycoforms assessed 

in one glycoproteomic study [379, 384-386]. Alternative methods to obtain heavy-labeled 

glycoconjugate standards are based on the introduction of an external heavy (for the 

internal standard) or light (for the studied samples) label to the analytes. For released 

glycans, for example, this was done via glycosylamine or aldehyde labeling at the reducing 

end [387-389], permethylation of the carboxyl, hydroxyl and amine groups [120, 390] or 

amidation of the sialic acids [391]. These approaches might offer a promising solution as 

they provide a lot of freedom in the selection of the heavy-labeled glycan analogues, 

which could therefore provide a true representation of the samples under study. Similar 

strategies could be considered for the labeling of glycopeptides. Additionally, (IgG) 

glycopeptides have the advantage of the peptide portion possessing functional groups 

that can be subjected to derivatization, like primary amines and carboxyl groups [392, 

393]. Via these groups, glycopeptides can alternatively be modified by isobaric labels. An 

example is the tandem mass tag (TMT) approach, that labels different samples with 

different isobaric tags and allows the multiplexing of samples and their quantification after 

MS fragmentation [394]. The downside of external labeling approaches is the introduction 

of extra steps in the experimental procedure, possibly causing a lower robustness and 

introducing (biased) sample losses. Furthermore, samples and standards can only be 

mixed after the labeling procedure, which means that an extra standard, controlling for 

labelling efficiency, is potentially necessary. Though, when carefully designed, also 

external labeling approaches might find their way to be applied in the absolute 

quantification of glycopeptides.  

 

9.2 IgG Fc glycosylation as clinical marker  

Despite the pending challenges in antibody glycosylation analysis, the methods presented 

in this thesis resulted in a wealth of information, which was linked to various 

(patho)physiological processes [176, 194, 205, 222]. For example, IgG galactosylation 

correlated with disease behavior in patients suffering from inflammatory bowel disease 

(IBD; Chapter 6) and IgG sialylation per galactose associated with disease outcome in 

patients with meningococcal sepsis (Chapter 5). These relations suggest that antibody 

glycosylation might be of use in a clinical setting. Specifically, perturbations in antibody 

glycosylation profiles can be considered as clinical markers for potential use in diagnosis, 

prognosis or treatment monitoring. Most promising is the use of antibody glycosylation 

for fine-tuning diagnosis and treatment strategies. The major concern in the identification 

of clinical markers (or biomarkers) is the lack of sensitivity and specificity of an identified 

marker, resulting in false negative and false positive test outcomes, respectively. 

Considering the fact that Fc glycosylation on IgG was reported before to be altered in a 

wide variety of diseases, care should be taken not to overinterpret differences observed 
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between a specific group of patients and the healthy population. For example, a lower Fc 

galactosylation and sialylation on total plasma IgG was reported for patients suffering 

from, amongst others, IBD (Chapter 6) [95, 222], rheumatoid arthritis [92-94], lupus [96], 

active tuberculosis infection [101], visceral leishmaniasis [395], colorectal cancer [103] and 

ovarian cancer [102]. Following this, one cannot claim the biomarker potential of a lower 

Fc galactosylation or sialylation for the diagnosis of any of these diseases, as it is simply 

not specific enough. Low IgG galactosylation, and the low sialylation that usually results 

from the lower availability of the antennary galactose substrate, is often an indication of 

an ongoing inflammatory process. This is supported by the fact that supposedly healthy 

individuals with relatively high levels of inflammatory markers like C-reactive protein and 

interleukin (IL)-6 show low levels of galactosylation and sialylation [88]. Furthermore, 

galactosylation and sialylation of IgG naturally decrease with aging, which is in turn 

associated with an increase of inflammatory processes [28, 79, 81, 193, 396]. A possible 

mechanism via which the low total IgG galactosylation is involved in the inflammatory 

process, is via its effect on IgG binding to Fcγ-receptors (FcγRs) and C1q. An increased 

galactosylation enhances binding affinity in both cases (for FcγR binding, this is 

mainly/only valid for the afucosylated subset of the IgG glycome) [37, 41, 52, 397]. This 

might play a role in the non-specific blocking of the effector molecules, thus influencing 

their competition with disease specific antibodies [398]. Alternatively (or additionally), in 

mouse models, a higher galactosylation showed to attenuate the inflammatory response 

via complex formation between dectin-1 and the inhibitory FcγRIIb [186]. While it seems 

unlikely, it cannot be ruled out that changes in total IgG galactosylation are merely a 

bystander effect of other pro- and anti-inflammatory processes in the body.  

