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Ključne riječi: IgG, N-glikani, HILIC, varijabilnost, heritabilnost, starenje, spol,  

specifičnost IgG potklasa, cjelogenomska asocijacijska studija 

 

Mentor:  Prof. dr. sc. Gordan Lauc, Farmaceutsko-biokemijski fakultet 

Sveučilišta u Zagrebu 

Ocjenjivači: Doc. dr. sc. Olga Gornik, Farmaceutsko-biokemijski fakultet 

Sveučilišta u Zagrebu 

Prof. dr. sc. Igor Rudan, dr. med., Sveučilište u Edinburgu 

 Prof. dr. sc. Nada Oršolić, Prirodoslovno-matematički fakultet 

Sveučilišta u Zagrebu 
 



 

 
 

Table of Contents 

1.  INTRODUCTION 1 

1.1  Immunoglobulin G as glycoprotein 3 

1.2  Impact of glycosylation on IgG function 5 

1.3  IgG glycosylation in health and disease 7 

1.4  High-throughput glycomics 9 

1.5  Genome wide association studies of the human glycome 11 

2.  High-throughput isolation and glycosylation analysis of IgG - variability        

and heritability of the IgG glycome in three isolated human populations 15 

3.  High-throughput IgG Fc N-glycosylation profiling by mass spectrometry          

of glycopeptides 33 

4.  Loci associated with N-glycosylation of human immunoglobulin G show     

pleiotropy with autoimmune diseases and haematological cancers 47 

5.  Changes in plasma and IgG N-glycome during childhood and adolescence 67 

6.  GENERAL DISCUSSION 79 

7.  CONCLUSIONS 85 

REFERENCE LIST 91 

SUMMARY 101 

SAŽETAK 104 

ABBREVIATIONS 107 

LIST OF PUBLICATIONS 109 

CURRICULUM VITAE 112 

 



 

  

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

  

1 



 

 



Introduction 

  3 

 

1.1  Immunoglobulin G as glycoprotein 

Immunoglobulins (Igs) play an important role in the adaptive immune system by 

providing defence against many different antigens. Just like the majority of eukaryotic 

proteins,
1, 2

 all five distinct classes (IgG, IgM, IgA, IgD and IgE) of human Igs are 

glycoproteins. The Igs show an extensive diversity in the position and number of the 

conserved N-linked glycosylation sites present both on the Fc (crystallizable fragment) 

and Fab (antigen-binding fragment).
3
 IgG is the most abundant antibody class in the 

human blood (approx. 10 mg/ml) and a major effector molecule of the humoral immune 

response. IgG antibodies play an important role in defending the body by mediating 

activation of a wide range of effector functions which result in destruction and removal 

of the pathogen. Four subclasses of human IgG (IgG1, IgG2, IgG3 and IgG4) are 

glycoproteins composed of two heavy and two light chains linked together by interchain 

disulphide bonds (Figure 1). The two light chains together with the parts of the heavy 

chains (VH and CH1 domains) form two Fab moieties which are linked by a flexible 

hinge region to one Fc moiety formed by the remainders of the two heavy chains (CH2 

and CH3 domains).
3
 The length of the hinge region and the number of interchain 

disulphide bonds differ significantly between the IgG subclasses and influence mobility 

and conformation of the Fab and Fc moieties, with respect to each other.
4, 5

 

 

 
 

Figure 1. Structure of an IgG1 molecule. Heavy chains (blue), light chains (orange) and 

disulphide bonds (yellow).
6
 

 

 

Fab Fab 

Fc 

oligosaccharide 
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 Each heavy chain in the Fc region carries a single covalently attached biantennary 

N-glycan at the highly conserved asparagine 297 in the CH2 domain.
7
 The N-glycans 

present in the Fc of normal polyclonal IgG are biantennary complex-type structures 

which are mostly core-fucosylated and may contain a bisecting N-acetylglucosamine 

(GlcNAc) and a small portion of sialic acid (Figure 2).
3, 7, 8

 The biantennary glycans 

containing zero, one, or two galactose residues in their outer arms are commonly known 

as G0, G1, and G2, respectively. Each Asn-297 glycan makes multiple noncovalent 

interactions with the inner protein surface of the CH2 domain which stabilize the Fc and 

help to maintain the structure.
9-12

 The majority of IgG N-glycans are attached to the 

heavy chains of the Fc region, but 20% of polyclonal human IgG molecules also contain 

N-glycans within the Fab regions of the light chain, the heavy chain or both.
13

 Analysis 

of Fab regions revealed the presence of highly bisected, substantially galactosylated and 

sialylated glycans, in contrast to glycans released from the Fc.
13-17

  

 

 
 

Figure 2. Typical IgG N-glycans. Glycan species are given in terms of number of 

galactoses (G0, G1, G2), fucose (F) and N-acetylneuraminic acid (S). Structural 

schemes are given in terms of  blue square (N-acetylglucosamine), red triangle (fucose), 

green circle (mannose), yellow circle (galactose), and purple diamond (N-

acetylneuraminic acid).
18 

 

Fc glycans are essential structural components of the IgG molecule and even minor 

changes in glycan composition can have a profound influence on IgG effector functions 

by modulating binding to Fc receptors.
12, 13

 The influence of individual components of 

the Fc glycans to antibody activity and efficacy has been a focus of interest over the last 

years, making controlled and specific glycosylation of therapeutic antibodies an 

important challenge in biopharmaceutical industry.
13

 In general, Fc N-glycans are 

crucial for the antibody's effector functions, whereas Fab N-glycans have modulating 

influence on antigen binding properties.
8
 Glycosylation of polyclonal human IgG varies 

significantly in health and disease, showing dependence on various physiological 

parameters (age, sex, pregnancy) and pathological conditions (particularly inflammatory 

and autoimmune diseases).
3, 7

 

G0F          G1F           G2F          G2FS1 
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1.2  Impact of glycosylation on IgG function 

The IgG subclasses exhibit considerable differences in their ability to mediate effector 

functions.
19

 Next to the variation in the primary amino acid sequence between different 

IgG subclasses, an additional diversity, even within the same subclass, is introduced by 

the glycan moiety.
3
 A key effector functions for IgGs are antibody-dependent cellular 

cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). These functions 

are dependent on the Fc glycan which is crucial for the interaction with cellular Fcγ 

receptors (FcγRs) and the complement component C1q.
5
 Presence of Fc glycan enables 

binding to FcγRs by maintaining an open conformation of the two heavy chains while 

removal of the glycan moiety generates a closed conformation unfavorable for the 

interaction with the Fcγ receptors.
10, 20

 Binding of IgG Fc to the FcγRs expressed on 

effector cells or activating other immune mediators, such as C1q, initiates inflammatory 

cascades that eliminate pathogen. Truncation or elimination of the Fc glycan leads to 

reduced or ablated binding of aglycosylated IgG Fc to FcγRs and complement 

component C1q.
10-12, 21

 In contrast, binding to neonatal Fc receptor (FcRn), which 

determines antibody half life, is not dependent on the glycan moiety.
4, 22

  

Influence of the attached glycan on efficacy of effector functions can vary between 

different antibody glycoforms.
8
 For example, the lack of core fucose residue on the Fc 

N-glycan dramatically enhances the IgG1 binding to FcγRIIIa.
7, 22-24

 By binding to this 

activating Fc receptor expressed primarily on natural killer (NK) cells, antibodies 

initiate ADCC which leads to destruction of target cells.
7, 22, 24

 Besides, presence of 

complex glycans attached to Asn45 and Asn162 of FcγRIIIa has a crucial influence on 

IgG Fc binding.
22

 Subsequently, improved ADCC by increased interaction with Fc 

receptors was shown in CHO cells transfected with the human β1,4-N-

acetylglucosaminyltransferase III (GnT-III) gene which adds bisecting GlcNAc.
25, 26

 

The addition of bisecting GlcNAc, a relatively early event in glycoprotein processing, 

inhibits α(1,6)-fucosyltransferase (FUT8) and the addition of core fucose.
27

 However, it 

seems that the lack of core fucose, not the presence of bisecting GlcNAc, has the most 

critical role in enhanced ADCC.
28

 Due to drastic enhancement of ADCC, afucosylated 

monoclonal antibodies exhibit strong therapeutic potential in anti-cancer therapy.
29

 It 

was shown that improved FcγRIIIa binding allows the low doses of afucosylated IgG1 

to overcome the competition with high concentrations of heavily fucosylated serum 

IgG.
24, 30

 

The presence of complex glycan structures with galactoses on IgG Fc is required for 

binding to complement component C1q and triggering classical pathway of complement 

activation. Removal of terminal galactose residues from monoclonal antibodies was 

shown to reduce complement activation while FcγR-mediated functions stayed intact.
31, 

32
 Moreover, IgG Fc glycans with terminal N-acetylglucosamine residues were shown to 

bind mannose-binding lectin (MBL) in vitro.
33

 The MBL is a serum protein involved in 

clearance of immune complexes and in the lectin pathway of complement activation.
34

 

Being a structural homologue of the C1q molecule, the MBL forms a complex with 
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structural homologues of C1 complement components and when activated triggers 

CDC.
33, 35

 The MBL has also been implicated in certain diseases such as rheumatoid 

arthritis (RA), an autoimmune disease with a significant increase of agalactosylated 

(G0) IgG glycoforms. Based on the increased binding of MBL to agalactosylated 

glycans in vitro, it has been suggested that the MBL may contribute to an additional 

inflammation by activating complement.
34

 However, more recent in vivo studies suggest 

that the enhanced MBL binding is not a major factor for antibody activity in vivo and 

that the activity of IgG-G0 glycoforms is fully dependent on activating FcγRs.
36

 Very 

recently Karsten et al.
37

 reported anti-inflammatory properties to be mediated by Fc 

galactosylation via the formation of immune complexes. High N-glycan galactosylation 

of IgG1 in immune complexes was shown to promote the association between the 

inhibitory IgG receptor FcγRIIB and C-type lectin-like receptor dectin-1, resulting in a 

blockage of pro-inflammatory effector functions. 

