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1. INTRODUCTION



Cardiovascular diseases (CVDs) encompass a group of conditions affecting the heart and blood
vessels. CVDs stand as the leading cause of mortality worldwide and impose a substantial
burden on public health systems (1). Among CVDs, coronary artery disease (CAD) stands out
as the primary cause of death, claiming nine million lives in 2021 (1). Although preventive
measures for CAD primarily rely on traditional risk factors such as hyperlipidemia, diabetes
mellitus, smoking, and hypertension (2), it has been observed that individuals classified as
high-risk may not always develop CAD, while those classified as low or intermediate risk may
succumb to the disease (3—7). Consequently, the identification of new risk factors and the

potential to influence them hold immense significance.

In this context, posttranslational modifications (PTMs) are emerging as a potential for the
development of new disease-specific biomarkers. PTMs play a key role in numerous biological
processes by significantly affecting protein structure and dynamics through covalent
modifications such as proteolytic cleavage and the addition of modifying groups (e.g., acetyl,
phosphoryl, glycosyl, and methyl) to amino acids (8). Glycosylation is a vital and tightly
regulated PTM in which complex sugar molecules (glycans) are covalently attached to protein,
lipid and RNA backbones (9-11). Protein glycome (complete repertoire of glycans found on
the surface of proteins) is involved in various biological processes, such as regulating protein
function and stability, mediating intercellular interactions, modulating intracellular signaling,
and influencing cellular immunogenicity (12,13). The two major protein glycosylation classes
are N- and O-linked glycans (described in detail in the section “Overview of protein
glycosylation™), with N-glycans being easier to analyze in the released form than O-glycans,

since a universal enzyme is available only for the release of N-glycans (14).

Over the past decade, a number of research studies have identified protein glycosylation as a
potential valuable biomarker for early detection and progression of disease (15-24). Research
has found alterations in glycosylation associated with numerous inflammatory diseases,
including CVD (15,25,26). A growing body of evidence highlights the importance of
glycosylation alterations in CVD development, and it shows that glycan signatures hold
promise as potential biomarkers for CVD (27,28). For instance, atherosclerosis, a common
underlying condition of CVD, involves the formation of atherosclerotic plaques and narrowing
of arterial lumens due to inflammation-driven accumulation of leukocytes, lipoproteins, and
other cells in the arterial intima. This inflammatory process contributes to changes in
glycosylation of endothelial cells and lipoproteins, which prove critical at the early stages of

atherosclerotic plaque development (29-33). In addition, systemic inflammation response
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leads to an increase in plasma protein concentration accompanied by significant changes in
their glycome (34-36).

While N-glycosylation of plasma proteins, comprising IgG, remains relatively stable in healthy
individuals (37,38), sensitivity of its glycan make-up to changes that occur in an organism
emphasizes its potential for becoming a biological marker. Altered glycosylation of IgG and
total plasma proteins has been found to be associated with CVD development, independent of
other known risk factors (39-41). Interestingly, recent research has even proposed an 1gG N-
glycome-based index to assess and predict cardiovascular health (42). On the other side,
changes in serum protein glycosylation have been observed in CAD, with elevated levels of
the inflammatory biomarker GlycA, an nuclear magnetic resonance (NMR) signal originating
from N-acetylglucosamine from highly-branched N-glycan structures, in serum showing an
independent association with the presence and severity of CAD (43). Therefore, investigating
distinct IgG and total plasma protein glycosylation traits could aid in stratifying risk phenotypes

for CAD development.

Given the significant role of glycosylation in the development of cardiovascular disease,
monitoring N-glycan patterns may serve as an early indicator of pathogenic cardiovascular
processes, potentially providing clinical benefits for the timely diagnosis and prevention of
CVD. Therefore, it is of utmost importance for future research to understand which changes in

glycosylation act as risk factors for CVD and how they can be influenced.



