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1. INTRODUCTION 

Herein, I discuss the importance of glycosylation of key components/proteins of the 
immune system and its perturbations in autoimmune and infectious diseases. Moreover, I 
describe how state-of-the-art mass spectrometry (MS) technologies can be used to identify 
the glycan signatures of different autoimmune and infectious diseases. 

1.1  BACKGROUND 

Glycosylation is a common feature of the surfaces of all living organisms and most secreted 
proteins. Together with nucleic acids, proteins and lipids, glycans are one of the four 
fundamental classes of molecules that they are essential for life. In the immune system, 
glycans participate in nearly all immunological processes, including host-pathogen 
interactions, immunological recognition and activation, and differentiation between self 
and non-self-antigens. Proper glycosylation is crucial for maintaining homeostasis, while 
changes in glycosylation patterns can broadly impact fundamental immunological 
processes. Alterations in the glycan repertoire on various immunological components may 
be triggered by environmental and genetic factors. Aberrant glycosylation of immune 
components is associated with many inflammatory, autoimmune and oncological diseases. 
Though regulation of glycan changes is not well understood, current methodological 
advances have enabled association of glycosylation changes with the onset, progression and 
outcome of many pathologies. Especially, dysregulation of N-glycosylation is implicated in 
many immune-related disorders. Therefore, understanding the role of N-glycosylation in 
immunity and inflammation is important for developing new diagnostic tools, therapies and 
treatments for these conditions.  

1.2  PROTEIN GLYCOSYLATION  

Protein glycosylation is the enzyme-catalyzed process of the addition of a carbohydrate 
chain, or glycan, to a protein backbone. The process takes place in the endoplasmic 
reticulum and Golgi apparatus, where secreted and membrane proteins are being 
glycosylated, including key components of the immune system, such as antibodies, 
cytokines and chemokines as well as their receptors.(1) Protein glycosylation comes in two 
main classification types: N- and O-glycosylation. The glycan class is defined based on the 
side-chain atoms of amino acid to which glycans are linked. In N-glycosylation, glycans are 
attached to the nitrogen atom of an asparagine (Asn, N) side chain by a β-1N linkage, 
whereas in O-glycosylation glycans are attached to the oxygen atom in the side chain of 
serine and threonine residues.(2) Comprising often a significant proportion of the total 
glycoprotein size, glycans profoundly modulate physicochemical properties, structure, and 
function of the conjugated proteins. In addition, glycans mediate a wide range of biological 
roles, as well as intrinsic and extrinsic recognition.(2) Recent technological advances have 
provided new insights into the structure of the glycans and glycoconjugates and revealed 
their diversity.(3) Furthermore, an increasing number of large cohort studies have profiled 
and compared glycosylation in physiological and pathophysiological states, enabling glycan-
based clinical marker discovery.(4)  
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1.2.1  Protein N-glycosylation  

Whether a protein is glycosylated or not depends mainly on the presence of the consensus 
sequence Asn-X-Ser/Thr (X≠Pro) and occasionally Asn-X-Cys. Around 70% of proteins are 
estimated to contain the consensus N-glycosylation sequence. However, not all sequons are 
N-glycosylated and the average N-glycan site occupancy is estimated at 65%.(5) 

N-glycan processing begins with the transfer of a 14-sugar oligosaccharide to the sequon. 
Subsequently, the attached precursor glycan is trimmed by series of glucosidases and 
mannosidases in the ER. It undergoes further maturation in the Golgi by adding 
monosaccharides, such as N-acetylglucosamine, galactose, sialic acid and fucose.(2) Based 
on the final structure, N-glycans can be classified into three main classes: oligomannose, 
hybrid and complex. The three different classes share a common pentasaccharide core 
consisting of two GlcNAcs and three mannose residues. Oligomannose N-glycans exist with 
the core structure and the addition of up to six mannose residues. These glycans undergo 
only incomplete processing and escape further modifications. In contrast, complex type N-
glycans contain one to four additional GlcNAc residues, so-called antennae, which are often 
elongated with galactose and sialic acid. And as its name implies, the hybrid type is a 
combination of both and has one complex arm bearing at least a GlcNAc, and one arm 
terminated with at least one additional mannose. 