Altered affinities of differentially glycosylated IgG antibodies to distinct FcγRs may 

modulate inflammatory responses. Intravenous immunoglobulin (IVIG), a therapeutic 

preparation of highly purified IgG from pooled human plasma, has been widely used to 

treat a number of autoimmune diseases, including immune thrombocytopenic purpura, 

rheumatoid arthritis, Guillain–Barré syndrome, Kawasaki Disease, and systemic lupus 

erythematosus.
38-40

 When given at high doses (1 to 2 g/kg), IVIG has anti-inflammatory 

properties. The anti-inflammatory activity of IVIG is a property of the Fc, as Fc 

fragments were found to be sufficient to suppress inflammation.
41-43

 Recent studies by 

Ravetch and colleagues suggested that immunosupressive function of IVIG is limited to 

the IgG Fcs with fully processed N-glycan terminating in α2,6 sialic acid.
44, 45

 The 

authors used enrichment of sialylated IVIG species by Sambucus nigra agglutinin 

(SNA) lectin affinity chromatography and fully recombinant, sialylated IgG1 Fc 

fragments to prevent pathology in a murine model of rheumatoid arthritis. 

Subsequently, the authors defined the mechanism by which α2,6-sialylated Fc mediate 

an anti-inflammatory response.
46

 It was demonstrated that the FcγRs and FcRn are not 

involved in this pathway and that a C-type lectin receptor, SIGN-R1, on murine splenic 

macrophages specifically recognizes sialic acid on the Fcs attenuating autoantibody-

initiated inflammation. Likewise, DC-SIGN (Dendritic Cell-Specific Intercellular 

adhesion molecule-3-Grabbing Non-integrin), the human orthologue of SIGN-R1, was 

found to bind sialylated IgG Fcs.
46

 It was also reported that administration of α2,6-

sialylated Fc moieties to a humanized DC-SIGN mouse model suppressed inflammation 

by promoting IL-33 production through a novel TH2 pathway.
47

 Because SIGN-R1 and 

DC-SIGN differ significantly in their cellular and tissue distribution, Bayry and 

colleagues explored the interaction of DC-SIGN and α2,6-sialylated Fc.
48

 They found 

that this interaction is not important for the anti-inflammatory activity of IVIG on 

human dendritic cells (DC). Later, Stadlmann et al.
49

 revealed that binding of IVIG to 

SNA lectin is primarily mediated by Fab glycosylation and that binding of the Fc 

moieties to the lectin requires at least two sialic acids. More recently, preferential 

binding of Fab-sialylated IgG to SNA lectin was reported by Guhr et al.
50

 and 
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Käsermann et al.
51

 Moreover, use of IVIG enriched for Fab-sialylated IgG resulted in a 

decrease rather than an increase of the IVIG efficiency in the murine model of passive 

immune thrombocytopenia, suggesting that SNA lectin fractionation is not a suitable 

method to enrich Fc sialylated IgG.
50

 Käsermann et al.
51

 stressed the importance of 

SNA affinity chromatography process since different elution fraction showed different 

anti-inflammatory potential. Considering the results of these studies, further reseach is 

required to clarify the role of sialylated IgG within IVIG in different autoimmune 

diseases and caution should be taken when extrapolating from mouse models to 

humans. 

1.3  IgG glycosylation in health and disease 

For more than three decades, specific patterns of IgG glycosylation have been described 

in both, healthy and diseased individuals. A number of studies have reported age- and 

sex-dependence of certain IgG glycosylation features in healthy population. Parekh et 

al. were the first to describe decreasing levels of galactosylation with aging.
52

 They 

have focused solely on galactosylation levels of total IgG and obtained data from 151 

individuals of both sexes varying in age from 1 to 70 years. Levels of agalactosylated 

N-glycans were shown to change continuously with age, with a decrease from 30% on 

average at birth to 20% at the age of 25 and then a steady increase up to 40% at 70 years 

of age. Interestingly, the levels of monogalactosylated N-glycans stayed constant over 

the whole age range, while digalactosylated N-glycans showed the opposite trend to that 

of agalactosylated glycans. Differences between the sexes were not found.  

Sex-related differences in galactosylation were found by Yamada et al.
53

 

Enzimatically released N-glycans were labeled with 2-aminopyridine, desialylated and 

separated by reverse phase high performance liquid chromatography (RP-HPLC). The 

study included 176 females and 227 males of 0 to 85 years of age. A difference in the 

level of galactosylation was found between females and males in their twenties with 

males showing higher level of agalactosylated glycans than females. In addition, the 

incidence of bisecting GlcNAc was found to increase with age and seemed to reach a 

plateau at the age of 50. However, no sex differences were found for the bisecting 

GlcNAc.  

A small cohort consisting of 43 female and 37 male individuals ranging in age from 

18 to 73 years was used to study IgG glycosylation changes in aging by Shikata et al.
54

 

They have released N-glycans by hydrazinolysis, labeled them with p-aminobenzoic 

acid ethyl ester (ABEE) and analyzed by HPLC. Age-dependent changes in 

galactosylation were only observed in females, while the incidence of bisecting GlcNAc 

was found to increase with age in both sexes. Moreover, in females, the incidence of 

monosialylated N-glycans also decreased with age which may be explained by a lower 

level of galactosylated, acceptor glycan structures, at older age.  

More recent studies confirmed the earlier findings regarding galactosylation and 

bisecting GlcNAc.
55, 56

 In a large-scale study, Ruhaak et al.
55

 analyzed tryptic Fc N-
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glycopeptides by MALDI-TOF-MS and revealed a potential of the levels of 

agalactosylated glycoforms with bisecting GlcNAc as an early marker of familial 

longevity.  

Altered IgG glycosylation has been reported during pregnancy, with an increase in 

galactosylation and sialylation and a decrease in bisecting GlcNAc.
57-59

 These changes 

were reported for both, healthy pregnant females and female patients with RA during 

pregnancy when remission of the disease is often observed. Moreover, Williams et al.
60

 

compared total glycosylation between fetal and maternal IgG and described a higher 

level of galactosylation of fetal IgG than maternal IgG, indicating a preferential 

transport of highly galactosylated IgG to the fetus. Alternatively, these pronounced 

differences between fetal and maternal IgG galactosylation levels may partly be 

explained by the difference in subclass ratios since the portion of IgG1 which tends to 

be more galactosylated is elevated in cord blood.
60, 61

 In contrast, when subclass-specific 

IgG Fc N-glycosylation was analyzed, remarkably similar Fc glycosylation of all the 

subclasses between fetal and maternal IgG was observed indicating that placental IgG 

transport is not Fc glycosylation selective.
61

 

It has long been known that IgG glycosylation patterns are skewed toward specific 

glycoforms in various diseases. As well as in healthy individuals, galactosylation levels 

are a major source of IgG heterogeneity in diseased individuals. More than 25 years 

ago, low IgG galactosylation was associated with rheumatoid arthritis and 

osteoarthritis
62

 and since then many reports have followed describing 

hypogalactosylation in a number of different autoimmune diseases (rheumatoid 

arthritis
59, 62-69

, juvenile chronic arthritis
64, 65, 70

, osteoarthritis
62

, Chron's disease
64, 71

, 

ulcerative colitis
71

, systemic lupus erythematosus with Sjörgen's syndrome
72

, 

myositis
73

), infectious diseases (hepatitis C infection
74

, HIV infection
75

) and cancer 

(ovarian cancer
76

).  

In RA, levels of IgG-G0 glycans have been shown to correlate with clinical 

parameters, disease progression and disease activity.
57, 66

 Rademacher et al.
77

 

demonstrated association of IgG-G0 glycoforms with pathogenicity in a murine 

collagen-induced arthritis model. Interestingly, the disease goes into remission in RA 

patients during pregnancy when serum levels of IgG-G0 reduce to normal serum 

levels.
57, 59

 Furthermore, association has been reported for these glycoforms and lowered 

galactosyltransferase activity.
78

 IgG Fc glycosylation of anti-citrullinated protein 

antibodies (ACPA), autoantibodies exibiting unique specificity for RA, showed 

considerable difference from total serum IgG1.
79, 80

 However, the pathogenic role of 

IgG-G0 glycoforms is not yet fully understood and more research is required to 

established factors implicated in this inflammatory process. 

