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CHAPTER

Introduction




1.1 General introduction

Metabolic syndrome (MetS) is defined by a clustering of conditions, associated with an increased
risk of type 2 diabetes (T2D) and cardiovascular disease (CVD), and it shows predictive power for
both !. These conditions include high waist circumference, dyslipidemia (high triglycerides and
low high density lipoprotein cholesterol), high blood sugar, and high blood pressure 2. T2D is one
of the most prevalent metabolic illnesses globally associated with significant morbidity and

mortality due to its complications 3.

High prevalence of T2D and morbidity and mortality due to its complications demonstrate a need
for better prevention and treatment. In the current thesis, | investigate whether changes in
protein glycosylation are associated with T2D and T2D complications, in order to eventually
complement current tests as biomarkers in diagnosis and treatment.

T2D is typically and traditionally diagnosed using clinical tests, such as fasting plasma glucose
(FPG), the Oral Glucose Tolerance Test (OGTT), and Hemoglobin Alc (HbAlc). FPG is the blood
glucose level after an overnight fast, with a level of 126 mg/dL or higher on two separate
occasions being indicative of diabetes. The OGTT measures the blood glucose level before and 2
hours after ingesting a glucose solution, with a level of 200 mg/dL or higher after 2 hours
indicating diabetes. HbAlc provides a measure of the average blood glucose level over the past
2-3 months, with a level of 6.5% or higher indicating diabetes 4. Using just traditional tests like
FPG, OGTT and HbA1c, one may miss major variations or key times of hypo- or hyperglycemia ®.
Furthermore, these tests may not detect modest changes in blood sugar levels for prediction of
high risk of diabetes ©. They moreover do not accurately predict diabetes complications in
individuals with T2D 7=°. An early detection of T2D and identification of a predisposition for its
development is critical since it may lead to improved prognosis and lifestyle management.

To date, much research has been done on novel markers like adiponectin, fetuin-A,
linoleoylglycerophosphocholine (L-GPC), which could identify predispositions for diabetes
development, establish an early diagnosis, and predict complications, as well as help monitor the
impact of diabetes on body functions, or disease outcomes 1914, Despite each of these facing
its own limitations, this underscores the necessity to investigate newer biomarker. Better
prediction can decrease long-range consequences for T2D patients 116,

The human plasma N-glycome exhibits outstanding potential and, similar to a fingerprint, it is
stable within an individual over time *” but very sensitive to pathophysiological processes; hence,
it can reflect the cell conditions at the time of protein secretion *¥1°, This makes it particularly
suitable as a biomarker in chronic long term diseases such as T2D.

The qualitative and quantitative examination of protein glycosylation gives a better
understanding of their alterations. In addition, recent advancements in glyco-analytical methods
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have enabled the implementation of glycomics in diabetes and MetS biomarker research. These
efforts explore the possibility of glycans as biomarker sources 2022,

Development of novel biomarkers can provide a more comprehensive assessment of metabolic
syndrome and T2D complications, as well as an approach for simple and cost-effective sample
collection. In light of these objectives, this thesis focused on a case-control study to investigate
the relationship between N-glycosylation and suboptimal health status (SHS) as well as MetS. In
addition, released N-glycans from plasma proteins and dried blood spots in patients with T2D
and its complications were analyzed. Moreover, we developed an automated method to analyze
released Immunoglobulin G (IgG) N-glycosylation in patients with type 2 diabetic complications
in order to investigate N-glycans released from one of the most abundant proteins in humans,
1gG.

This introduction covers the clinical context of T2D and its complications, as well as MetS and
SHS. Additionally, it encompasses the fundamentals of protein glycosylation and discusses the
analysis of glycosylation in plasma and dried blood samples using mass spectrometry and ultra-
high performance liquid chromatography (UHPLC).