Unlike genome, transcriptome or proteome biosynthesis, glycan biosynthesis is a non-
templated process and thus, relies on the combinatorial activity of subsets of 
glycosyltransferases and glycosidases regulated by many cellular factors. These include cell 
type, cell signals, the availability of nucleotide sugars, and the accessibility of the N-
glycosylation site. Moreover, N-glycan compositions depend on the physiological state of 
the cell and variations occur with almost every disease. Thus, the final N-glycan 
compositions on a given protein are very diverse and vary from tissue to tissue, cell to cell, 
protein to protein, and even site to site reflecting the overall cellular status in health and 
disease. To describe the variation in protein glycosylation, terms such as macro-
heterogeneity and micro-heterogeneity have been introduced. Macro-heterogeneity 
describes the diversity in glycan occupancy, while micro-heterogeneity refers to the 
variations of glycan structure at a specific site. Importantly, both forms of heterogeneity 
strongly influence many of glycoprotein functional aspects and reflect a given physiological 
and pathophysiological state. 

1.2.2  N-Glycosylation in immunity and inflammation  

Glycans are present on key immune molecules and play a role in regulating their interaction, 
signal transduction and effector functions. They control molecular interactions and thus 
convey important functions in the innate and adaptive immune response through several 
basic mechanisms. The glycan recognition system, for example, promotes biological activity 
via binding of distinctive glycan moieties on the surface of soluble proteins or immune cells 
to glycan-binding proteins (GBPs), such as lectins. The intimate contact of GBPs and specific 
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carbohydrate determinants on respective ligands is essential for maintaining homeostasis 
and regulating immune and inflammatory responses, including immune cell trafficking, 
signalling and maintenance of self-tolerance.(6, 7)  

In the adaptive immune system, glycans present on secreted or cell surface molecules can 
modulate signal transduction, protein-protein and cell-cell interactions necessary for 
humoral and cellular immunity. For instance, glycans found on T-cell (TCR) and B-cell (BCR) 
receptors, along with their cognate lectins are involved in the molecular mechanism that 
controls the threshold of TCR and BCR activation. Changes in glycan composition modify 
these molecular interactions, thereby influencing immunological signaling with a profound 
effect on the immune system.(8, 9) In addition to their presence on the cell surface 
molecules, glycans also regulate the immunological functions of secreted proteins such as 
immunoglobulins (Igs), or antibodies. Igs are essential components of humoral immunity 
that recognize, neutralize and mark pathogens, such as bacteria, fungi or viruses, for 
elimination. The glycans on Igs can affect their structure, half-life, antigen- and receptor-
binding properties, ultimately influencing their effector and biological functions.(10, 11) 
Alterations of IgG glycosylation affect binding to Fc gamma receptors (FcγRs) and 
complement component 1q (C1q), and thus downstream effector signaling, such as ADCC 
and complement activation.(12, 13) Changes in Ig glycosylation have been linked to various 
diseases, including autoimmune disorders and cancer.(14)  

1.3  IMMUNOGLOBULINS 

Immunoglobulins are glycoproteins produced by effector B-cells (plasma cells) and 
constitute about 20% of the protein content of plasma. As indicated in Figure 1A, the 
immune system produces five classes or isotypes of antibodies, namely IgG, IgA, IgD, IgE, 
and IgM, each of which contains a distinct heavy chain – gamma, alpha, delta, epsilon, and 
mu, respectively.(15) In addition, there are two types of light chains - kappa and lambda, 
with kappa being the more common of the two in humans. The two arms of the Y-shape 
form the fragment antigen-binding (Fab) region, which recognizes and binds to specific 
epitopes on target molecules. In contrast, the fragment crystallizable (Fc) region of the 
molecule, located at the base of the Y, mediates different effector functions through the 
interaction with Fc-engaging molecules. 

IgG, which is the most abundant antibody in the blood stream, is produced in response to 
both acute and chronic infections. It can neutralize pathogens, activate complement, and 
facilitate opsonization and phagocytosis by immune cells.(16). IgM is the first antibody 
produced in response to infectious agents and antigens and is present in a monomeric form 
on the surface of naïve B cells as a B-cell receptor. Secreted IgM is a pentamer and has ten 
antigen-binding sites, allowing it to bind multiple antigens simultaneously and initiate the 
classical pathway of the complement activation. IgA is primarily found in mucosal secretions 
such as saliva, intestinal fluid or breast milk, where it plays a critical role in preventing 
pathogen entry into the body. IgD is found on the surface of naïve B cells and is involved in 
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B cell activation and differentiation. IgE is primarily involved in allergic responses.(15). Each 
Ig isotype can elucidate a wide range of partially unique effector mechanisms, resulting in 
responses against pathogens and the maintenance of immune homeostasis. 