More recent studies described IgG Fc N-glycosylation changes in well-defined 

antibody-mediated autoimmune diseases, i.e., Lambert-Eaton myasthenic syndrome 

(LEMS) and myasthenia gravis (MG).
81

 Although the described changes of the overall 

IgG Fc N-glycosylation may not reflect the glycosylation of antigen specific IgG, they 
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could provide insight into potential association of a certain glycosylation feature and 

antibody pathogenicity.
81

  

The regulation of IgG glycosylation is still largely not understood. However, a 

recent in vitro study using a primary human B cell culture has shown that various 

systemic and microenvironmental factors, such as CpG oligodeoxynucleotide, 

interleukin 21 and all-trans retinoic acid, are able to modulate IgG glycosylation 

profiles with respect to galactosylation, sialylation and bisecting GlcNAc.
82

  

Changes in IgG glycosylation upon immunological challenge have been shown in 

animal studies. In a murine nephrotoxic serum nephritis model, Kaneko et al.
45

 found a 

decrease in total IgG sialylation during an immune response. Lastra et al.
83

 immunised 

specific pathogen free mice with bovine serum albumin (BSA) and showed decrease in 

galactosylation of anti-BSA IgG when antibody titers rose, and later, when titers fell, 

they became more galactosylated. IgG1 Fc N-glycosylation changes induced by 

influenza and tetanus vaccination in humans were reported by Selman et al.
84

 Upon 

active immunization, anti-vaccine IgG showed increased levels of galactosylation and 

sialylation. Future studies are neccessary to elucidate variation and regulation of IgG 

glycosylation in an immune response. 

1.4  High-throughput glycomics 

Due to the glycan complexity and technological limitations, until only a few years ago 

glycan analysis was extremely laborious and complex, hampering large-scale studies of 

the glycome. Several factors including template-less biosynthesis, microheterogeneity, 

lack of a natural chromophore and existence of structural isomers (both position and 

linkage) contribute to complexity of glycan structural analysis.
85

 However, major 

progress has been made in the last few years resulting in several high-throughput 

analytical techniques for glycan analysis.
56, 86-90

  

In principle, three major strategies are used for glycan analysis: liquid chromatography 

(e.g. reverese-phase, hydrophilic interaction), capillary electrophoresis and mass 

spectrometry. When analyzing a single protein, such as IgG, a first step in glycosylation 

analysis is IgG purification from plasma or serum. Protein purification from a large 

number of samples is one of the major bottlenecks in a large-scale proteomics and 

glycoproteomics studies. The most widely used IgG purification technique is affinity-

purification using immobilized Protein A or G.
14, 91

 Both of these bacterial proteins may 

be applied for the purification of IgG from human plasma, however, in contrast to 

Protein G which binds all four IgG subclasses, Protein A does not bind IgG3 subclass.
92

 

High-throughput purification in a 96 well format of IgG has been previously performed 

by affinity chromatography with protein A (or G)-Sepharose beads,
92

 but this protocol 

includes incubation which prolonges the whole procedure. Fast purification of large 

volumes of complex biological compounds, such as plasma, can be achieved by the use 

of monoliths as stationary phase. Monoliths, a continuous stationary phase cast in a 

single piece, show many advantageous properties when compared with conventional 
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particulate supports.
93-96

 Due to very large and highly interconnected pores, their 

dynamic binding capacity is practically independent of the flow rate which significantly 

reduces purification time.
97, 98

 

Release of the N-glycans from glycoproteins is most commonly done by use of the 

enzyme endoglycosidase peptide-N-glycosidase F (PNGase F).
86, 91

 This enzyme 

releases all asparagine-linked glycans unless they are α1-3 core fucosylated, a 

modification observed in plants and invertebrates. The released glycans can be 

fluorescently tagged (e.g. 2-aminobenzamide, 2-AB; 2-aminobenzoic acid, 2-AA; 1-

aminopyrene-3,6,8-trisulfonic acid, APTS) at their reducing end by reductive 

amination
99-101

 and separated by liquid chromatography (LC) or capillary 

electrophoresis (CE) followed by fluorescence detection or mass spectrometry. Liquid 

chromatography is a widely applied technique for separation of both neutral and 

charged oligosaccharides.
76, 86-88, 91

 Glycans are predominantly separated using 

hydrophilic interaction liquid chromatography (HILIC) mode, however, weak anion 

exchange (WAX) and reverse phase (RP) chromatography are also employed. In HILIC, 

glycans are resolved based on differences in the hydrophilicity and hydrophobicity with 

glycan composition, linkage and arm specificity all contributing to retention times.
88, 102

 

HILIC is often reffered to as „size separation“ since larger glycans tend to elute later. A 

capillary gel electrophoresis with laser induced fluorescence (CGE-LIF) detection 

allows rapid separation of glycans in terms of their charge to size ratio.
89, 90, 103, 104

 In 

general, both LC and CE enable reliable glycan quantification. Although the use of 

smaller HILIC particles (sub-2-µm) and introduction of ultra performance liquid 

chromatography (UPLC) has led to a marked reduction of analysis times,
87, 105

 CE has a 

much higher throughput capability.
89, 104

 However, LC has greater resolving power and 

is more amenable to coupling to MS enabling in-depth analysis of complex 

oligosaccharide mixtures.
85

  

The released glycans can be analyzed by MS in their native reducing form, after 

labeling of the reducing end or after permethylation.
106

 The two main MS techniques 

used for glycan analysis are matrix-assisted laser desorption/ionization (MALDI) and 

electrospray ionization (ESI).
105-109

 MALDI is harsher ionization techique and often 

results in massive desialylation due to in-source and metastable decay.
110

 However, this 

phenomenon can be efficiently avoided by stabilizing sialic acid by methylation of 

carboxylic acid residues or by permethylation.
111, 112

 In addition, the degree of 

desialylation is strongly influenced by the chosen MALDI matrix.
56, 113, 114

 

Alternatively, high-performance anion-exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD) may be used to analyze native reducing-end 

glycans.
115

 

Although in-depth analysis of released glycans may provide a detailed picture of the 

glycan structure, no information on the original glycan attachment sites and the identity 

of the carrier protein is provided. Such information can be obtained by the direct 

analysis of glycopeptides. IgG glycopeptide analysis allows discrimination between 

different IgG subclasses on the basis of the peptide moieties and masses, and 
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additionally provides N-glycan profiles that are Fc specific.
92

 Analysis of IgG 

glycopeptides can be achieved by MALDI-MS
56, 116

 or LC-MS.
15, 49, 92

 MALDI-MS 

analysis of human polyclonal IgG has been shown to allow subclass-specific Fc N-

glycosylation profiling in a high-throughput manner.
56

 However, due to the identical 

peptide moieties of their tryptic Fc glycopeptides, IgG2 and IgG3 cannot be 

distinguished.
81, 92

 In addition, existence of isomeric glycopeptides causes overlap of 

certain signals and prevents proper determination of IgG2 fucosylation and IgG4 

glycosylation.
56

 Therefore, a separation of subclasses prior to MS detection is essential 

for a detailed characterization of Fc N-glycosylation of all IgG subclesses.
92

 In general, 

LC-MS is less prone to in-source and metastable decay of highly sialylated 

glycopeptides than MALDI-MS which on the other hand offers shorter analysis times. 

None of the currently available analytical techiques is capable of performing a 

detailed structural analysis of protein glycosylation in a single step. The existence of 

many thousands of different glycans attached to human proteins,
117

 multiple 

glycosylation sites, large variety of the attached glycans in a single glycosylation site 

and structural complexity of glycans, require implementation of several strategies for a 

detailed charecterization of protein glycosylation in a complex biological samples. 

1.5  Genome wide association studies of the human glycome 

Contrary to proteins which are defined by the sequence of nucleotides in the 

corresponding genes, glycans are synthesized without the direct genetic template. 

Instead, it has been estimated that over 700 proteins, including various 

glycosyltransferases, glycosidases, enzymes for sugar nucleotide biosynthesis, 

transporters, etc., are involved in the complex pathway of glycan biosynthesis.
117, 118

 In 

addition, changes in the abundance and/or localization of any of the enzymes, 

glycoprotein substrates and activated sugar donors involved in glycan biosynthesis, will 

affect the final structure of the glycan.
119

 Therefore, glycome is shaped by dynamic 

interactions of both genetic background and environmental influences.
120

  

Due to experimental limitations in quantifying glycans in complex biological 

samples, understanding of the genetic regulation of glycosylation is still very limited.
121

 

Recent technological advances in glycan analytics allowed reliable, high-throughput 

quantification of glycans and glycopeptides and enabled large population studies of the 

human plasma and IgG glycome.
55, 86, 122

 Knežević et al.
86

 performed the first large-scale 

analysis of human plasma glycome, revealing a high variability in glycome composition 

between individuals with the median difference between the minimal to maximal values 

of glycans being over six-fold. This variability appears to be mostly genetically 

predetermined since environmental factors were found to have a limited influence on 

the majority of analyzed glycans.
122

 In addition, individual plasma glycome appears to 

change very little even after a prolonged period of time.
123

  

The majority of human variability originates from single nucleotide polymorphisms 

(SNPs) which individually do not have visible phenotypes, but if present in specific 
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combinations within the same individual can have significant phenotypic effects.
124-126

 

Due to interaction of hundreds of genes, glycosylation is particularly prone to this type 

of variability. Some combinations of individual SNPs can be manifested as specific 

glyco-phenotypes, which might represent potential evolutionary advantages or 

disadvantages. The most prominent examples are various forms of congenital disorders 

of glycosylation which are usually caused by a combination of several individual 

mutations, which, if present individually, do not have visible phenotypes.
121

  