Hence, the power of using IgG glycosylation in a clinical setting does likely not lie in the 

direct diagnosis of certain pathologies, but rather in the fine-tuning thereof. An example 

can be found in the predictive value of IgG Fc galactosylation observed in patients 

suffering from anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV), 

and who are in remission [97]. A rise in their ANCA levels might indicate a future relapse of 

the disease, however with poor specificity (i.e., a large part of the patients that shows an 

ANCA rise does not relapse). An additional low Fc galactosylation of the total IgG improves 

the specificity of the prediction and can forecast a reactivation of the disease already eight 

months prior to its actual occurrence [97]. This indicates that the longitudinal follow-up of 

IgG glycosylation in patients with confirmed (autoimmune) diseases might be a valuable 

approach to exploit antibody glycosylation in a clinical setting. In Chapter 6 of this thesis, 

it was shown that the glycosylation patterns of the total plasma IgG pool associated with 

IBD disease characteristics like severity and subtype [222]. Lower levels of galactosylation 

were observed in patients with a more extensive and more severe disease. This indicates 

that, also in the case of IBD, the level of IgG galactosylation might be used to evaluate 

disease progression and treatment success in a longitudinal follow-up. However, to 
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validate this hypothesis, a study setup different from the present one is required, 

including multiple samples per patient over an extended period of time.  

In addition to the longitudinal evaluation of IgG Fc glycosylation, a one-time measurement 

at the time of diagnosis might give information on the subtype or expected outcome of a 

disease. For example, in Chapter 6, it was shown that the level of galactosylation and 

fucosylation together were able to discriminate between the IBD subtypes Crohn’s disease 

(CD) and ulcerative colitis (UC) [222]. Although the sensitivity and specificity of this 

discrimination by glycosylation was not sufficient to be used on its own, the data might 

have added value when combined with other serology markers that can discriminate 

between CD and UC, like levels of ANCAs and anti-Saccharomyces cerevisiae antibodies 

(ASCAs) [399]. Furthermore, in Chapter 5, IgG Fc glycosylation was investigated for 

pediatric meningococcal sepsis patients admitted to the intensive care unit. This study 

showed the levels of hybrid-type glycans and sialylation per galactose to be lower at 

disease onset in patients that eventually showed a more severe disease outcome, as 

compared to patients that showed a non-severe disease outcome [205]. Such information, 

when obtained early in the disease process, might be used for patient stratification. 

However, in this specific case, the findings should be validated in a larger replication 

cohort, and comparisons, with regard to sensitivity and specificity, should be made to 

existing prediction scores and to a combination of glycosylation with existing markers.  

While the research in this thesis focused on the evaluation of total plasma (or serum) IgG 

to find disease subtype-specific glycosylation profiles, another promising approach is the 

assessment of antibodies specific for disease-related antigens. In various situations, these 

disease-specific antibodies have shown to exhibit glycosylation patterns that are vastly 

different from those of total IgG [97-100]. An example in which this differential 

glycosylation appeared to be an attractive indicator of disease severity can be found in the 

anti-D IgGs occurring in pregnant women with hemolytic disease of the fetus and newborn 

(HDFN) [99]. In this condition, anti-D alloantibodies from the mother are transferred 

across the placenta and attack the red blood cells of the fetus. While HDFN disease 

severity correlates poorly with anti-D antibody titers, a low fucosylation on these 

antibodies was connected to increased ADCC and a more severe disease [99]. This 

observation is in line with an enhanced binding affinity of afucosylated antibodies for the 