Regardless of the isotype, all immunoglobulins are glycosylated in the constant region and 
glycosylation is of great importance for the appropriate function of Igs. The number and 
position of glycans vary between different Ig classes. While IgA, IgM, IgD and IgE have 
several conserved N-glycosylation sites in the Fc region, accounting for approximately 12-
14% of their molecular weight, IgG is characterized by only one N-glycosylation site.(17) In 
addition to N-linked sugar moieties, IgA1 and IgG3 also contain O-glycans in their hinge 
region.  

Ig effector functions are dynamically regulated by various modification of the antibody Fc 
region, with glycosylation being one of the factors that exerts a profound impact on the Igs’ 
biological activity. Furthermore, glycosylation patterns on Ig molecules can vary depending 
on cell type, tissue location, and disease state. Such variation in glycosylation can modulate 
antibody effector functions, such as complement activation, antibody-depended cellular 
cytotoxicity, and clearance from circulation.(18) There is no conserved N-glycosylation site 
in the Fab region. However, N-glycosylation sites can be generated de novo by somatic 
hypermutation during the antigen-specific immune responses.(19). All in all, Ig glycosylation 
is a highly regulated process with a strong impact on Ig effector functions. 

1.3.1  IgG structure and glycosylation 

Glycosylation is thus of great importance for the proper function of all Igs. The IgG class of 
immunoglobulins is divided into four subtypes (IgG1, IgG2, IgG3, IgG4), which can be further 
subdivided into their polymorphic variants, called allotypes. (20). The schematic 
representation of IgG subclasses and their glycosylation is shown in Figure 1B. IgG 
subclasses and allotypes differ in the amino acid sequence of the heavy chain of the Fc 
region, a region that interacts with Fc-engaging molecules, such as FcγRs or C-type lectins. 
As a result of these variations, each IgG subtype poses unique structural and functional 
characteristics, as well as, a unique profile with respect to triggering effector mechanisms, 
including antibody-depended cytotoxicity (ADCC), antibody-depended phagocytosis 
(ADCP), and complement-depended cytotoxicity (CDC). For example, IgG1 and IgG3 have a 
longer hinge region that allows for increased flexibility and range motion, which is 
important for their ability to facilitate effector functions. IgG2 and IgG4 exhibit shorter hinge 
regions, which limits their ability to engage effector cells. Instead, these subtypes play a 
more prominent role in neutralizing toxins and antigens. IgG subclasses have different 
patterns of expression in response to different types of antigens. For example, IgG1 and 
IgG3 are more commonly produced in response to protein antigens associated with viral 
infections, IgG2 is produced in response to polysaccharide antigens induced by bacterial 
infections, and IgG4 is formed in chronic exposure to allergens.(20, 21)  
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Figure 1. Immunoglobulins and their glycosylation. (A) Immunoglobulin (Ig) isotypes. The basic functional unit of 
each antibody consists of four polypeptide chains, typically two identical heavy (H) chains and two identical light 
(L) chains. (B) A structural representation of the Immunoglobulin G (IgG) subclasses and their glycosylation. 
Regardless of the isotype, subtype and allotype, the heavy chain consists of three constant (C) domains (CH1, CH2, 
CH3), and a variable (V) domain (VH). The light chain contains two domains, one constant (CL) and one variable (VL). 
Fab and Fc are connected via the hinge region. IgG3 has a longer hinge region bearing O-glycans. The bispecific 
nature of IgG4 is indicated by slightly darker colors. (C) Symbolic representation of the most elaborate, complex 
type N-glycan found on IgG. Created with Biorender.com 

IgG contains an N-liked glycosylation site at the conserved asparagine 297 residue in each 
of the CH2 domains of the Fc region of the molecule. Around 30 different N-glycans decorate 
this single N-glycosylation site.(22) Unlike other plasma proteins which are lacking core-
fucosylated glycans, plasma IgG of healthy individuals contain on average over 90% core-
fucosylated glycans, that is fucose attached to the innermost GlcNAc of the N-glycan core. 
Moreover, these fucosylated and complex-type glycans carry intermediate levels of 
galactose (30-65% per antenna, low levels of bisecting GlcNAc (10-20%) and low levels of 
sialic acid (10-15% per antenna).(22) In addition to all IgG being glycosylated at the Fc 
region, 10-15% of IgG undergo glycosylation in the Fab portion.(19) The absence of a 
conserved N-glycosylation site complicates and therefore limits research on glycans linked 
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to the IgG Fab region. Nevertheless, it is established that these N-glycans are, like Fc glycans, 
mainly complex-type biantennary structures. However, compared to IgG Fc glycans, Fab 
glycans are characterized by the presence of fully processed sugar moieties, rich in sialic 
acid (~80%), bisecting GlcNAc (~65%) and galactose (~97%) residues in addition to exhibiting 
a lower fraction of core fucose (~70%).(23, 24) In addition to the impact on antigen binding, 
Fab glycosylation also affects the stability and half-life of IgG.(10) 