Next to the development of high-throughput glycome analysis, in recent years we 

have also witnessed success of high-throughput genome analysis in gene 

identification.
127, 128

 Genome-wide association studies (GWAS) represent a powerful 

tool in detecting associations between common SPNs and common disease, as well as 

other complex traits.
129

 Three GWA studies of glycosylation-related traits have been 

published until now.
130-132

 The first comprehensive analysis of common polymorphisms 

affecting protein glycosylation combined genome-wide association and high-throughput 

glycomics analysis of 2705 individuals from three European populations.
132

 

Desialylated total plasma N-glycans were separated by HPLC into 13 structurally 

related groups of glycans from which two more traits were calculated, namely the 

percentage of glycan structures containing core or antennary fucose, yielding a total of 

15 glycan traits. Significant associations with particular SNPs were found for five 

original peaks, as well as for antennary fucose.
132

 The identified SNPs were located 

within three genes (FUT6, FUT8 and HNF1α), all of which are involved in 

fucosylation. FUT6 and FUT8 are known glycosyltransferase genes and they were 

found to strongly associate with glycan structures that are known substrates or products 

of these two fucosyltransferases, thus molecular mechanisms behind these associations 

were clear. However, a third identified gene encoding the transcription factor HNF1α 

had no previous biological links to glycosylation. Subsequent functional studies 

revealed a new role for HNF1α as a master transcriptional regulator of antennary 

fucosylation of plasma proteins. This transcription factor was shown to promote both de 

novo and salvage pathways of GDP-fucose synthesis, expression of fucosyltransferases, 

FUT3, FUT5 and FUT6, and suppressing the expression of FUT8.
132

  

The second published GWAS of the plasma glycome was an extension of the first study, 

with more individuals included (3533) and a more detailed glycome analysis.
130

 All of 

the previous findings were confirmed and a new association of HNF1α with glycan 

branching was revealed. Moreover, three new genes which associate with plasma 

glycome have been identified, namely MGAT5, B3GAT1 and SLC9A9. In accordance 

with its biological function, MGAT5 was found to associate with highly branched 

glycans. B3GAT1 is a member of glucuronyltransferase gene family whose product adds 

glucuronic acid on a subset of human lymphocytes
133

, but was not previously reported 

to exist on plasma proteins. To explain the association of B3GAT1 with the plasma 

glycome, a detailed structural analysis was performed confirming the existence of 

glucuronic acid on a subset of N-glycans released from plasma glycoproteins. The third 

identified gene, SLC9A9, was not previously related to glycosylation. However, its 
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association with tetrasialylated glycans is biologically plausible since SLC9A9 codes for 

a proton pump which regulates pH in endosomes
134

 and changes in Golgi pH are known 

to impair protein sialylation. 

 Plasma glycans originate from different glycoproteins produced in different cell 

types where they undergo cell type-specific glycosylation. These cell type-specific 

effects are blurred when analyzing pooled glycans from different glycoproteins whose  

concentrations can vary in many physiological processes. Therefore, to identify genes 

that regulate cell type-specific glycosylation it is essential to perform GWAS of 

glycomes of individual proteins. 
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IgG is one of the most studied glycoproteins. The attached glycans are essential for 

antibody's stability and efficacy, and even minor changes in glycan composition can 

have a profound influence on the biological activity of IgG by modulating binding to Fc 

receptors.
12, 13

 IgG glycosylation has been shown to be dependent on various 

physiological parameters such as age, sex and pregnancy.
52-59

 Moreover, it has long 

been known that IgG glycosylation patterns are skewed toward specific glycoforms in 

various diseases (tumors, infections, autoimmune diseases, etc.).
3
 As well as in healthy 

individuals, galactosylation levels are a major source of IgG heterogeneity in diseased 

individuals. 

Due to the undisputed importance of glycosylation for the function of IgGs, there 

was a need for a large-scale study which would identify the variability and heritability 

of IgG glycosylation in human population. Large-scale glycomic studies require the 

application of high-throughput methods that allow sensitive, robust and reliable 

glycoprofiling. Because of the structural complexity of glycans and technological 

limitations, until only a few years ago glycan analysis was extremely challenging and 

laborious. However, major progress has been made in the last few years resulting in 

several high-throughput analytical techniques for glycan analysis, such as high/ultra 

performance liquid chromatography, mass spectrometry and capillary electrophoresis.
56, 

86-90
 Hitherto several large population studies reported on high variability of the plasma 

glycome between individuals.
55, 135, 136

 However, only a small fraction of the variability 

in plasma glycan levels could be explained by age and other measured environmental 

factors leaving the main source of glycome variation between individuals unknown. 

One of the major bottlenecks in large-scale proteomics and glycomics studies is 

protein purification from a large number of samples. In this thesis a development of a 

96-well Protein G monolithic plate and its application for rapid isolation of IgG is 

described. Monoliths are continuous stationary phase with very large and highly 

interconnected pores which makes their dynamic binding capacity practically 

independent of the flow rate and enables fast purification of large volumes of complex 

biological compounds such as plasma.
97, 98

 Optimized HILIC method on a novel Waters 

BEH Glycan chromatography column provided separation of IgG N-glycans into 24 

chromatographic peaks and the identity of glycan structures in each peak was 

determined by exoglycosidase digestions and mass spectrometry. This analysis for the 

first time provided insight into the variability of IgG glycome within the human 

population, and for the first time estimated heritability of IgG glycosylation. In 

comparison to the total plasma glycome, the glycome of IgG, a single plasma protein,  

varied even more between individuals.
137

 The average ratio between minimal and 

maximal values for all glycans in the IgG glycome was 17.2, what is nearly three times 

higher than the corresponding ratio in the plasma glycome.
136, 137

 This difference 

suggests that the presence of a wide variety of glycoproteins, as in plasma, actually 

decreases the variability of glycosylation. By analyzing total plasma glycome, glycans 

are averaged across the proteome which introduces considerable noise to the 

quantitation and interpretation of plasma glycan levels.  
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In addition to adult cohort, we have also analyzed both IgG and total plasma glycomes 

of children and adolescents revealing again a high variability of glycosylation features. 

Interestingly, the behavior of almost all glycan features had different trend of change 

with age in childhood and in adulthood. Moreover, sex differences were shown to be 

much less pronounced in children than in adults and present mainly during puberty. 

HILIC enabled a detailed analysis of a mixture of released Fc and Fab N-glycans of 

all four IgG subclasses. In order to obtain subclass- and site-specific IgG glycosylation 

profiling of the same adult cohort, we have analyzed IgG Fc N-glycopeptides by 

MALDI-TOF-MS. Fc N-glycosylation profiling confirmed most of the previously 

described age- and sex-related IgG glycosylation changes.
52-56, 139

 Interestingly, the most 

prominent changes in glycosylation in females were observed around the age of 45 to 

60 years when females usually enter the menopause. When we compared the results to 

the total IgG N-glycosylation of the same populations analyzed by HILIC, significant 

differences were observed in the levels of galactosylation, bisecting GlcNAc and 

particularly sialylation, which were shown to be higher in HILIC analysis. Age and sex 

associations of glycosylation features were, to a large extent, comparable between 

MALDI-TOF-MS and HILIC IgG glycosylation profiling. There are several important 

differences between HILIC and MALDI-TOF-MS IgG glycosylation profiling methods. 

Starting from the sample preparation, HILIC of fluorescently labeled glycans requires 

enzymatic glycan release, labeling and sample clean-up, while the glycopeptide 

profiling with MALDI-TOF-MS involves trypsin treatment and SPE. In general, sample 

preparation for MALDI-TOF-MS requires less time, labor and steps which can 

introduce variation during sample preparation. Secondly, these two glycosylation 

profiling methods differ in sample throughput. Even though HILIC has been notably 

speeded up by UPLC technology allowing the analysis of a couple of samples per hour, 

the speed of MALDI-TOF-MS is still much faster. Moreover, high sample purity is 

essential for HILIC of released glycans since glycans released from glycoprotein 

contaminants will interfere with the IgG glycosylation profile. On the other hand, the 

presence of low amounts of contaminating glycoproteins will, in most cases, not 

interfere with IgG Fc glycosylation profiling by MALDI-TOF-MS since this method 

allows distinction between IgG Fc glycopeptides and glycopeptides of other 

glycoproteins on the basis of the different masses of the peptide moieties. The most 

prominent advantage of MALDI-TOF-MS profiling is the assignment of glycans to the 

specific Fc glycosylation sites of IgG subclasses. IgG Fc glycans have very distinct 

functions as they modulate the interaction with Fc receptors
7, 22-24, 37

 and other cell-

surface receptors of immune cells.
46, 47

 Since most of the modulating effects of IgG Fc 

glycans have been reported for IgG1
25, 37, 46

 and may not apply to IgG2, subclass- and 

site-specific IgG glycosylation profiling as achieved by mass spectrometry of 

glycopeptides might be crucial for understanding functional implications of 

glycosylation features. 
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By combining high-throughput glycomics measurements with high-throughput 

genomics we performed a genome wide association study of the human IgG N-glycome. 