FcγRIIIa and subsequent induction of antibody-dependent cell-mediated cytotoxicity 

(ADCC) [37, 47-49]. With regard to the findings presented in Chapter 5, it is interesting to 

investigate the glycosidic differences of meningococcus-specific IgG between patients with 

severe and non-severe disease outcomes. A glycosylation profile that makes the specific 

antibodies more potent to interact with their effector molecules (inducing FcγR effector 

functions and/or complement activation), possibly determines how well a disease is kept 

under control. While afucosylation of HIV-specific IgGs that increase FcγRIII effector 
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functions were associated with containment of disease progression [98], the opposite was 

true for dengue fever where a disease exacerbation was observed [400]. 

In all, despite the high variability in IgG Fc glycosylation between individuals and its 

dependency on age, sex and environmental factors, information on the general 

inflammatory proneness, or state, of an individual can be obtained when looking at Fc 

galactosylation. This can be of particular clinical value when studied 1) in a longitudinal 

manner using earlier time points of the same patient as a reference, and 2) in the context 

of a previously confirmed pathology to stratify for, for example, disease severity, subtype 

or chance to relapse. Other glycosylation features, when studied on total IgG, appear to 

contain less clear information on disease status or progression. Sialylation often follows 

the trends observed for galactosylation, however showing less pronounced effects [54, 97, 

222]. The fraction of afucosylated glycoforms was shown to be related to the maturation 

of the immune system in children, and/or the immunological challenges they encountered 

(Chapter 3) [176]. A lower fucosylation in older children might be a result of the higher 

abundance of disease-specific antibodies. Following this reasoning, a low IgG fucosylation 

at young age might reflect either an ongoing infection or a buildup of multiple previous 

immunizations. However, to make these kind of observations clinically relevant, their 

origin needs to be studied further. In addition to the analysis of total IgG Fc glycosylation, 

the evaluation of Fc glycosylation features on the level of the disease-specific IgGs might 

be exploited as a clinical tool. Mainly antigen-specific IgG fucosylation has been shown to 

correlate with distinct disease phenotypes [98-100]. Furthermore, fucosylation 

demonstrated to influence the potency of antibodies to activate effector pathways via 

FcγRIIIs [37, 48, 49]. Even more clearly than for the total IgG glycosylation, future tests 

based on antigen-specific IgG glycosylation will be valuable in the context of fine-tuning a 

diagnosis or prognosis, rather than in the disease diagnosis itself. 

 

9.3 Studying the regulatory mechanisms of IgG Fc glycosylation 

As detailed in Chapter 1, protein N-glycosylation is mainly regulated in the endoplasmic 

reticulum (ER) and Golgi apparatus of the cells where the protein is produced [55], which 

for IgG are the plasma B cells. The composition and structure of the Fc glycan is, amongst 

others, dependent on the availability of specific glycosidases, glycosyltransferases and 

nucleotide sugar donors in the B cell. Furthermore, the glycan repertoire is influenced by 

the turnover rate of specific glycoforms and the enzymatic modifications that might take 

place in the circulation. While the involved enzymes are under direct (epi)genetic 

regulation, the availability of nucleotide sugars additionally depends on their metabolic 

pathways and transport into the relevant cellular compartments of the Golgi. Mutations in 

the genes encoding for many of the aforementioned components have shown to have 
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tremendous effects on general protein glycosylation [316]. However, a lot remains unclear 

regarding the fine-tuning of the regulation of the glycosylation machinery in a situation 

where all components are initially in place. Specifically, for the regulation of IgG Fc 

glycosylation, examples of some urgent questions are: 1) What is the effect of the B cell 

microenvironment? 2) What is the source and function of the large glycan 

microheterogeneity? 3) What is the effect of the antigen?  