Within the individual, the glycosylation profile is rather stable over time under homeostatic 
conditions, but it can change significantly with altered physiological or pathological states. 
Variations in the glycosylation profile of serum IgG have been correlated with age, 
inflammatory conditions, infectious diseases and cancers.(14)  

1.3.2  The impact of glycosylation on the function of IgG 

IgG exert their biological activity through the induction of effector mechanisms, such as 
complement activation and FcγR-depended effector functions (Figure 2). IgG effector 
functions and stability are heavily influenced by the carbohydrate moiety attached to the 
Fc domain. Based on the composition of this moiety, IgG are capable of exerting both pro- 
and anti-inflammatory effector functions. The presence of N-glycans changes the 
conformation of the Fc region and supports its open conformation, allowing interaction 
with the Fc-engaging molecules.(25) Thus, the complete removal of Fc glycans changes the 
conformation from open to closed and diminishes the functional binding to Fc receptors 
and C1q.(10, 26) Alterations in the composition, size and charge of the Fc N-glycan also lead 
to conformational changes in the Fc region with a profound impact on binding properties 
to interaction partners. Thereby, Fc N-glycosylation modulates IgG’s ability to activate the 
classical complement pathway and FcγR-expressing effector cells, impacting such effector 
functions as complement-dependent cytotoxicity (CDC) and antibody-depended cellular 
cytotoxicity (ADCC).(18)  

In recent decades, studies have demonstrated that IgG core fucosylation, which refers to 
the addition of a fucose residue to the innermost GlcNAc by an α1,6-fucosyltranserase 
(FUT8), has a profound impact on IgG depended effector functions, especially ADCC activity 
mediated by natural killer (NK) cells.(13, 27) Antibodies deficient in core fucose bind with 
10-100 fold higher affinity to FcγRIIIa and FcγRIIIb with respect to its fully fucosylated 
counterparts.(27, 28) This in turn, results in 2-40 fold increase in ADCC. Mechanistically, the 
higher affinity of afucosylated IgG is explained by a more favourable carbohydrate-
carbohydrate interaction between the N-glycans of IgG-Fc and FcγRIIIa.(29)  

IgG sialylation was shown to have anti-inflammatory effects. A classic example of anti-
inflammatory activity is the discovery that infusion of high doses of intravenous 
immunoglobulin G suppresses a wide variety of inflammatory and autoimmune 
diseases.(30, 31) However, when terminal sialic acids are removed from IgG, they become 
more pro-inflammatory and may contribute to the development of inflammation. The 
precise mechanisms by which sialylated IgG interact with immune cells and modulates the 
balance between pro- and anti-inflammatory activity are not yet fully understood. More 
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functional studies are needed to resolve some of the apparent discrepancies.(32) Fc-
sialylated glycovariants have been found to decrease affinity for activating FcγRs and C1q, 
resulting in a reduced capacity to trigger pro-inflammatory IgG effector functions, ADCC and 
CDC, respectively.(33, 34) Indeed, it was suggested that the sialic acid causes 
conformational changes that impede the binding of FcγRIIIa and FcγRIIIb. Moreover, it was 
suggested that IgG sialylation exert its anti-inflammatory activity through the induction of 
IL-33 production, which in turns upregulates FcγRIIb expression on effector cells. 

  

Figure 2. The diverse repertoire of immunoglobulin G effector functions. Interaction of IgG-Fc with C1q activates 
the classical complement pathway, while its interaction with FcγRs elicits antibody-dependent cellular cytotoxicity 
(ADCC) and antibody-depended cellular phagocytosis (ADCP). Human IgG subclasses have different affinity for 
FcγRs which is indicated by the colour of the arrows (subclass) and their thickness (thicker denotes higher affinity). 
IgG1 and IgG3 are highly efficient in inducing effector mechanisms, whereas IgG2 and IgG4 are much less efficient 
and only do so in specific cases.(20, 35) Created with Biorender.com  
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However, one study showed little impact of Fc-sialylation on ADCC, and another even 
demonstrated increased C1q binding. Some models support a role of sialic acid in promoting 
binding to human type II lectin receptors (DC-SIGN, CD23).(13, 36) However, there are 
conflicting reports and whether there is a direct interaction with DC-SIGN is under 
debate.(37)  