1.2T2D

Diabetes is marked by hyperglycemia (high blood glucose levels). According to the world health
organization (WHO), there were 422 million adults with diabetes in 2014, and this figure is
expected to rise to 629 million by 2045. Diabetes, with its far-reaching consequences and
complications, is a lifetime condition that causes broad socio-economic consequences and
confers a reduced life expectancy °. About 90-95% of all cases of diabetes is T2D which is
characterized by the presence of insulin resistance 23. T2D may initially be asymptomatic, and
vascular complications can already develop in the asymptomatic phase 2*. T2D can develop at
any age, even during childhood. However, it is more prevalent among middle-aged and elderly
individuals 4. T2D results from the interaction between genetic, environmental, and behavioral

risk factors 2526,

1.3 T2D complications

A large proportion of people with T2D develop complications and some of those complication
may already be present at the time of diagnosis. 2/*These complication have consequences in
terms of morbidity and mortality but also for healthcare and economics. Research indicates that
diabetes complications significantly impact the overall cost of T2D management, with patients
experiencing complications facing costs up to 250% higher than those without complications 2°:3°

. Various implications including the cost of medication and organ transplantation contribute to
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these expenses, but a significant portion of the direct medical cost arises from hospitalization
expenses 2930,

Traditionally, long term diabetes complications have been categorized into microvascular and
macrovascular conditions, with resultant retinopathy, nephropathy, neuropathy as
microvascular complications, and coronary heart disease, cerebrovascular disease, and
peripheral vascular disease as macrovascular complications 332, While T2D is overshadowed by
the traditional complications that were mentioned above, different studies described that T2D
also directly or indirectly affects other body systems 3334,

Alongside the aforementioned classification, T2D complications can also be divided into two
classes: chronic complications (building up over time) and acute complications (that can happen
at any time) . Chronic complications (e.g., retinopathy, foot problems, heart attack/stroke,
nephropathy, neuropathy, gum disease, etc.) can develop gradually and can lead to severe
damage if they have not been detected and remain untreated. For example, 41.7% of individuals
with previously undiagnosed diabetes in the United States developed chronic kidney disease 337,

Although T2D is growing increasingly prevalent in children and adolescents across the world,
incidence and prevalence rates of complications differ among individuals. Moreover, the
reported rates of complications in pediatric and adolescent-onset T2D are commonly detected in
adulthood rather than at the original time of diagnosis 2.

e Cardiovascular disease, Nephropathy, Retinopathy

One of the significant long-term complications of T2D is CVD, and according to Johns Hopkins
Medicine report, it is the most common cause of death for people with diabetes (ca. 75 %) 3°.
T2D is an independent cardiovascular risk factor %°. Persistent high blood sugar shows a strong
association with oxidative stress and inflammation which are associated with cardiovascular
disease 3>4142,

Diabetic nephropathy, also called diabetic kidney disease, stands as a common and severe
complication of diabetes. Approximately 25% of those afflicted with diabetes will experience the
onset of kidney damage #***°, which can result in kidney failure 4>-%°. In total, kidney damage can
lead to tissue scarring, urinary protein loss, and eventually chronic kidney disease, which can lead
to the need for dialysis or kidney transplantation #67*8, Currently, the earliest detectable stage of
nephropathy is microalbuminuria (MIC), defined as an albumin excretion rate of 30—-299 pg/mg
of creatinine #°. The development of nephropathy may be postponed or prevented altogether
with early-stage detection and suitable interventions. Microalbuminuria screening is most
effective when performed at the time of diabetes diagnosis, and annually thereafter *°. Thus, in
general, better metabolic and blood pressure control and improved management of
microalbuminuria are able to slow down disease progression “°.
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Another diabetes complication, affecting the eyes, is retinopathy °!. As the most common
microvascular diabetes complication (in more than 40 percent of individuals with diabetes,
according to the National Eye Institute 43°2), it has been used as a general term for all retina
disorders caused by diabetes. Non-proliferative and proliferative form are two major types of
retinopathy. Moreover, persons with T2D are at a higher risk of other eye problems, such as
glaucoma and cataracts °1. Therefore, there is a strong need to start checking and screening for
retinopathy at the earliest stage, right from the time of T2D diagnosis 49°3.

1.4 Suboptimal health status (SHS) and metabolic syndrome (MetS)

Suboptimal Health Status (SHS) refers to an overall physical condition between health and illness.
It is characterized by the perception of health concerns, chronic tiredness, and a combination of
physical symptoms, involving the cardiovascular, digestive, immune and systems. This state must
persist for a minimum of three months °*. In spite of the fact that SHS is also known as a reversible
stage of chronic disease °>, a significant part of individuals with non-communicable disorders has
a chronic feature by progressing over a couple of years from a reversible suboptimal health state
to an irreversible pathological condition, accompanied by associated complications >4°6.