There are roughly three ways to study the regulation of antibody glycosylation: in humans, 

model organisms or using cell culture systems. Very often the mouse is used as model 

organism to study the regulation of IgG Fc glycosylation. These studies, for example, 

revealed that Fc sialylation was affected by specific cytokines, like IL-21, -22 and -23 [318], 

the involvement of T cells [319, 401] and the antigen based on which the B cells were 

matured [402]. Studies in mice have a large advantage over studies in humans, as various 

experimental conditions can be controlled, and the function of specific genes and proteins 

can be assessed by genetic manipulation. However, profound differences between mouse 

and human glycosylation, which had previously been shown for plasma protein N-

glycosylation [298], were accordingly found for IgG Fc glycosylation in this thesis (Chapter 

7) [289]. Firstly, murine Fc glycans carry predominantly the sialic acid N-glycolylneuraminic 

acid, while humans exclusively express N-acetylneuraminic acid [42, 289]. Secondly, mice 

can terminate their N-glycans with an α1,3-linked galactose, a feature which is naturally 

absent and immunogenic in humans [315]. Thirdly, the relative glycan abundances 

between subclasses in mice are very different, while glycan profiles are rather comparable 

for the four human IgG subclasses [88, 289, 402]. Finally, the incidence of afucosylated 

and bisected glycoforms on murine IgG is noticeably lower as compared to human IgG [28, 

289]. In addition, the IgG receptors and their cellular and tissue distribution are different 

between humans and mice [60, 300]. This means that, although experiments in murine 

models can provide unique opportunities to study the regulation of IgG Fc glycosylation, 

care should be taken in translating findings obtained in mice directly to the human 

situation [45].  

In contrast, exploiting specific health-related situations in humans might provide the 

opportunity to get a direct insight into the regulation of IgG Fc glycosylation. An example 

is the work performed in Chapter 4, where individuals in need of a hematopoietic stem 

cell transplantation were studied in a longitudinal manner [194]. Comparing the Fc 

glycosylation of the donors to that of the recipients, pre- and post-transplantation, 

revealed the transplanted cells to mimic the glycosylation of the recipients, not the donor. 

This indicates that there is no conserved, epigenetic memory that determines the 

glycosylation in donor cells, but rather a large influence of the microenvironment of the B 

cells. An alternative study design to explore the regulation of antibody glycosylation 

directly in humans is the longitudinal assessment of total IgG glycosylation pre- and post-
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infection, vaccination or drug treatment in clinical trials [196, 227, 403]. Such a study 

design, for example, revealed the effect of hormone levels on Fc galactosylation [196]. 

Comparing antibody responses between vaccination and infection with the same 

pathogen might give an insight into the antigen-dependent regulation of antigen-specific 

IgGs [404, 405]. For example, it was shown that antibodies specific against hepatitis B 

virus exhibited a slightly lower fucosylation when derived from infected individuals, as 

compared to vaccinated individuals [405]. Furthermore, both antigen-specific and total 

IgG glycosylation can be compared between different body fluids or tissues. This might 

reveal the tissue- or fluid-specific regulation of Fc glycosylation, as was already proven for 

IgG derived from cerebrospinal or synovial fluid [337, 338]. Notably, in Chapter 8, it was 

reported that the glycosylation on IgG showed distinct profiles when produced in the 

circulation or secreted in saliva, a finding that was even more pronounced on IgA. This is 

likely to be dependent on the specific antigens the antibody producing cells encounter in 

the different body compartments.  

Finally, the use of cultured human B cells provides the means to study the direct effect of 

soluble factors in the microenvironment of B cells on the regulation of their IgG Fc 

glycosylation. For example, the addition of IL-21 and all-trans retinoic acid showed to 

respectively increase and decrease Fc galactosylation when added during the activation 

and differentiation of cultured human B cells [78]. Even more exciting would be the 

analysis of IgGs produced by a single activated B cell, various single B cells from the same 

clone, and different clones with the same antigen-specificity. These types of experiment 

will provide insight into the regulation of the glycan microheterogeneity. Specifically, the 

question can be answered whether one B cell produces IgG with one glycoform or the 

whole repertoire of glycans. Furthermore, one can get information on whether the cells 

from one B cell clone or clones with very similar specificity all produce the same 

glycosylation profile. While single cell analysis is relevant to obtain insights into the 

regulatory mechanisms of one cell, the characterization of IgG produced by one clone or 

pool of antigen-specific B cells might be more relevant for the functional translation, as 

this is what is present during an immune response in the body. 