The first GWA study of the human N-glycome was done on the overall plasma N-

glycans and it identified genome-wide associations with two glycosyltransferases and 

one transcription factor (HNF1α) with 1-6% of variance explained.
132

 Plasma glycans 

originate from many different glycoproteins produced in different cell types with cell 

type-specific glycosylation which probably blurred regulation of glycosylation of 

individual glycoproteins and reduced the power of that study. In this study we excluded 

the influence of differential glycosylation of different plasma proteins by isolating a 

single plasma protein, i.e. IgG, produced by a single cell type (B lymphocytes). GWA 

studies of plasma and IgG glycome were of a comparable sample size, however, many 

more significant associations were revealed with the IgG glycans. In addition, the 

largest percentage of variance explained by a single association was substantially 

higher, between 16-18%. Among the nine loci that reached the strict genome-wide 

statistical significance, four involved genes encoding glycosyltransferases known to 

participate in IgG glycosylation (ST6GALI, B4GALT1, FUT8, MGAT3) by adding 

either sialic acid, galactose, fucose or bisecting GlcNAc. Thus these observation were 

biologically founded and served as a proof of principle that a single protein 

glycosylation GWAS approach can identify biologically important glycan pathways. 

The remaining five genetic loci (IKZF1, IL6ST-ANKRD55, ABCF2-SMARCD3, 

SUV420H1, and SMARCB1-DERL3) were not previously associated with protein 

glycosylation. Interestingly, these genes that are not directly involved in glycosylation 

showed the most significant associations with glycosylation processes such as the 

addition of galactose, fucose or bisecting GlcNAc. These findings suggest that the 

composition of IgG N-glycome is a result of a complex network of genes directly 

involved in glycosylation and those that apparently have some higher-level regulatory 

function. Nearly all genome-wide significant loci in our study have already been 

associated with autoimmune diseases and haematological cancers. Given that one of our 

identified genetic loci (IKZF1) was associated with systemic lupus erythematosus 

(SLE) in previous studies, we have investigated biomarker potential of a specific IgG N-

glycan trait in predicting SLE with considerable success. This study demonstrated the 

possibility to identify genetic loci that control glycosylation of a single plasma protein 

and to generate guidelines for follow-up studies which could bring large advances in 

understanding the genetic regulation of IgG N-glycan synthesis.  

 



 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 

  

7 



 

 

 

 

 



Conclusions 

87 

 

This thesis presents a development of a novel high-throughput approach for IgG 

purification and IgG glycan analysis and its application in understanding variability and 

heritability of IgG glycosylation in a human population.  

 

A 96-well Protein G monolithic plate was successfully applied for the high-

thoughput isolation of IgG from over 2000 plasma samples. HILIC method on a Waters 

BEH Glycan chromatography column was optimized to provide separation of IgG N-

glycans into 24 chromatographic peaks and identity of glycan structures in each peak 

was determined by exoglycosidase digestions and mass spectrometry. Very high 

variability of IgG glycans between individuals was observed, while heritability was 

generally between 30 and 50%. The individual’s age was associated with a significant 

decrease in galactose and increase of bisecting GlcNAc, whereas other functional 

elements of IgG glycosylation did not change much with age.  

 

IgG Fc N-glycosylation profiling by MALDI-TOF-MS of glycopeptides of the same 

cohort described age- and sex-related IgG glycosylation changes. Levels of 

galactosylation and sialylation were found to decrease with increasing age and showed 

significant sex dependence. The most prominent changes in glycosylation in females 

were observed around the age of 45 to 60 years. The incidence of bisecting GlcNAc 

increased in younger individuals and reached a plateau at older age.  

 

GWAS of IgG glycosylation traits identified nine genetic loci that control IgG 

glycosylation. Of these, four loci contained genes encoding glycosyltransferases 

(ST6GAL1, B4GALT1, FUT8 and MGAT3), while the remaining five genetic loci 

(IKZF1, IL6ST-ANKRD55, ABCF2-SMARCD3, SUV420H1, and SMARCB1-

DERL3) were not previously implicated in protein glycosylation. Biomarker potential 

of N-glycans in systemic lupus erythematosus was explored and demonstrated 

substantial discriminative power.  

 

Changes in plasma and IgG N-glycome during childhood and adolescence were 

described. High variability of glycosylation features and a large number of age-

dependent glycans were observed. The plasma N-glycome of younger children was 

found to contain a higher proportion of large complex glycan structures which 

decreased with age. The behavior of almost all glycan features had different trend or the 

rate of change in childhood than in adulthood. Sex differences are much less 

pronounced in children than in adults and are present mainly during puberty.  
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SUMMARY 

Immunoglobulin G (IgG) is the most abundant antibody class in the human blood 

(approx. 10 mg/ml) and a major effector molecule of the humoral immune response. 

IgG antibodies play an important role in defending the body against many different 

antigens by mediating activation of a wide range of effector functions which result in 

destruction and removal of the pathogen. Four subclasses of human IgG (IgG1, IgG2, 

IgG3 and IgG4) are glycoproteins composed of two heavy and two light chains linked 

together by interchain disulphide bonds. The two light chains together with the parts of 

the heavy chains (VH and CH1 domains) form two Fab moieties which are linked by a 

flexible hinge region to one Fc moiety formed by the remainders of the two heavy 

chains (CH2 and CH3 domains).
3
 The length of the hinge region and the number of 

interchain disulphide bonds differs significantly between the IgG subclasses and 

influences mobility and conformation of the Fab and Fc moieties, with respect to each 

other.
4, 5

 Each heavy chain in the Fc region carries a single covalently attached 

biantennary N-glycan at the highly conserved asparagine 297 in the CH2 domain.
7
 Fc 

glycans are essential structural components of the IgG molecule and even minor 

changes in glycan composition can have a profound influence on IgG effector functions 

by modulating binding to Fc receptors.
12, 13

 The majority of IgG N-glycans are attached 

to the heavy chains of the Fc region, but cca. 20% of polyclonal human IgG molecules 

also contain N-glycans within the Fab regions of the light chain, the heavy chain or 

both.
13

 Microheterogeneity of human IgG glycans is known to be dependent on various 

physiological parameters (age, sex, pregnancy) and pathological conditions (tumors, 

infections, autoimmune diseases, etc.).
3
  

Due to the structural complexity of glycans and technological limitations, until only a 

few years ago glycan analysis was extremely laborious and complex, hampering large-

scale studies of the glycome. However, major progress has been made in the last few 

years resulting in several high-throughput analytical techniques for glycan analysis.
56, 86-

90
  

The main objectives of this thesis were optimization and application of a new 

technology for understanding variability and heritability of IgG glycosylation in a 

human population. The first paper of this thesis (High Throughput Isolation and 

Glycosylation Analysis of IgG – Variability and Heritability of the IgG Glycome in 

Three Isolated Human Populations) describes a high-throughput quantitative glycan 

analysis method and its application in the first large scale population study of the IgG 

N-glycome. One of the major bottlenecks in a large scale proteomics and glycomics 

studies is protein purification from a large number of samples. A 96-well Protein G 

monolithic plate was developed and successfully applied for the high-thoughput 

isolation of IgG from over 2000 plasma samples. Optimized hydrophilic interaction 

liquid chromatography (HILIC) method on a Waters BEH Glycan chromatography 

column provided separation of IgG N-glycans into 24 chromatographic peaks. Identity 

of glycan structures in each chromatography peak was detemined by exoglycosidase 
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digestion and mass spectrometry. This analysis for the first time provided insight into 

the variability of IgG glycome within the human population, and for the first time 

estimated heritability of IgG glycosylation. Very high variability between individuals 

was observed, approximately three times higher than in the total plasma glycome.
86

 

Heritability of IgG glycans was generally between 30 and 50%. The individual’s age 

was associated with a significant decrease in galactose and increase of bisecting N-

acetylglucosamine (GlcNAc), whereas other functional elements of IgG glycosylation 

did not change much with age.  

HILIC enabled a detailed analysis of a mixture of released Fc and Fab N-glycans of 

all four IgG subclasses. In order to obtain subclass- and site-specific IgG glycosylation 

profiling of the same cohort, we have analyzed IgG Fc N-glycopeptides by MALDI-

TOF-MS as presented in the second paper of this thesis (High-throughput IgG Fc N-

glycosylation profiling by mass spectrometry of glycopeptides). Fc N-glycosylation 

profiling confirmed most of the previously described age- and sex-related IgG 

glycosylation changes.
52-56, 139

 Levels of galactosylation and sialylation decreased with 

increasing age and showed significant sex dependence. Interestingly, the most 

prominent changes in glycosylation in females were observed around the age of 45 to 

60 years when females usually enter the menopause. The incidence of bisecting GlcNAc 

increased in younger individuals and reached a plateau at older age. In addition, we 

have compared two analytical approaches, HILIC and MALDI-TOF-MS, applied for 

the IgG glycosylation analysis of our cohort. 