The addition of a β1,4-linked GlcNAc to the core β-mannose residue, referred to as 
bisection, results in a conformational alteration of the N-glycan structure.(38) However, this 
modification does not seem to have any significant functional consequences since it has a 
very limited impact on FcγR or C1q binding.(13, 39) Despite the uncertain significance of 
bisection to antibody effector functions, it appears to have an indirect effect on IgG effector 
functions by suppressing subsequent fucosylation during N-glycan synthesis.(40) 

The role of IgG Fc-galactosylation in modulating Fc-mediated effector functions is complex 
and multifaceted. IgG lacking terminal galactose residues has been shown to promote pro-
inflammatory activity via the lectin complement pathway upon binding to mannose-binding 
lectin.(41) However, later studies have challenged this observation.(42) More recent data 
have shown that elevated galactosylation may act in a pro-inflammatory fashion by 
increasing binding to FcγRIII and consequently NK cell-mediated ADCC, especially in synergy 
with afucosylation.(13) Likewise, by increasing the affinity of IgG for the C1q complement 
component, galactosylation enhances CDC, at least in vitro.(13, 43) Mechanistically, 
galactosylation enhances IgG1 hexamerization potential, and thus, subsequent 
downstream activation.(44)  

Antibody glycosylation is largely determined by the abundance and activity of 
glycosyltransferases and glycosidases which, in turn, depends on the availability of sugar 
donors, transcription factors, and cytokines, such as the pro-inflammatory cytokine tumor 
necrosis factor-alpha (TNFα).(45, 46). Consequently, IgG glycosylation is determined by the 
metabolic state of the cell, enabling to adopt IgG glycosylation to altered environmental 
conditions. While, the regulation of glycosyltransferase expression in B cells is still not fully 
understood, it clearly plays a key role in various physiological and pathological processes.  

1.4  THE Fc GAMMA RECEPTOR FAMILY 

FcγRs play a vital role in converting the recognition of antigens by IgG into various cellular 
immune responses. Various proteoforms of both IgG and FcγR influence this process 
because they largely determine the mutual affinity. Examples are subclass, allotype and 
glycosylation variations. The impact of IgG proteoforms has been elaborated on above. 
FcγRs are classified into activating and inhibitory receptors based on the signaling 
properties of their intracellular domains. Among activating FcγRs in humans are FcγRI, 
FcγRIIa, FcγRIIc, and FcγRIIIa, all of which contain an immunoreceptor tyrosine-based 
activation motif (ITAM). The sole inhibitory receptor is FcγRIIb, which transmits signals 
through an immunoreceptor tyrosine-based inhibitory motif (ITIM).(47) All FcγRs are type I 
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transmembrane proteins, except FcγRIIIb, which is linked to the membrane via a 
glycosylphosphatidylinositol anchor.  

Glycosylation of FcγRs can influence their antibody-binding properties, ultimately affecting 
their subsequent immune cell activation. The N-glycans on FcγRs can vary in their 
composition, structure, and complexity, depending on the cell type and individual. The 
FcγRIIIa, for example, has five N-glycan sites, of which mainly Asn162 influences IgG1 
binding.(48) In vitro studies have shown that the N-glycans occupying the Asn162 site can 
affect the binding of FcγRs to antibodies, with different types of glycans having varying 
effects. FcγRIIIa with an oligomannose structure at Asn162, for example, has been shown 
to have increased IgG1 binding.(48, 49)  

1.5  ABERRANT GLYCOSYLATION OF IMMUNE GLYCOPROTEINS AS A 
POTENTIAL CLINICAL MARKER 

Protein glycosylation is not a DNA-template driven process, but is still partially determined 
by genetic factors and influenced by the microenvironment of the respective cell which 
produces a glycoprotein.(45, 50, 51) Any disturbances to this microenvironment due to 
physiological circumstances, such as disease, can alter the activity of glycosyltransferases 
and glycosidases. This alteration leads to a subsequent change in the glycosylation profile 
of immune glycoproteins. Even minor changes in glycosylation can have a profound effect 
on their effector functions and, in turn, deleterious consequences on both innate and 
adaptive immune cell activity, affecting health and disease.(52) Therefore, aberrant 
glycosylation of immune glycoproteins has emerged as a potential clinical marker for 
disease diagnosis and prognosis. In addition, manipulation of the glycosylation pattern, i.e. 
glycoengineering, has been incorporated in the antibody development workflow to produce 
glycoforms with improved therapeutic activity.  