One of the current measurements for SHS is health scales and questionnaires, which can identify
reversible damages to health that are difficult to be measured directly. Over the past decades,
various types of health scales and questionnaires have been used, like the “Suboptimal Health
Status Questionnaire-25 (SHSQ-25)” 4. This form consists of the five domains [1] fatigue, [2] the
cardiovascular system, [3] the digestive tract, [4] the immune system, and [5] mental status °>,
and it reports SHS based on its multidimensionality. SHS has been found to be a potential risk
factor for chronic conditions like diabetes mellitus, cardiovascular, stroke, and metabolic
disorders >4,

MetS is a condition typically diagnosed using a combination of clinical tests and measurements,
including waist circumference, blood pressure, fasting glucose level, TG, and HDL cholesterol.
Waist circumference is used to assess abdominal obesity, with a measurement of 40 inches or
more in men, and 35 inches or more in women, indicative of MetS. Blood pressure is used to
assess hypertension, with a measurement of 130/85 mm Hg or higher indicative of MetS. Fasting
glucose level is used to assess glucose intolerance, with a level of 100 mg/dL or higher indicative
of MetS. TG and HDL cholesterol are used to assess dyslipidemia, with a triglyceride level of 150
mg/dL or higher and an HDL cholesterol level of less than 40 mg/dL in men and less than 50 mg/dL
in women indicative of MetS.

It's important to note that the presence of three or more of these diagnostic criteria is required
to diagnose MetS 37,
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Over the past two decades, the number of people with MetS showed a significant increase
worldwide, mainly due to the increasing incidence of obesity and diabetes. Several studies have
indicated that although T2D is a heterogeneous disease, MetS can predict future diabetes and
CVD 3°7°8 however, it is important to note that MetS's components are all reversible, therefore
its diagnosis enables effective treatment, especially body weight control. MetS treatment can
reduce the risk of ischemic heart disease and prevent the onset of T2D, if it has not already
developed 321>,

1.5 Glycosylation

Several types of protein modifications that have been controlled by cells define the final
structure, interactions, and functionality of the modified protein. Among different types of
modifications, post-translational modifications (PTMs) regulate protein functional activities in
cells and interaction with other cellular molecules. PTMs, which change the properties of a
protein by proteolytic cleavage and adding a modifying group, include glycosylation, acetylation,
methylation, phosphorylation, ubiquitination, nitrosylation, and others °°. Post-translational
modification happens by enzymes, like glycosylation, or through non-enzymatic pathways, such
as glycation. In the enzymatic path the enzyme-catalyzed covalent attachment of carbohydrates
to a polypeptide is commonly catalyzed by glycosyltransferases, utilizing specific sugar nucleotide
donor substrates 2%€°, In contrast, through the non-enzymatic glycation process, an aldehyde
form of glucose interacts with lysine or arginine residues in proteins and undergoes further
alterations that ultimately result in advanced glycation end products that have a substantial role
in aging and diseases, particularly diabetes ©°. The relationship between glycosylation and
diabetes is relatively understudied ®' and this thesis specifically focuses on the enzymatic
pathway, "glycosylation".

Many glycans are found on the outermost surfaces of cellular and secreted macromolecules and
are highly diverse 2,

Multiple site preferences for glycan locations on proteins, as well as stereochemical
configurations (a or B), vary depending on the connected proteins. In total, there is a theoretical
possibility of around 102 different branched glycan structures ©°,

Protein glycosylation involves several types of modifications: the attachment of N-linked glycans,
O-linked glycans, phosphorylated glycans, glycosaminoglycans, glycosylphosphatidylinositol
(GPI) anchors and C-mannosylation of tryptophan residues °. N-Glycosylation, a prevalent post-
translational modification of proteins, is the scope of this thesis.

e N-Glycan structure

There are different types of protein glycosylation. Amongst them, 90% of glycoproteins are N-
glycosylated, and N-glycosylation frequently occurs co-translationally, as it is being translated

14



and transported into the ER and the glycan is attached to the nascent protein. Notably, N-glycans
play a crucial role in regulating many intracellular and extracellular functions 6354,