Third paper of this thesis (Loci associated with N-glycosylation of human 

immunoglobulin G show pleiotropy with autoimmune diseases and haematological 

cancers) shows the ability to identify genetic loci that control glycosylation of a single 

plasma protein using genome wide association study (GWAS) meta-analysis. Moreover, 

it represents one of the first convincing demonstrations that GWAS approach can lead 

to biomarker discovery for human disease. This approach enabled us to combine high-

throughput glycomics measurements (HILIC and MS IgG glycan traits) with high-

throughput genomics and resulted in identification of nine genetic loci that associate 

with glycans with genome-wide significance. Of these, four loci contained genes 

encoding glycosyltransferases (ST6GAL1, B4GALT1, FUT8 and MGAT3), thus the 

observed associations were biologically founded. The remaining five genetic loci 

(IKZF1, IL6ST-ANKRD55, ABCF2-SMARCD3, SUV420H1, and SMARCB1-

DERL3) were not previously implicated in protein glycosylation, but the most of them 

have been reported to be relevant for autoimmune and inflammatory conditions and/or 

haematological cancers. A particularly interesting gene, IKZF1, was found to be 

associated with multiple IgG N-glycan traits. Since this gene has been involved in 

numerous diseases, including systemic lupus erythematosus (SLE), we explored 

biomarker potential of N-glycans in 101 cases with SLE and 183 matched controls and 

demonstrated substantial discriminative power. Results from this study suggest that IgG 

N-glycome is regulated through a complex interaction of genes which affect multiple 

glycan traits. 
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Fourth paper of this thesis (Changes in plasma and IgG N-glycome during childhood 

and adolescence) describes plasma and IgG N-glycome of 170 children and adolescents 

between 6 and 18 years of age. The results revealed a high variability of glycosylation 

features and a large number of age-dependent glycans. The plasma N-glycome of 

younger children was found to contain a higher proportion of large complex glycan 

structures (tri- and tetra-sialylated glycans) which decreased with age while disialylated 

glycans changed in the opposite direction. When the results of the plasma and IgG 

glycan changes during growing up in children were compared with those in adults, the 

behavior of almost all glycan features changed trend or the rate of change in adulthood. 

An example of the opposite trends is the level of agalactosylated glycans which 

decreased with age in children, reached the minimal level in early adulthood and then 

started to increase with age. Moreover, sex differences are much less pronounced in 

children than in adults and are present mainly during puberty.  

This thesis presents a novel high-throughput approach for IgG purification and IgG 

glycan analysis and its application in understanding variability and heritability of IgG 

glycosylation in a human population. Moreover, the ability to identify genetic loci that 

control IgG glycosylation by combining high-throughput glycomics and genomics 

measurements has been demonstrated.  
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SAŽETAK 

Imunoglobulin G (IgG) je najzastupljenije antitijelo u krvi čovjeka (prosječna konc. 10 

mg/ml) i glavna efektorska molekula u humoralnom imunološkom odgovoru. IgG 

antitijela imaju važnu ulogu u obrani organizma od različitih antigena jer posreduju u 

aktivaciji niza efektorskih funkcija koje u konačnici dovode do uništavanja i uklanjanja 

patogena. Sve četiri potklase IgG-a (IgG1, IgG2, IgG3 i IgG4) su glikoproteini i sastoje 

se od dva teška i dva laka lanca međusobno povezana disulfidnim vezama. Dva laka 

lanca zajedno s dijelovima teških lanaca (VH i CH1 domene) čine dva Fab fragmenta 

povezana preko zglobne regije na jedan Fc fragment građen od ostataka teških lanaca 

(CH2 i CH3 domene).
3
 Duljina zglobne regije i broj disulfidnih veza značajno se 

razlikuju među IgG potklasama te utječu na pokretljivost i konformaciju Fab i Fc 

fragmenata.
4, 5

 Oba teška lanca Fc fragmenta imaju kovalentno vezan biantenarni N-

glikan na Asn297 u visoko konzerviranom mjestu CH2 domene.
7
 Fc glikani su ključni za 

strukturu IgG molekule pa tako i male promjene u sastavu glikana mogu značajno 

utjecati na interakcije s Fc receptorima i time na efektorske funkcije IgG-a.
12, 13

 Većina 

IgG N-glikana je vezana na teške lance Fc regije, međutim oko 20 % poliklonalnih IgG 

molekula u ljudi sadrži N-glikane i unutar Fab regija.
13

 Kod ljudi IgG glikozilacija 

pokazuje ovisnost o raznim fiziološkim parametrima (dob, spol, trudnoća) i patološkim 

stanjima (tumori, infekcije, autoimune bolesti itd.).
3
 

Zbog strukturalne složenosti glikana i tehnoloških ograničenja, analize glikana su do 

prije nekoliko godina bile iznimno zahtjevne i složene što je otežavalo velike studije 

glikoma. Međutim, velik napredak u analizi glikana napravljen je posljednjih godina što 

je dovelo do razvoja nekoliko visoko protočnih analitičkih metoda.
56, 86-90

 

Glavni ciljevi ove doktorske disertacije su bili optimizacija i primjena nove 

tehnologije kako bi se razumjela varijabilnost i heritabilnost glikozilacije IgG-a u 

ljudskoj populaciji. Prvi rad ove disertacije (High Throughput Isolation and 

Glycosylation Analysis of IgG – Variability and Heritability of the IgG Glycome in 

Three Isolated Human Populations) opisuje visoko protočnu metodu za analizu glikana 

i njenu primjenu u prvoj velikoj populacijskoj studiji IgG N-glikoma. Jedno od glavnih 

uskih grla u proteomici i glikomici je pročišćavanje proteina iz velikog broja uzoraka. 

Razvijena je Protein G monolitna pločica s 96 jažica i uspješno primjenjena za visoko 

protočnu izolaciju IgG-a iz preko 2000 uzoraka plazme. Optimirana je kromatografska 

metoda za tekućinsku kromatografiju temeljenu na hidrofilnim interakcijama na Waters 

BEH Glycan kromatografskoj koloni što je omogućilo razdvajanje IgG N-glikana u 24 

kromatografska vrška. Identitet glikanskih struktura u pojedinom kromatografskom 

vršku određen je egzoglikozidaznim digestijama i masenom spektrometrijom. Ova 

analiza je po prvi put omogućila uvid u varijabilnost IgG glikoma unutar populacije i 

procijenila heritabilnost glikozilacije IgG-a. Opažena je velika varijabilnost među 

pojedincima, prosječno tri puta veća nego u glikomu ukupne plazme.
86

 Heritabilnost 

IgG glikana je bila između 30 i 50%. Dob pojedinca je povezana sa značajnim padom 
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galaktozilacije i povećanjem udjela račvajućeg N-acetilglukozamina (GlcNAc), dok se 

drugi funkcionalni elementi IgG glikozilacije nisu značajno mijenjali s godinama. 

Tekućinska kromatografija temeljena na hidrofilnim interakcijama omogućila je 

detaljnju analizu ukupnih Fc i Fab N-glikana sa sve četiri potklase IgG-a. Drugi rad ove 

disertacije prikazuje analizu IgG Fc N-glikopeptida iste populacije ljudi MALDI-TOF 

masenom spektrometrijom (High-throughput IgG Fc N-glycosylation profiling by mass 

spectrometry of glycopeptides) pomoću koje je određena glikozilacija pojedinih 

potklasa IgG-a. Ovom metodom potvrdili smo većinu prethodno opisanih promjena 

glikozilacije IgG-a s dobi i spolom.
52-56, 139

 Stupanj galaktozilacije i sijalinizacije se 

smanjivao s godinama i pokazao značajnu ovisnost o spolu. Najveće promjene u 

glikozilaciji opažene su kod žena između 45 i 60 godina starosti kad žene obično 

prolaze kroz menopauzu. Stupanj račvajućeg GlcNAc-a povećavao se kod mlađih 

pojedinaca i dosegnuo plato u starijoj dobi. Također, u sklopu ovog rada uspoređena su 

dva analitička pristupa primjenjena za analizu glikozilacije IgG-a populacija uključenih 

u ovu studiju, HILIC i MALDI-TOF-MS. 

Treći rad ove disertacije (Loci associated with N-glycosylation of human 

immunoglobulin G show pleiotropy with autoimmune diseases and haematological 

cancers) prikazuje mogućnost identifikacije genskih lokusa koji kontroliraju 

glikozilaciju jednog proteina plazme pomoću cjelogenomske asocijacijske studije (engl. 

GWAS). Također, ovaj rad predstavlja jedan od prvih uvjerljivih prikaza učinkovitosti 

GWAS pristupa u otkrivanju biomarkera za određene ljudske bolesti. Ovaj pristup 

omogućio nam je kombiniranje visoko protočne glikomike (HILIC i MS analiza IgG 

glikozilacije) s visoko protočnom genomikom što je dovelo do identifikacije devet 

genskih lokusa koji su povezani s glikanima sa značajnošću na razini cjelokupnog 

genoma. Četiri lokusa su sadržavala gene koji kodiraju za glikoziltransferaze 

(ST6GAL1, B4GALT1, FUT8 i MGAT3) ukazujući na biološku utemeljenost naših 

opažanja. Preostalih pet genskih lokusa (IKZF1, IL6ST-ANKRD55, ABCF2-

SMARCD3, SUV420H1, i SMARCB1-DERL3) dosad nisu povezivani s glikozilacijom 

proteina, ali većina njih je povezivana s autoimunim bolestima, upalnim procesima i/ili 

hematološkim tumorima. Posebno zanimljiv gen, IKZF1, povezan je s nekoliko 

glikanskih karakteristika IgG-a. Budući da je ovaj gen povezivan s nekoliko bolesti, 

uključujući i sistemski lupus eritematosus (SLE), istražili smo potencijal N-glikana kao 

biomarkera u 101 pacijentu oboljelom od lupusa i 183 kontrolna uzorka te pokazali 

značajnu diskriminativnu moć. Rezultati ove studije upućuju da je IgG N-glikom 

reguliran složenom interakcijom gena koji utječu na brojne glikanske karakteristike.  