Body fluids which are relatively easy to obtain and contain various immune glycoproteins, 
such as plasma or seminal fluid, represent a promising source of potential clinical markers. 
A shift in glycosylation of plasma glycoproteins was reported in many different autoimmune 
and inflammatory diseases, as well as cancers.(53, 54) Based on these associations with 
total plasma N-glycosylation, a few potential clinical markers have been proposed.(55-59) 
A glycan-based diagnostic test was recently launched by Helena Biosciences and is used for 
the diagnosis and prognosis of various liver pathologies.(60) 

One of the most extensively characterized plasma-derived glycoproteins is IgG. A reduction 
in galactosylation of IgG was reported across a wide spectrum of pathological conditions, 
suggesting that alterations in galactosylation are not a disease-specific process, but rather 
a general phenomenon having deleterious consequences on the adaptive immune cell 
activity.(14) Although the size of the drop in IgG glycosylation was associated with disease 
severity and poorer disease prognosis, the functional relevance of agalactosylated and 
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asialylated IgG is still not fully delineated. Moreover, the open question is whether aberrant 
glycosylation is a result of inflammatory milieu or actively drives the pathogenicity of IgG.  

In addition to the glycosylation profile of bulk IgG, the glycosylation of antigen-specific IgG 
has been studied for several diseases. Changes in glycosylation of antigen-specific IgG have 
been linked to pro-inflammatory processes, disease activity and prognosis.(14, 61) For 
instance, alloantibodies against human platelet antigens, produced during pregnancy 
against fetal cells, have a reduced fucosylation which is associated with increased severity 
of fetal and neonatal alloimmune thrombocytopenia.(62) The biological significance of the 
absence of core fucose is explained by higher affinity of afucosylated IgG to FcγRIII, 
transforming moderate into potent mediators of immune defence mechanisms, such as 
ADCC.(13) Afucosylated IgG has the greatest effect on IgG effector functions, making it a 
potentially powerful diagnostic target for identifying ongoing inflammatory processes. Its 
significance is highlighted by the development of a high-throughput (ELISA)-based assay for 
quantifying antigen-specific IgG Fc fucosylation, a test that could facilitate the translation of 
glycosylation studies from research to clinical laboratories.(63)  

Along with the underlying pathological condition, various population factors including age, 
sex, body mass index, and pregnancy, can impact the glycosylation profile of a protein, 
leading to inter-individual variation.(64, 65) To account for these confounding factors in 
cross-sectional studies, it is essential to have a considerable sample size, include sex- and 
age-matched control samples, and perform sample randomization. Furthermore, a 
longitudinal study design can be highly beneficial in exploring glycans as disease markers. 

The analysis of protein N-glycosylation is critical for advancing our understanding of the role 
of glycans in health and disease, and for developing and validating new diagnostic and 
therapeutic strategies. In addition, the glycosylation analysis targeting human glycoproteins 
in population studies, must be of sufficient high-throughput to identify specific glycan 
signatures associated with various pathologies. Although studying immune protein 
glycosylation is a challenging analytical task, recent advances in analytical methodology 
facilitated the development of glycosylation analysis.   

1.6  Analytical methods for N-glycosylation analysis  

Recent advances in several analytical technologies including mass spectrometry (MS), liquid 
chromatography (LC), capillary electrophoresis (CE), carbohydrate microarrays, and nuclear 
magnetic resonance spectroscopy have led to the development of approaches which are 
suitable for both comparatively high-throughput and in-depth N-glycosylation analysis of 
wide range of immune molecules.(4) 