N-glycans are covalently bound to the carboxamide nitrogen — therefore the "N" — on asparagine
(Asn) residues 3. In all eukaryotes the N-glycan is linked via a beta linkage of an N-
acetylglucosamine (GIcNAc) to Asn (GIcNAcB1-Asn). The consensus amino acid motif to receive
an N-glycan is Asn-X-serine (Ser)/threonine (Thr), where "X" is any amino acid other than proline
(Pro). Interestingly, this sequon is found in around 70% of proteins, and approximately 70% of
sequons carry an N-glycan ®. The core structure of N-glycans that bind to Asn consists of 2*
(GIcNAc) and 3*[mannose (Man)], followed by a variable number of other monosaccharides 2°.
These can include, for example, Man, GIcNAcs, fucose (Fuc), galactose (Gal), and N-
acetylneuraminic acid (Neu5Ac), the latter is also known as “sialic acid” (Figure 1) %° They
determine whether the final structure is classified as a high-mannose N-glycan, a hybrid N-glycan,
or a complex N-glycan. Biosynthesis of N-glycans happens in two phases as well as in two
compartments of eukaryotic cells, the endoplasmic reticulum (ER) and the Golgi 63
Furthermore, in this processing pathway, many of the glycosidases and glycosyltransferases are
differentially expressed and sensitive to the physiological state of the cell .

Endoplasmic reticulum (ER) and Golgi biosynthesize N-glycans in a two-step process. Enzymes
couple monosaccharides one at a time to the ER's dolichol phosphate to begin the synthesis of
the glycan. This process results in the formation of an oligomannose glycan containing nine
mannoses and three glucoses on the al-3 arm. The entire oligomannose glycan is then
transferred to the asparagine of the glycosylation site of the protein, and all other glycan
structures derive from this singular glycan structure. In the subsequent stage within the Golgi,
the glycan continues trimming and rebuilding processes, giving the protein with particular
functions. Despite the complexity of this pathway, the glycan intermediates serve an essential
function in protein quality control .

e Human protein N-glycosylation

Glycosylation has a considerable effect on the structural properties of proteins, e.g.
conformation, folding, stability, solubility, as well as the biological functions of proteins 8. It was
demonstrated that glycosylation changes happen in various diseases, and they have a high
potential to be used as diagnostic and prognostic biomarkers of different diseases and aging ©°.
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Figure 1. Structures of N-glycans. The three main types of human N-glycans with their core structure, next
to the main structural features of complex-type N-glycans are displayed. Monosaccharides are introduced
in the top left corner. Antennarity (branching): Complex N-glycans can have branches initiated by GIcNAc
and elongated with Gal-GIcNAc repeats. Sialylation: Sialic acids are commonly found in a-glycosidic linkage
to the Carbon-3 or Carbon-6 hydroxyl of galactose.

A large number of studies have been conducted looking for links between N-glycosylation of
plasma proteins and various chronic disorders. Studies to date have linked changes in N-
glycosylation to several diseases and conditions such as T2D ©°, inflammatory bowel disease 7°,
various cancers 7%, infections 7%, and life style factors such as smoking 7.

Proteins present in plasma are differently glycosylated, which is why they contribute uniquely to
the overall N-glycosylation profile of plasma proteins at the released glycan level 3. Therefore, a
change in glycosylation of an individual protein may be distinctly reflected in the plasma profile.
Labeling enzymatically released glycans to allow fluorescence detection (FLD) and to improve
ionization for mass spectrometry (MS) is a frequently used approach for N-glycan
characterization. Using N-glycome analysis on whole plasma or serum, one may learn about the
levels and glycosylation patterns of main plasma glycoproteins such as immunoglobulins.

Moreover, changes in glycosylation of plasma proteins have an impact on their function 737>,

The current analytical approaches can provide new and useful information in initial research on
N-glycosylation in various physiological and pathophysiological conditions, but in order to
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develop new diagnostic and prognostic markers for target diseases, identifying the leading
glycoprotein and analyzing its glycosylation is the path to more sensitive and specific biomarkers.
Glycosylation assays of the target glycoprotein in the context of the disease have already been
performed for various proteins, of which immunoglobulin G (IgG) is by far the most studied.
Changes in 1gG glycosylation have been associated with many disorders, some of which have
been suggested to have diagnostic and prognostic potential 2376,