 Četvrti rad ove disertacije (Changes in plasma and IgG N-glycome during childhood 

and adolescence) opisuje N-glikom plazme i IgG-a kod 170 djece i adolescenata između 

6 i 18 godina starosti. Razultati su pokazali veliku varijabilnost glikozilacije i velik broj 

glikana ovisnih o dobi. Pokazano je da N-glikom plazme mlađe djece sadrži značajan 

udio velikih kompleksnih glikanskih struktura (tri- i tetrasijalinizirani glikani) koji se 

snižava s godinama dok se udio disijaliniziranih glikana mijenja u suprotnom smjeru. 

Usporedbom promjena u glikozilaciji plazme i IgG-a kod djece s promjenama u 
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odrasloj dobi, opaženo je drugačije ponašanje većine glikanskih karakteristika. Primjer 

suprotnih trendova je stupanj agalaktoziliranih glikana koji se kod djece smanjuje s 

godinama, doseže minimalne vrijednosti u ranoj odrasloj dobi nakon čega se počinje 

povećavati s godinama. Također, spolne razlike su puno manje izražene kod djece nego 

kod odraslih i većinom su prisutne tijekom puberteta. 

 Ova doktorska disertacija prikazuje novi visoko protočni pristup pročišćavanju IgG-

a i analizi IgG glikana te njegovu primjenu u razumijevanju varijabilnosti i 

heritabilnosti glikazilacije IgG-a u ljudskoj populaciji. Također, prikazana je i 

mogućnost identifikacije genskih lokusa koji kontroliraju glikozilaciju IgG-a 

kombiniranjem visoko protočne glikomike i genomike. 
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ABBREVIATIONS 

2-AA       2-aminobenzoic acid 

2-AB       2-aminobenzamide 

ABEE       p-aminobenzoic acid ethyl ester  

ACN       acetonitrile 

ACPA       anti-citrullinated protein antibodies 

ADCC       antibody-dependent cellular cytotoxicity 

APTS       1-aminopyrene-3,6,8-trisulfonic acid 

Asn       asparagine 

B3GAT1       β-1,3-glucuronyltransferase 1 

BSA       bovine serum albumin 

CDC       complement-dependent cytotoxicity 

CE        capillary electrophoresis 

CGE-LIF   capillary gel electrophoresis with laser induced 

fluorescence 

Cl-CAA      α-cyano-4-hydroxycinnamic acid 

DC        dendritic cell 

DC-SIGN  Dendritic Cell-Specific Intercellular adhesion molecule-3-

Grabbing Non-Integrin 

DHB     dihydroxybenzoic acid 

ESI     electrospray ionization 

FA     formic acid 

Fab     fragment antigen binding 

Fc     fragment crystallizable 

FcγR     Fcγ receptor 

FUT3       α(1-3/4)-L-fucosyltransferase 

FUT5     α(1,3)-fucosyltransferase-V 

FUT6     α(1,3)-fucosyltransferase-VI 

FUT8      α(1,6)-fucosyltransferase 

GlcNAc     N-acetyl glucosamine 

GnT-III     β-1,4-N-acetylglucosaminyltransferase III 

GWAS      genome-wide assoaciation study 

HILIC       hydrophilic interaction liquid chromatography 

HNF1α      hepatocyte nuclear factor 1 α 

HPAEC-PAD   high-performance anion-exchange chromatography with 

pulsed amperometric detection 

HPLC       high-performance liquid chromatography 

Ig        immunoglobulin 

IgG       immunoglobulin G 

IL-33        interleukin 33 

IVIg       intravenous immunoglobulin 

http://www.ncbi.nlm.nih.gov/gene/27087
http://www.jbc.org/content/271/50/32260.full
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LC        liquid chromatography 

LEMS       Lambert-Eaton myasthenic syndrome  

m/z       mass over charge ratio 

mAb       monoclonal antibody 

MALDI      matrix asssisted laser desorption 

MBL       mannose-binding lectin  

MG        myasthenia gravis 

MGAT5  mannosyl (α1,6)-glycoprotein beta-1,6-N-acetyl-

glucosaminyltransferase 

MS        mass spectrometry 

NK cell      natural killer cell 

PNGaseF      N-glycosidase F 

RA        rheumatoid arthritis 

RP        reverse phase 

UPLC       ultra-performance liquid chromatography 

SLC9A9      solute carrier family 9, subfamily A, member 9 

SNA       Sambucus nigra agglutinin 

SNP       single nucleotide polymorphism 

SPE        solid phase extraction 

TOF       time of flight 

WAX       weak anion exchange 

 

 



List of publications 

109 

 

LIST OF PUBLICATIONS 

Lauc G, Huffman J, Pučić M, Zgaga L, Adamczyk B, Mužinić A, Novokmet M, 

Polašek O, Gornik O, Krištić J, Keser T, Vitart V, Uh H-W, Molokhia M, Patrick AL, 

McKeigue P, Kolčić I, Lukić IK, Swann O, van Leeuwen FN, Ruhaak LR, Houwing-

Duistermaat JJ, Slagboom PE, Beekman M, de Craen AJM, Deelder AM, Zeng Q, 

Wang W, Hastie ND, Gyllensten U, Wilson JF, Wuhrer M, Wright AF, Rudd PM, 

Hayward C, Aulchenko Y, Campbell H, Rudan I. LOCI ASSOCIATED WITH N-

GLYCOSYLATION OF HUMAN IMMUNOGLOBULIN G SHOW PLEIOTROPY 

WITH AUTOIMMUNE DISEASES AND HAEMATOLOGICAL CANCERS. PLOS 

Genetics [accepted manuscript] 

 

Pučić Baković M, Selman MH, Hoffmann M, Rudan I, Campbell H, Deelder AM, Lauc 

G, Wuhrer M. HIGH-THROUGHPUT IGG Fc N-GLYCOSYLATION PROFILING 

BY MASS SPECTROMETRY OF GLYCOPEPTIDES. J Proteome Res. 2013 Jan 8. 

[Epub ahead of print] 

 

Thanabalasingham G, Huffman JE, Kattla JJ, Novokmet M, Rudan I, Gloyn AL, 

Hayward C, Adamczyk B, Reynolds RM, Mužinić A, Hassanali N, Pučić M, Bennett 

AJ, Essafi A, Polašek O, Mughal SA, Redžić I, Primorac D, Zgaga L, Kolčić I, Hansen 

T, Gasperikova D, Tjora E, Strachan MW, Nielsen T, Stanik J, Klimes I, Pedersen OB, 

Njølstad PR, Wild SH, Gyllensten U, Gornik O, Wilson JF, Hastie ND, Campbell H, 

McCarthy MI, Rudd PM, Owen KR, Lauc G, Wright AF. MUTATIONS IN HNF1A 

RESULT IN MARKED ALTERATIONS OF PLASMA GLYCAN PROFILE. 

Diabetes. 2012 Dec 28. [Epub ahead of print] 

 

Pučić M, Mužinić A, Novokmet M, Škledar M, Pivac N, Lauc G, Gornik O. 

CHANGES IN PLASMA AND IgG N-GLYCOME DURING CHILDHOOD AND 

ADOLESCENCE. Glycobiology. 2012 Jul; 22(7):975-82.  

 

Zoldoš V, Horvat T, Novokmet M, Cuenin C, Mužinić A, Pučić M, Huffman JE, 

Gornik O, Polašek O, Campbell H, Hayward C, Wright AF, Rudan I, Owen K, 

McCarthy MI, Herceg Z, Lauc G. EPIGENETIC SILENCING OF  HNF1A 

ASSOCIATES WITH CHANGES IN THE COMPOSITION OF THE HUMAN 

PLASMA N-GLYCOME. Epigenetics. 2012 Feb 1;7(2):164-72. 

 

Novokmet M, Pučić M, Redžić I, Mužinić A, Gornik O. ROBUSTNESS TESTING OF 

THE HIGH THROUGHPUT HPLC-BASED ANALYSIS OF PLASMA N-

GLYCANS. Biochim Biophys Acta. 2012 Sep;1820(9):1399-404. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Pucic%20Bakovic%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23298168
http://www.ncbi.nlm.nih.gov/pubmed?term=Selman%20MH%5BAuthor%5D&cauthor=true&cauthor_uid=23298168
http://www.ncbi.nlm.nih.gov/pubmed?term=Hoffmann%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23298168
http://www.ncbi.nlm.nih.gov/pubmed?term=Rudan%20I%5BAuthor%5D&cauthor=true&cauthor_uid=23298168
http://www.ncbi.nlm.nih.gov/pubmed?term=Campbell%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23298168
http://www.ncbi.nlm.nih.gov/pubmed?term=Deelder%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=23298168
http://www.ncbi.nlm.nih.gov/pubmed?term=Lauc%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23298168
http://www.ncbi.nlm.nih.gov/pubmed?term=Lauc%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23298168
http://www.ncbi.nlm.nih.gov/pubmed?term=Wuhrer%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23298168
http://www.ncbi.nlm.nih.gov/pubmed?term=pucic%20bakovic
http://www.ncbi.nlm.nih.gov/pubmed/23274891
http://www.ncbi.nlm.nih.gov/pubmed/23274891
http://www.ncbi.nlm.nih.gov/pubmed/22426998
http://www.ncbi.nlm.nih.gov/pubmed/22426998
http://www.ncbi.nlm.nih.gov/pubmed/22395466
http://www.ncbi.nlm.nih.gov/pubmed/22395466
http://www.ncbi.nlm.nih.gov/pubmed/22395466
http://www.ncbi.nlm.nih.gov/pubmed/22281527
http://www.ncbi.nlm.nih.gov/pubmed/22281527
http://www.ncbi.nlm.nih.gov/pubmed/22281527


List of publications 

 

110 
 

Saldova R, Huffman JE, Adamczyk B, Mužinić A, Kattla JJ, Pučić M, Novokmet M, 

Abrahams JL, Hayward C, Rudan I, Wild SH, Wright AF, Polašek O, Lauc G, 

Campbell H, Wilson JF, Rudd PM. ASSOCIATION OF MEDICATION WITH THE 

HUMAN PLASMA N-GLYCOME. J Proteome Res. 2012 Mar 2;11(3):1821-31.  