 

9.4 Conclusion 

In this thesis, methods were developed, and antibody glycosylation was characterized in 

order to further the clinical application of antibody glycosylation analysis. New mass 

spectrometric workflows were introduced in Chapters 2 and 8. Chapter 7 showed the 

differential characteristics of murine IgG glycosylation of different strains and highlighted 

the profound differences between humans and mice, with regard to IgG glycosylation. 

Chapters 4 and 8 showed the use of controlled human situations to study the regulatory 
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mechanisms of IgG and IgA glycosylation. Finally, Chapters 3, 5 and 6, identified glycosidic 

differences with specified (patho)physiological conditions, which might be exploited for 

patient stratification in the future.  

The clinical application of antibody glycomics by mass spectrometry requires further 

technological developments and mechanistic insights in order to be exploited to its full 

potential. Preferred study designs involve the longitudinal monitoring of antibody 

glycosylation in humans, the analysis of antigen-specific antibodies, and the use of human 

B cell cultures and single B cell analysis. Finally, sets of glycoforms should be identified 

which can serve as clinical biomarkers and can be monitored in a clinical test. To make all 

this technically feasible, it is essential to have mass spectrometric techniques that are 

robust over a long period of time and over a large range of analyte concentrations and 

matrix variations. Therefore, internal standards should be introduced in glycopeptide 

profiling workflows.  
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Nederlandse samenvatting 

De eiwitten die in het menselijk bloed circuleren hebben een scala aan verschillende 

functies en eigenschappen. Onder deze functies vallen, bijvoorbeeld, het coördineren van 

biologische processen, het synthetiseren of bewerken van andere moleculen en de 

bescherming van het lichaam. Bepaalde eiwitmodificaties zijn van groot belang voor het 

goed kunnen functioneren van de eiwitten. Een belangrijk voorbeeld hiervan is de 

verscheidenheid aan suikerketens (glycanen) die op specifieke plaatsen aan een eiwit vast 

kunnen zitten. Deze suikergroepen zijn erg divers, zowel als het gaat om de compositie (de 

monosacchariden waar het glycaan uit is opgebouwd), als de structuur (de manier waarop 

de monosacchariden aan elkaar gebonden zijn). Veranderingen in de glycaan compositie 

en/of structuur worden waargenomen tijdens (patho)fysiologische processen, zoals 

veroudering, zwangerschap, menopauze en ziekten. Het is dus aannemelijk dat het 

bestuderen van deze glycanen inzicht zou kunnen geven in de biologische processen die in 

het lichaam plaatsvinden. Deze kennis kan mogelijk een rol spelen in de ontwikkeling van 

nieuwe farmaceutische en klinische producten, bijvoorbeeld door het blootleggen van 

nieuwe therapeutische doelwitten of ziekte-specifieke signaalstoffen.  

Antilichamen, oftewel immunoglobulinen, zijn eiwitten die een belangrijke rol spelen in de 

bescherming van het lichaam tegen ziekteverwekkers. De functionaliteit van deze eiwitten 

is vaak voor een groot deel afhankelijk van de glycosylering op het fragment crystallizable 

(Fc) gedeelte van het antilichaam. Het is daarom van belang dat er betrouwbare 

methoden beschikbaar zijn die de antilichaamglycosylering in kaart kunnen brengen. Dit is 

echter niet eenvoudig, omdat antilichamen meerdere glycosyleringslocaties kunnen 

hebben, deze locaties niet altijd een glycaan bevatten en de glycanen vele, vaak isomere, 

structuren aan kunnen nemen. Het onderzoek, dat in dit proefschrift beschreven wordt, 

focust zich enerzijds op de ontwikkeling van massa spectrometrische methoden om 

antilichaamglycosylering te bekijken en anderzijds op de toepassing van deze methoden 

voor de karakterisering van antilichaamglycosylering van specifieke organismen, 

lichaamsvloeistoffen en/of medische condities.           