1.6 Glycosylation and T2D

Regarding the significance of glycans in the pathophysiology of many diseases, glycoscience play
a crucial role in providing further understanding to achieve personalized treatment and disease
prognosis . Unlike genetic biomarkers, which remain constant throughout one's lifetime, glycan
biomarkers also reflect an individual's physiological and pathological state 7. The structural
diversity of glycans provides different information than proteins, lipids, or nucleic acids.
Therefore, glycosylation changes can be used as a tool to diagnose diseases, and/or disease
stages which makes them attractive as potential diagnostic/prognostic markers for complex
pathologies 7,

N-glycosylation is associated with the pathogenesis and progression of T2D and is changed in T2D
and its complications ®. Hence, investigating the biomarker potential of N-glycosylation in T2D
and the role of N-glycosylation in the etiology of diabetes is a promising field of biomedical
research 19,

Extensive research has been conducted on glycation, uncovering associations in T2D, where the
glycation reaction accelerates with hyperglycemic conditions 882, and our goal was to further
elucidate the role and associations of glycans in T2D. However, glycosylation is a multi-stage
enzymatic process regulated by a vast network of genes 893, N-glycosylation can reflect the
physiological state of an organism and changes thereof. Hence, there is a possibility that N-
glycans could serve as novel markers that could identify predisposition for diabetes development,
establishing early diagnosis, and predicting complications 1°.

Altered N-glycosylation features that are often reported are increased branching/antennarity
(Figure 1) and sialylation of both di- and tri-antennary (Figure 1) glycans in T2D patients. Whether
sialic acid is attached to the terminal galactose in a2,6 (“E” in Figure 1) or a2,3 (“L” in Figure 1)
linkage is crucial, as variations among isomers can result in differences in biological functionality.
A previous study has shown that increased a2,6-sialylation was associated with T2D, while a2,3-
sialylation mainly demonstrated a decrease. This might be because of an elevated expression of
the ST6GAL1 gene, which encodes the enzyme responsible for attaching sialic acids to glycans in
a2,6-linkage and has indeed recently been connected to T2D in a genome-wide association study
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69 Additionally, aberrant N-glycosylation of pancreatic B-cell glucose transporter 2 (GLUT2) in
T2D has been reported leading to impairment of insulin secretion 8084,

1.7 Analytical methodology

Discovering the connection of glycan structures with their function, monitoring glycosylation in
the diagnosis and prognosis of diseases, and resolving the molecular mechanisms of disease
development are important research areas. The development of precise, sensitive and robust
methods for glycan analysis is essential. Glycan analysis can be challenging, due to the great
diversity of monosaccharide structures, sequences and linkages, and their association with other
biomolecules, such as peptides or lipids. Glycans may be characterized in three ways: analyzing
intact glycoproteins, analyzing glycopeptides, and by structural analysis of chemically or
enzymatically released glycans 8>86,

The focus of this thesis is on the analysis of released glycans from glycoproteins in complex
samples (e.g., plasma and blood). Specific structural changes in released glycans such as varying
levels of branching, fucosylation, galactosylation, or sialylation can provide helpful information
that can help to investigate diseases such as diabetes. If different information on modification of
glycoprotein or exact location of glycans on the protein is needed, released glycans cannot supply
it. Then working on intact glycoproteins or glycopeptides might be beneficial 297°,

Different analytical methods for characterization and quantitation of released glycans are
available. Nuclear magnetic resonance (NMR) can be used to analyze the structural components
of glycans 878, Next to its advantages, like determination of glycan structures and illustrating
information on isomers differentiation, it has the limitation that interpretation of NMR data from
large structures can be very challenging. Hence, high purity and high sample amount are required
compared to more sensitive detection techniques like fluorescence, UV, or mass spectrometry
(MS) 8. The first two are mostly combined with liquid chromatography (LC) and require labeling
of glycans. MS, on the other hand, can be coupled with LC via electrospray ionization (ESI) and
can be done both with and without prior labeling.