 

Huffman JE, Knežević A, Vitart V, Kattla J, Adamczyk B, Novokmet M, Igl W, Pučič 

M, Zgaga L, Johannson A, Redzic I, Gornik O, Zemunik T, Polašek O, Kolčić I, Pehlic 

M, Koeleman CA, Campbell S, Wild SH, Hastie ND, Campbell H, Gyllensten U, 

Wuhrer M, Wilson JF, Hayward C, Rudan I, Rudd PM, Wright AF, Lauc G. 

POLYMORPHISMS IN B3GAT1, SLC9A9 AND MGAT5 ARE ASSOCIATED 

WITH VARIATION WITHIN THE HUMAN PLASMA N-GLYCOME OF 3533 

EUROPEAN ADULTS. Hum Mol Genet. 2011 Dec 15;20(24):5000-11. 

 

Pučić M, Knežević A, Vidič J, Adamcyzk B, Novokmet M, Polašek O, Gornik O, 

Šupraha-Goreta S, Wormald MR, Redžić I, Campbell H, Wright A, Hastie ND, Wilson 

JF, Rudan I, Wuhrer M, Rudd PM, Josić Dj, Lauc G. HIGH THROUGHPUT 

ISOLATION AND GLYCOSYLATION ANALYSIS OF IgG – VARIABILITY AND 

HERITABILITY OF THE IGG GLYCOME IN THREE ISOLATED HUMAN 

POPULATIONS. Mol Cell Proteomics. 2011 Oct;10(10):M111.010090.  

 

Igl W, Polašek O, Gornik O, Kneževic A, Pučić M, Novokmet M, Huffman J, Gnewuch 

C, Liebisch G, Rudd PM, Campbell H, Wilson JF, Rudan I, Gyllensten U, Schmitz G, 

Lauc G. GLYCOMICS MEETS LIPIDOMCS-ASSOCIATIONS OF N-GLYCANS 

WITH CLASSICAL LIPIDA, GLYCEROPHOSPHOLIPIDS, AND SPHINGOLIPIDS 

IN THREE EUROPEAN POPULATIONS. Mol Biosyst. 7(6):1852-62, 2011. 

 

Pivac N, Knežević A, Gornik O, Pučić M, Igl W, Peeters H, Crepel A, Steyaert J, 

Novokmet M, Redžić I, Nikolac M, Hercigonja VN, Čurković KD, Čurković M, Nedic 

G, Muck-Seler D, Borovečki F, Rudan I, Lauc G. HUMAN PLASMA GLYCOME IN 

ATTENTION-DEFICIT HYPERACTIVITY DISORDER AND AUTISM SPECTRUM 

DISORDERS. Mol Cell Proteomics. 10(1):M110.004200, 2011. 

 

Lauc G, Essafi A, Huffman JE, Hayward C, Knežević A, Kattla JJ, Polašek O, Gornik 

O, Vitart V, Abrahams JL, Pučić M, Novokmet M, Redžić I, Campbell S, Wild SH, 

Borovečki F, Wang W, Kolčić I, Zgaga L, Gyllensten U, Wilson JF, Wright AF, Hastie 

ND, Campbell H, Rudd PM, Rudan I. GENOMICS MEETS GLYCOMICS-THE 

FIRST GWAS STUDY OF HUMAN N-GLYCOME IDENTIFIES HNF1A AS A 

MASTER REGULATOR OF PLASMA PROTEIN FUCOSYLATION. PLoS Genet. 

23;6(12):e1001256, 2010. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/22256781
http://www.ncbi.nlm.nih.gov/pubmed/22256781
http://www.ncbi.nlm.nih.gov/pubmed/21908519
http://www.ncbi.nlm.nih.gov/pubmed/21908519
http://www.ncbi.nlm.nih.gov/pubmed/21908519
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Igl%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pola%C5%A1ek%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gornik%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kne%C5%BEevi%C4%87%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pu%C4%8Di%C4%87%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Novokmet%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Huffman%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gnewuch%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gnewuch%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liebisch%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rudd%20PM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Campbell%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wilson%20JF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rudan%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gyllensten%20U%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schmitz%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lauc%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pivac%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Knezevi%C4%87%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gornik%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Puci%C4%87%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Igl%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Peeters%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Crepel%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Steyaert%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Novokmet%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Redzi%C4%87%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nikolac%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hercigonja%20VN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Curkovi%C4%87%20KD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Curkovi%C4%87%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nedi%C4%87%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nedi%C4%87%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Muck-Seler%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Borovecki%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rudan%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lauc%20G%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Mol%20Cell%20Proteomics.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lauc%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Essafi%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Huffman%20JE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hayward%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kne%C5%BEevi%C4%87%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kattla%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pola%C5%A1ek%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gornik%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gornik%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vitart%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abrahams%20JL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pu%C4%8Di%C4%87%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Novokmet%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Red%C5%BEi%C4%87%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Campbell%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wild%20SH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Borove%C4%8Dki%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kol%C4%8Di%C4%87%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zgaga%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gyllensten%20U%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wilson%20JF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wright%20AF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hastie%20ND%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hastie%20ND%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Campbell%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rudd%20PM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rudan%20I%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'PLoS%20Genet.');


List of publications 

111 

 

Pučić M, Pinto S, Novokmet M, Knežević A, Gornik O, Polašek O, Vlahoviček K, 

Rudd PM, Wright AF, Campbell H, Rudan I, Lauc G. COMMON ABBERATIONS 

FROM THE NORMAL HUMAN PLASMA N-GLYCANS PROFILE.  Glycobiology. 

20(8):970-5, 2010. 

 

Knežević A, Gornik O, Polašek O, Pučić M, Redžić I, Novokmet M, Rudd PM, Wright 

AF, Campbell H, Rudan I, Lauc G. EFFECTS OF AGING, BODY MASS INDEX, 

PLASMA LIPID PROFILES, AND SMOKING OF HUMAN PLASMA N-

GLYCANS. Glycobiology. 20(8):959-69, 2010. 

 

Gornik O, Wagner J, Pučić M, Knežević A , Redžić I and Lauc G. STABILITY OF N-

GLYCAN PROFILES IN HUMAN PLASMA. Glycobiology. 19(12):1547-53, 2009. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Knezevic%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gornik%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Polasek%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pucic%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Redzic%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Novokmet%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rudd%20PM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wright%20AF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wright%20AF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Campbell%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rudan%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lauc%20G%22%5BAuthor%5D


Curriculum vitae 

112 
 

CURRICULUM VITAE 

Maja Pučić Baković was born on 26
th

 of August 1983 in Zagreb, Croatia, where she 

spent her childhood and high school days. 

In 2002 she started studying Molecular Biology at the Faculty of Science in Zagreb. She 

made her graduation thesis entitled: „Quantification of DNA from bone samples by real-

time PCR“ at the Department of Legal Medicine and Criminalistics of the Faculty of 

Medicine in Zagreb and graduated in April 2008. After graduation she started 

volunteering at the Laboratory of  Molecular Virology and Bacteriology of the Ruđer 

Bošković Institute in Zagreb until October 2008 when she got employed as junior 

researcher at Genos Ltd., Zagreb. In 2009 she started PhD programme at the Faculty of 

Science of the University of Zagreb.  

Due to collaboration with prof. dr. Djuro Josić in 2010 she spent three months at the 

Proteomics Core at COBRE Center for Cancer Research and Development of the Rhode 

Island Hospital in Providence, RI, USA, where she started her PhD entitled: „Variability 

and heritability of immunoglobulin G glycosylation“. Later that year she got the FEBS 

(Federation of European Bichemical Societies) scholarship and the opportunity to spend 

another three months at the Biomolecular Mass Spectrometry Unit, Department of 

Parasitology of the Leiden University Medical Center in Leiden, the Netherlands. In 

August 2012 she returned to Leiden and continued collaboration with dr. Manfred 

Wuhrer and his group. In 2012 she also went to BIA Separations Ltd. in Slovenia to 

work further on optimization of IgG purification. Maja received Young Scientist Award 

for 2011 from the Croatian Society of Biochemistry and Molecular Biology and Best 

Publication Award for 2011 from the Croatian Immunological Society. 

 



 

 

  



 

 
 

 