In Hoofdstuk 1 wordt eiwitglycosylering geïntroduceerd. In het bijzonder worden de 

glycaaneigenschappen en -functies voor immunoglobuline G (IgG) beschreven. Verder 

worden ook de massaspectrometrische methoden behandeld waarmee eiwitglycosylering 

in kaart kan worden gebracht. Hierbij wordt de nadruk gelegd op de methoden die in het 

onderzoek van dit proefschrift worden gebruikt. Deze zijn gebaseerd op het analyseren 

van glycopeptiden met behulp van matrix assisted laser desorption/ionization (MALDI)-

time-of-flight (TOF)-massaspectrometrie (MS) en electrospray ionization (ESI)-TOF-MS. ESI-

TOF-MS werd gebruikt in combinatie met vloeistofchromatografie (LC) om complexe 

mengsels te scheiden voordat deze de MS bereiken.     
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De twee, bovengenoemde massaspectrometrische methoden verschillen onderling in 

snelheid, resolutie en informatiedichtheid van de verkregen data. De MALDI-TOF-MS 

methode is relatief gemakkelijk en snel in gebruik. Echter, als een glycopeptiden monster 

wordt gemeten zonder verdere monstervoorbewerkingsstappen, kan dit resulteren in een 

vertekend beeld van de gesialyleerde glycoconjugaten. Dit komt doordat de siaalzuren 

instabiel zijn tijdens het ionisatieproces en doordat hun negatieve lading zorgt voor 

ongelijke ionisatie tussen gesialyleerde en ongesialyleerde glycaanstructuren en de 

formatie van zouten met alkalimetalen. In Hoofdstuk 2 wordt een methode beschreven 

voor de derivatisering van IgG glycopeptiden. Deze methode zorgt voor de stabilisatie van 

de gesialyleerde glycoconjugaten. Bovendien zorgt de beschreven derivatisering ook voor 

twee verschillende producten voor siaalzuren die respectievelijk α2,3- of α2,6-gelinkt zijn 

aan de voorgaande galactoses. Hierdoor kunnen siaalzuurisomeren van elkaar 

onderscheiden worden op basis van de MS metingen en zonder voorgaande 

chromatografische scheiding. 

Er is een groot repertoire aan voorgaande studies waarin IgG Fc glycosylering wordt 

beschreven onder verschillende klinische omstandigheden. Echter worden de functie en 

regulatie van IgG Fc glycosylering nog steeds niet volledig begrepen. Daarnaast zijn de 

meeste van deze studies uitgevoerd met monsters van volwassenen, terwijl er over IgG 

glycosylering in kinderen nog maar weinig bekend is. In Hoofdstuk 3 wordt de methode 

die in Hoofdstuk 2 is ontwikkeld, toegepast voor de analyse van IgG Fc glycopeptiden die 

zijn verkregen uit het plasma van gezonde kinderen en pasgeborenen. In deze studie 

werden verbanden aangetoond tussen IgG glycaaneigenschappen en de leeftijd van de 

kinderen. Deze resultaten dienden als uitgangspunt om ziekte gerelateerde 

glycaanveranderingen in kinderen verder te bestuderen.  

Om meer inzicht te krijgen in hoe IgG Fc glycosylering gereguleerd wordt, wordt er in 

Hoofdstuk 4 gekeken naar de IgG glycosylering van kinderen die behandeld zijn met een 

hematopoietische stamceltransplantatie. Hierbij worden patiëntmonsters van voor en na 

de transplantatie met elkaar vergeleken. Verder worden de patiëntmonsters vergeleken 

met de monsters van de donoren van voor transplantatie. Deze studie liet zien dat het 

micromilieu van de B cellen, de cellen die verantwoordelijk zijn voor de antilichaam 

productie, een grote invloed heeft op de glycaanstructuren die op de IgGs worden 

gevonden. 