Depending on the research question, protein glycosylation can be assessed at four 
complementary levels, that is glycan-, glycopeptide-, subunit- and intact-glycoprotein-
level.(66) These approaches come with their possibilities and limitations that determine 
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their specific applications. The glycan-level approach relies on the chemical or enzymatic 
cleavage of glycans from the glycoproteins present in the sample, e.g., by peptide-N-
glycosidase F (PNGase F) or RapidTMPNGaseF in case of N-glycosylation. Cleavage results in 
a mixture of glycans, which are subsequently labelled with a fluorescent dye and analysed. 
There are several analytical methods used to analyse protein N-glycosylation. The analysis 
of glycans in a high-throughput manner is currently possible using three powerful 
techniques: hydrophilic-interaction ultra-high-performance liquid chromatography with 
fluorescence detection (HILIC-UHPLC-FLD), multiplex capillary gel electrophoresis with 
laser-induced detection (xCGE-LIF), matrix-assisted laser ionization mass spectrometry 
(MALDI-MS).(4) Both HILIC-UPHLC-FLD and xCGE-LIF demonstrate remarkable repeatability 
and superior performance for low-complexity N-glycans, effectively differentiating their 
constitutional isomers. On the other hand, MALDI-TOF-MS stands out for its analytical 
throughout and comprehensive information on sialic acid linkage for all N-glycans. 
Moreover, this techniques offers more informative results for more complex glycan 
structures, such as tri- and tetra-antennary species.(67) While this glycan-level approach 
can yield the most structural information on the glycan, it fails to provide the glycan 
attachment site or a carrier protein, especially for multiply glycosylated proteins. This 
information can be retained by using a glycopeptide-level approach, where a glycoprotein 
is subjected to proteolytic cleavage using, for example, trypsin, endoproteinase GluC or 
proteinase K. The method of choice for the analysis of glycopeptides is reverse-phase-LC-
ESI-MS.(4) MS analysis of the obtained (glyco)peptides, particularly tandem MS analysis, can 
reveal the glycosylation site, glycan composition and glycan structure. The subunit- and 
intact-glycoprotein-level approaches, characterize not only glycosylation, but also other 
post-translational modifications on a protein. While this approach provides information 
about different proteoforms, it requires high-resolution instruments and lacks information 
on site-specificity. Each of those approaches characterises glycans to a different level of 
detail and provides orthogonal information. Thus, a combination of these methods is 
required for a detailed and comprehensive glycosylation analysis.(68)  

Glycosylation analysis can be further distinguished based on the analysed sample. It can be 
conducted on a single glycoprotein after targeted purification or on a complex mixture of 
glycoproteins, such as human serum.(69) An analysis of the complete repertoire of glycans 
has been performed for a range of single glycoproteins, such as IgG, IgA or FcγRIIIb.(70-72) 
However, this approach is limited since it requires the development of protein-specific 
purification methods. Nevertheless, new methods are being developed for the purification 
and analysis of glycoproteins, thereby expanding the selection of single glycoproteins that 
can be studied, as illustrated in Chapter 4. In case of clinical biofluids like serum or seminal 
plasma, due to the complexity of the sample and the presence of many glycoproteins, the 
glycan inventory is constructed for all glycoproteins in the sample on the level of released 
glycans, as illustrated in Chapter 5 and 6. 
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1.6.1  Mass spectrometers 

Due to high sensitivity, selectivity and throughput, MS, has become a powerful tool for 
glycosylation profiling. MS has successfully been employed for the analysis of immune 
glycoproteins on all levels of characterization.(3, 73-75) MS-based analytical platforms 
adequately ionize glycans or glycoconjugates, detect their mass-to-charge (m/z) ratio and 
report ions in the form of a mass spectrum that plots the relative abundance of the ions as 
a function of their m/z ratio. It is highly compatible with LC. 

The fragile nature of oligosaccharides, glycopeptides, and glycoproteins necessitates the 
use of soft ionization techniques in mass spectrometric analysis. Electrospray ionization 
(ESI) is often a method of choice as it avoids fragmentation, allowing the detection of the 
intact analyte.(76) ESI often advantageously creates ions with multiple charges, especially 
useful for detecting large masses. Multiple charging of large ions decreases their m/z values, 
making them detectable by mass analysers with a relatively narrow mass range. In the 
context of glycosylation analysis, ESI is especially suitable for the labile sialylated glycans.  

Mass analysers distinguish ions using magnetic and/or electric fields. The performance of a 
mass analyser is typically characterized by mass range, analysis speed, mass accuracy and 
resolution. The time-of-flight (TOF) analyser is particularly suitable for high-throughput 
glycosylation profiling of IgG glycopeptides, due to its superior speed. In TOF analyzers, all 
particles are accelerated at the same time with the same energy. The resulting velocity of 
glycans/glycoconjugates depends on their size and charge. For more comprehensive and in-
depth analyses, the lates generation of orbitrap instruments has been widely accepted, due 
to the ultra-high resolution.  