One of the common LC stationary phases to separate glycans is hydrophilic interaction liquid
chromatography (HILIC). Because of its high peak capacity, which is defined as the maximum
theoretical number of components that can be separated with a resolution of 1 within the
specified gradient time, HILIC is effective for complex samples as well as for high sensitivity LC-
MS applications. Another separation mode is porous graphitized carbon (PGC), which is an
important tool for the chromatography of polar compounds °°=3, Based on the structure of PGC,
it can separate glycan isomers, including linkage isomers. The applicability of PGC may be
substantially limited by variations in retention time, which can be attributed to contamination °°.
Reversed-phase (RP) is another technique which usually has high reproducibility and is
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extensively available in different laboratories 9%, Moreover, glycan separation can be done
using capillary gel electrophoresis (CGE), which is mostly combined with fluorescence. CGE is a
highly sensitive method that can be used for both qualitative and quantitative analysis. The
sample molecules migrate across the gel depending on their size and charge, and are separated
based on their relative mobility 7.

To date, different analytical techniques, i.e., ultra-high performance liquid chromatography
(UPLC) 22, LC-MS °8, matrix-assisted laser desorption/ionization (MALDI)-MS 2%, gas
chromatography (GC)-MS 1%, capillary electrophoresis (CE) 19, etc. have been employed to
analyze samples from individuals with diabetes.

In this thesis, UHPLC, and MALDI- time-of-flight (TOF)/ Fourier-transform ion cyclotron resonance
(FTICR)-MS were used as analytical techniques for released glycans. These techniques are
described in more detail in the following paragraphs, along with the sample preparation
approaches used.

I.  Serum and blood sampling

In the current thesis projects, N-glycans were released from plasma, 1gG, or dried blood. In total,
there are two types of variation having a significant effect on the result, i.e. technical (such as
differences in the blood collection process, sample handling, and storage temperatures) that can
cause method variability in the outcome; and biological variation (like age, gender, lifestyle,
ethnicity, etc.) 1%, Hence preanalytical processing of samples in a consistent way is very
important for the research results and their accuracy.

In this study, glycans were investigated not only in human plasma and IgG but also in DBS.
Previous research from our laboratory and others 103104 demonstrated the stability of glycans in
DBSs throughout different drying periods, storage conditions, etc. These enduring glycan profiles
provide researchers with the opportunity to collect samples more easily, even allowing patients
to perform the collection themselves.

Il.  Glycan release

Typically, in order to study released N-glycans, these structures must be released from the
glycoproteins of interest. Intact N-glycans can be released chemically or more often,
enzymatically, by amidase (peptide N-glycosidase F, PNGase F). One example of the chemical
release of glycans is the process of beta-elimination in alkaline conditions. Depending on the
alkaline condition, either O-glycans (diluted alkaline) or additionally N-glycans (harsh alkaline)
can be released from proteins. Even though this process causes damage to the protein backbone
and makes GIcNAcs lose their acetyl groups 10°.
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PNGase F cleaves the link between core GIcNAc and asparagine polypeptide side chain of all N-
glycan types except those containing a-1,3-fucose bound to mentioned GIcNAc (common in plant
and insect glycans) 1.

Depending on the type of glycans that are supposed to be analyzed, it is important to use a
suitable enzyme that cleaves specific linkage. Besides that, enzymes shouldn't change glycan
structure while it cleaves?’.

Released glycan analysis with the enzymatic process has been used in this thesis. This specific
enzyme; the enzyme Peptide: N-glycosidase F; with good selectivity, results in an aspartic acid
residue and a glycosylamine 108,

Ill.  1gG N-glycosylation analysis

Glycan changes significantly regulate the function and structure of glycoproteins %, One of the
outstanding examples is the modulation of immunoglobulin G (IgG). Glycosylation can modulate
the functional potential of IgG by defining the structure of the anti-body crystallizable fragment
(Fc) region and identifying the Fc receptors to which it can bind .

Almost all normal IgG include diantennary N-glycans that are bound to an asparagine residue %%,
in the heavy chain, the variable regions of the light chain, or both (Figure 2) 112,

Purification of 1gG from total plasma protein for glycosylation analysis is often done by affinity
for which several types of stationary phases are available.