Eén aspect van het gebruik van antilichaamglycosylering in een klinische toepassing is de 

mogelijkheid om zieke individuen te onderscheiden van gezonde. Echter is het ook zeer 

relevant om iets te kunnen zeggen over zekere sub-varianten van bepaalde ziektebeelden 

of de ernst van een aandoening. Dit bied namelijk de mogelijkheid om een ziekte en/of 

behandeling van een patiënt te volgen en de behandeling op individuele wijze aan te 
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passen. In Hoofdstuk 5 wordt IgG Fc glycosylering bestudeerd van kinderen die lijden aan 

meningokokken sepsis. Naast glycaaneigenschappen die geassocieerd konden worden met 

de ziekte, werden er glycaanprofielen gevonden die specifiek waren voor de ernst van de 

ziekte. IgG glycaaneigenschappen lijken, wanneer deze gemeten worden kort nadat een 

patiënt is opgenomen in het ziekenhuis, een voorspellende waarde te hebben voor de 

uitkomst van de ziekte. 

In Hoofdstuk 6 wordt IgG Fc glycosylering bekeken in de context van inflammatoire 

darmziekten (IBD). Ook hier konden glycaanprofielen worden gevonden die correleerden 

met ziekte eigenschappen, zoals het IBD subtype (ziekte van Crohn en colitis ulcerosa) en 

de progressie. Verder werd ook het effect van een behandeling (met medicatie of 

operatie) teruggevonden in het IgG glycaanprofiel van de patiënten. 

Het overgrote deel van de functionele studies naar IgG Fc glycosylering is uitgevoerd in 

muizen. Hoewel het gebruik van de muis als modelorganisme voor de mens een aantal 

grote voordelen heeft, zoals de mogelijkheid om de muizen genetisch te manipuleren, 

moet er rekening mee gehouden worden dat de glycosylering die in muizen gevonden 

wordt niet precies hetzelfde is als die van de mens. In Hoofdstuk 7 wordt een 

systematische studie gepresenteerd waarin de IgG Fc glycosylering van verschillende 

muizenstammen met elkaar vergeleken wordt. Dit wordt gedaan op een glycaanlocatie- 

en eiwit-specifieke manier, via glycopeptide analyse met LC-ESI-TOF-MS.   

In Hoofdstuk 8 komt, naast IgG, ook een ander antilichaam aan bod: immunoglobuline A 

(IgA). Dit antilichaam wordt, samen met IgG, geïsoleerd uit humaan speeksel en 

bloedplasma, waarna er een LC-ESI-TOF-MS platform gebruikt wordt om de glycosylering 

van deze eiwitten te bestuderen. Hiermee werd aangetoond dat de IgA glycosylering in 

plasma en speeksel van elkaar verschilt, wat er op duidt dat de regulatie van de 

antilichaamglycosylering afhangt van de locatie waar deze worden geproduceerd.   

Concluderend, en zoals verder bediscussieerd in Hoofdstuk 9, bied dit proefschrift nieuwe 

massaspectrometrische methoden die gebruikt kunnen worden voor het bestuderen van 

antilichaamglycosylering. Deze methoden werden toegepast op klinische monsters om het 

toekomstig gebruik van antilichaamglycosylering in de kliniek vooruit te brengen. Er is 

verder onderzoek nodig naar de mechanismen die er voor zorgen dat 

antilichaamglycosylering veranderd tijdens bepaalde fysiologische condities en naar het 

effect van deze veranderingen op een immuunrespons. Ook zullen er nog stappen gezet 

moeten worden op technologisch gebied. Het is voor de klinische toepassing van de 

bevindingen namelijk essentieel dat er een relevante deelverzameling van 

glycaanstructuren op een robuuste manier gemeten kan worden, over een lange 

tijdsperiode en met variërende monstereigenschappen (zoals eiwit concentratie en 
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monster matrix). Hiervoor zou de implementatie van interne standaarden in de 

massaspectrometrische werkprocessen weleens essentieel kunnen zijn.       
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