Modern mass analysers enable the use of innovative MS hybrid fragmentation strategies. 
These strategies, arising from the combination and variation of multiple conventional 
fragmentation techniques, such as collision-induced dissociation (collision-induced 
dissociation, CID and higher-energy collisional dissociation, HCD) or electron-driven 
dissociations (electron capture dissociation, ECD and electron transfer dissociation, ETD), 
have been of great benefit to the field of spectrometry-based glycoproteomics, enabling 
high-end glycopeptide analysis.(77) Each fragmentation strategy yields distinct types of 
fragmentation spectra. For example, when applied to a glycopeptide analyte, CID generates 
B/Y-type glycan fragment ions, making it well-suited for breaking labile glycosidic bounds. 
On the other hand, ETD produces c/z-type ions and is more suitable for sequencing the 
peptide backbone. However, when these techniques are combined in the form of hybrid 
fragmentation, they provide information-reach fragments from both peptide and glycan 
moiety in a single MS/MS spectrum. This makes it a powerful tool for in-depth analysis of 
glycopeptides.(78, 79) 



  | INTRODUCTION | 

| 23 | 

1 

2 

3 

4 

5 

6 

7 

8 

 

1.7  SCOPE 

The aim of this thesis is to enhance the understanding of the role of glycosylation in the 
immune system. To achieve this, we employed high-throughput profiling methods on 
clinical samples, to investigate the dynamic changes in antibody glycosylation during 
disease and treatment processes. Furthermore, we strove to develop new methodologies 
for reliable characterization of N-glycosylation profiles, with the objective of expanding the 
range of immune glycoproteins being analysed, as well as improving existing methods. 
Changes in glycosylation of immune glycoproteins are typically associated with alterations 
in homeostasis, inflammatory processes, and disease progression. By detecting such 
changes in the glycosylation profiles of immune glycoproteins, researchers can identify 
disease-specific clinical markers, potentially enabling early diagnosis, personalized 
treatment, and disease progression monitoring.  

The regulation of IgG glycosylation, especially fucosylation, which significantly impacts the 
ability of IgG to effectively trigger immune responses, remains largely elusive. To gain 
valuable insights into the special location of these regulatory mechanisms, we investigated 
the potential role of the spleen in modulating IgG glycosylation. In Chapter 2, we evaluated 
IgG-Fc glycosylation in a cohort of splenectomised individuals to address this question. Our 
findings reveal a shift in IgG Fc-fucosylation upon splenectomy, supporting a potential role 
of the spleen in regulating IgG afucosylated responses generated by B cells.  

Chapter 3 describes the IgG Fc-glycosylation dynamics in a longitudinal cohort of patients 
with anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV). Our findings 
demonstrate that IgG Fc-fucosylation differs between relapsing and non-relapsing patients 
already 9 months before the relapse, if a rise in ANCA titers was also observed. These results 
demonstrate the orthogonality of ANCA-rise and IgG fucosylation and position them as 
valuable components of a potential multifactor clinical marker platform for disease 
monitoring in AAV. Moreover, we validated the decrease in sialylation of IgG Fc N-glycans 
over time as a valuable glycosylation-based clinical marker for the prognosis of AAV 
relapse.(80) 

Despite extensive research in the past decades on mapping the glycosylation profile of 
antibodies, there has been a lack of glycoproteomic methods for glycosylation mapping of 
other glycoproteins with crucial immunological functions. In Chapter 4 of this thesis, we 
developed a comprehensive LC-MS method for site-specific analysis of FcγRIIIb on primary 
human cells. The developed methodology demonstrates the ability to identify glycosylation 
differences between donors, subclasses, allotypes, cells and sites of FcγRIII. Studies on FcγR 
glycosylation are essential, as they may provide a deeper understanding of this additional 
layer of regulation of the IgG-FcγR interaction and its (patho-)physiological implications. 
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In Chapter 5, we introduce a novel high-throughput method for chromatographic 
separation and profiling of plasma and serum N-glycans. This method utilizes hydrophilic 
interaction liquid chromatography-mass spectrometry and a recently introduced 
fluorescent label, RapiFluor-MS. Compared to existing methods, the developed approach 
allows for more rapid sample preparation. Additionally, the improved method takes 
advantage of the high FLR and MS sensitivity of RapiFluor-MS label and thus, offers a highly 
sensitive, rapid and robust method for detecting biological variability in clinical cohorts. 
With these advancements, our developed method enhanced the analysis of plasma and 
serum N-glycans. 

Chapter 6 presents the evaluation of seminal plasma N-glycosylation using liquid 
chromatography-mass spectrometry to evaluate the relationship between environmental 
exposure and male infertility. This study identified several N-glycans with the potential for 
biomonitoring of exposure to different environmental factors in men with semen 
abnormalities. 

Finally, Chapter 7 provides a discussion of the main findings presented in this thesis, 
contextualizing them with the current literature in the field. Furthermore, this chapter also 
explores future perspectives and challenges in the analysis of glycosylation in immune 
molecules. 
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