Moreover, depending on the projects at hand, properties such as high porosity, pH resistance,
strong mechanical strength, high surface area, and simple ligand attachment to epoxy groups are
critical considerations 1*3. Protein G is one of the bioaffinity ligands that is used commonly in the
process of isolating 1gG 415, Protein G strongly binds to all four subclasses of human IgG
through their Fc portion. In chapter four of this thesis, a high throughput method for isolation of
IgG N-glycans from T2D patient plasma is presented.
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Figure 2. Structural scheme of IgG (A) and its N-glycosylation (B). Glycans attached to Fc regions are
connected to asparagine 297 in the CH2 domain, whereas glycans attached to antigen binding fragment
(Fab) regions are attached to N-glycosylation sites in the VH and VL domains. The comparison of the
glycoprofiles present in Fab and Fc (Abundances in %). The amino-terminal variable or V domains of the
heavy and light chains (VH and VL, respectively); Constant domains or C domains of the heavy and light
chains (CH and CL, respectively). Adapted from 11617,

IV.  Glycan derivatization and labeling

To facilitate detection of glycans in UV and fluorescence, or to improve sensitivity in mass
spectrometry (MS), derivatization or fluorescence labeling can be utilized 118120, The functional
group for derivatization can be a carboxylic acid within sialic acids or hydroxyl groups ?*. In this
thesis, the reducing end of the N-glycans were modified after their release from the polypeptide
backbone.

When using MALDI-MS for the analysis of sialylated glycans, there is a need to stabilize sialic acids
which otherwise are lost due to In-source/post-source fragmentation 1217123, Sialic acids can be
methyl- or ethyl esterified 21, as well as amidated and/or permethylated 24,

In N-glycans, sialic acids can be linked to their neighboring galactose in either a2,3-linkage or
a2,6-linkage. a2,3-Linkage of sialic acids to galactose promotes a lactone formation which is not
observed for a2,6-sialylated glycans. Instead, a2,6-linkage will have their carboxylic acid group
converted into a methyl or thyl ester (Figure 3).
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In this thesis, ethyl esterification was performed to stabilize the sialic acids of total plasma N-
glycans and 1gG N-glycans. Using this reaction, in comparison to nonderivatized glycans, mass
differences of -18.011 Da and +28.031 Da were induced for the a2,3- and a2,6-linked sialic acids,
respectively. And this can be a great advantage of MALDI-MS analysis allowing to obtain

information on linkage-specificity of glycans 2%,
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Figure 3. Ethyl esterification and lactonization reactions of a2,6-linked and a2,3-linked sialic acids.
V.  Glycosylation analysis

The structural characterization of glycans does not only refer to the determination of the
composition of monosaccharides and their sequence, but also includes the determination of the
stereochemistry of each glycosidic bond and the degree of branching. Among different analytical
methods that have been used for N-glycan analysis, some of the most commonly used high-
throughput methods for more detailed N-glycan analysis include hydrophilic interaction liquid
chromatography (HILIC) and mass spectrometry (MS).

a) Hydrophilic interactions liquid chromatography (HILIC) - Ultra High
performance liquid chromatography (UHPLC)

High performance liquid chromatography based on hydrophilic interactions is a commonly used
technique for glycan separation. Reverse phase chromatography or anion exchange with

22



fluorescence detection have also been applied, however, liquid chromatography based on
hydrophilic interactions is most commonly used to allow improved analyte separation 12>126,

In HILIC analysis, molecules are retained on the column based on their hydrophilic potential,
differences in properties that depend on size, charge, composition, structure, glycosidic bonds
and degree of glycan branching. The main advantage of this technique is the ability to separate
glycan structural isomers, which is difficult to achieve with other methodologies *2°.

Glycans are the most commonly labeled with fluorescent labels, such as 2-aminobenzamide (2-
AB), procainamide, 2-aminobenzoic acid (2-AA) or 2-aminopyridine (2-AP), which allow the
detection of femtomolar amounts of glycans 1?’. Of all the fluorescent labels that was mentioned,
2-AB is the most commonly used, as it is compatible with a significant number of glyco-analytical
methods, such as mass spectrometry. When labeling glycans with 2-AB, the reaction takes place
in a stoichiometric ratio of 1: 1, tagging released glycans at the free reducing end. This allows
guantitative measurement of relative amounts of individual glycans during HILIC analysis, as well
as the simultaneous separation of neutral and charged glycans 12>,

In Chapters 2, 4, 5, research results are presented from studies using HILIC-UHPLC for the
analysis of N-glycans that were released from total plasma, IgG, and DBS, respectively.

b) MALDI Mass spectrometry

Mass spectrometry is often used in glycan analysis because it provides information on the mass
and composition of glycans. During MS analysis, glycans may need to be derivatized due to the
instability and ionization bias of sialylated glycan species. Therefore, glycans are usually
derivatized by reduction and labeling, permethylation, or ethyl esterification of sialic acids 2.

MALDI and electrospray ionization (ESI) are the two main ionization approaches that are used for
glycan analysis. MALDI-MS is used for rapid glycan profiling, often with a TOF analyzer or FTICR,
for the purpose of obtaining a glycan profile and for detecting exoglycosidase digestion products
in a manner similar to UPLC analysis 128129,

MALDI-MS is often the first technique used in glycan analysis, as it is an experiment with low
sample consumption, and can be used to assess the variety of glycans present in the sample.
Neutral glycans can be better detected in the positive ionization mode, usually as [M + Na]*
adducts. As it was mentioned, because sialylated glycans are labile during ionization, sialylated
glycans are rather analyzed in negative ionization mode or derivatized prior to analysis.

In two of the studies contained in this thesis, Chapters 3 and 4, N-glycans released from total
plasma and IgG were analyzed using MALDI-TOF/FTICR-MS.
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1.8 Scope

Investigating new biomarkers and improving our understanding of the pathophysiology of MetS,
T2D and its complications are the overarching goals of this thesis. For this objective, the N-glycan
profile of plasma and DBS in patients with MetS and T2D and the compatibility of these data have
been studied using human samples.

In Chapter 1 of this thesis, an overview of MetS and T2D with a focus on associated complications
is presented, in addition to an overview of glycosylation and techniques for glycan analysis.

N-glycosylation has already been studied in various Asian and European communities. However,
there is a notable lack of such studies among geographically and genetically isolated populations.
Therefore, Chapter 2 aims to characterize the plasma N-glycome in both healthy individuals and
those with SHS and MetS within the Ghanaian population in West Africa. Furthermore, Chapter
2 includes a comparison of the Ghanaian findings with previously examined results reported for
Chinese Han, Croatian, and Orcadian populations.

While the relevance of glycosylation in T2D is known, the association between TPNG and T2D
complications like retinopathy, nephropathy, and CVD remains poorly explored. Chapter 3
addresses these shortcomings by investigating TPNG in relation to complications in T2D within
subsamples of two independent Dutch cohorts. This exploration utilizes an advanced, high-
resolution analytical technique, MALDI-TOF/FTICR-MS, providing the TPNG in prevalent and
incident retinopathy, nephropathy, and CVD, factors that play a significant role in influencing the
health challenges associated with T2D.

As previously mentioned, Chapter 3 explores the associations between the N-glycosylation of
total plasma proteins and complications associated with T2D. Research indicates that the N-
glycosylation of IgG contributes to the function of IgG in inflammation. It has been demonstrated
that inflammation plays a crucial role in the development of T2D complications. To gain deeper
insights into the pathophysiology of diabetes complications and to develop biomarkers for T2D
complications, Chapter 4 presents the associations between IgG N-glycosylation and both
prevalent and incident cases of diabetic nephropathy, retinopathy, and macrovascular
complications. The study employs high-throughput techniques, UPLC and MALDI-FTICR-MS
across three extensive European cohorts.

A less invasive alternative to traditional venous blood sampling is needed, particularly for
patients facing challenges such as travel restrictions. The use of DBS is explored instead of
plasma, addressing issues like extended storage in biobanks or limitations in shipping liquid
samples. On the other hand, for individuals, such as those with pre-diabetes or diabetes, a self-
sampling protocol proves beneficial. However, utilizing already stored samples to make DBS may
not always be feasible if they were not initially intended for that purpose. Chapter 5 introduces
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an improved method, similar to the one employed in Chapter 2, for analyzing DBS N-glycans. It
focuses on different preparation approaches, particularly cases where only frozen blood or
separated frozen-blood cells and corresponding frozen plasma are available. The method is also
used to compare DBS N-glycans from pre-diabetic and diabetic subjects, derived from separated
frozen-blood cells and corresponding frozen plasma samples that were stored for an extended
period.

In Chapter 6, the association of vascular complications with T2D and the link with N-glycan
biomarkers is discussed, next to N-glycan biomarkers of MetS. Furthermore, the chapter
discusses the potential applications of our research including DBS glycomics for future diagnostic
and prognostic purposes.
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