1.1 Purpose and objectives of the research

The research in this dissertation focuses on the identification of N-glycans of total plasma
proteins and 1gG associated with CAD to find new markers for early detection, monitoring and
prediction of the disease. Glycomic analysis is performed on blood plasma samples collected
from participants without prior clinical manifestations of CVDs who underwent coronary
computed tomography angiography (CCTA) because of suspected CAD, as part of the CAPIRE
study to identify novel mechanisms contributing to or protecting against coronary
atherothrombosis (44).

Previous studies have indicated the predictive and diagnostic potential of N-glycans in different
conditions related to CVD (39-41,45). However, this study is the first to comprehensively
analyse N-glycan alterations in individuals with angiographically diagnosed CAD, with
samples collected at the time of enrolment and after 2 years of follow-up, and to examine the
association between the presence of specific N-glycan structures and the incidence of adverse
cardiovascular events during the 8-year follow-up period. This will allow the detection of N-
glycan alterations at a clinically relatively early stage in the diagnosis of CAD and potentially

reveal the involvement of N-glycosylation in the mechanism of the development of CAD.

The main objectives of this research are to identify N-glycan structures on both total plasma
proteins and 1gG that: a) are associated with angiographically diagnosed CAD, b) allow
prediction and early detection of individuals at increased risk for developing CAD, and c) are
associated with the incidence of adverse cardiovascular events. Considering the severity of
CAD and the often-untimely detection resulting in lifelong therapy and/or even the
development of life-threatening complications, the search for new potential markers for early
detection of the disease is of great importance. Therefore, it is hypothesised that N-
glycosylation of IgG and total plasma proteins differs significantly in individuals with
angiographically diagnosed CAD compared with individuals with clean coronary arteries and

shows an association with the incidence of adverse cardiovascular events.

Glycomic analysis includes enzymatic deglycosylation of IgG and plasma proteins, fluorescent
labelling and purification of released N-glycans, and analysis of fluorescently labelled N-
glycans by ultra-high performance liquid chromatography based on hydrophilic interactions
with fluorescence detection (HILIC-UHPLC-FLR). Statistical analysis includes processing of
the results using R programming. Briefly, association analyses between CAD status and

baseline glycomic measurements are performed using a regression model, while for two-time



points analysis of CAD samples through their observation period, linear mixed-effects model
(LMM) is implemented. Relationship between N-glycans and the occurrence of major adverse

cardiac events (MACE) is examined using cox proportional-hazards model.

The scientific contribution of this research is the discovery of new potential markers that could
independently distinguish individuals at increased risk for developing coronary atherosclerosis
from individuals with clean coronary arteries. Based on the knowledge of the role of these
glycan structures in (patho)physiological processes, their role in the mechanism of CVDs will
be proposed, which would lead to a better understanding of the disease itself and to the

identification of potential therapeutic targets.



2. LITERATURE OVERVIEW



2.1 Overview of protein glycosylation

Glycosylation, a crucial and tightly regulated co- and post-translational modification, involves
the enzymatic, site-specific attachment of complex sugar molecules (glycans) to protein, lipid
or RNA backbones (9-11). Alongside DNA, proteins, and lipids, glycans constitute one of the
major components of cells. Their absence is embryologically lethal, underscoring their
indispensable role in multicellular life (46). While many glycans reside on the outer surfaces
of cellular and secreted proteins, simpler yet highly dynamic protein-bound glycans are also
prevalent in the nucleus and cytoplasm, exerting regulatory effects. Due to their ubiquitous and
intricate nature, glycans exhibit an extremely diverse range of biological functions. They range
from subtle to those that are critical to the development, function, and/or survival of an
organism (12). At the cellular level, glycans participate in nearly all physiological processes,
including protein folding and transportation, cell adhesion, signaling, proliferation,

differentiation, migration, survival, development, and immunity (9,12).

There are several types of glycosylation, however glycans covalently attached to a polypeptide
backbone of glycoproteins are commonly classified into O- and N-glycans (47). An O-glycan
is often attached to the polypeptide via N-acetylgalactosamine (GalNAc) to a hydroxyl group
of a serine or threonine residue and can be extended to various structural core classes. An N-
glycan is an oligosaccharide covalently linked to an asparagine residue which is part of the
consensus peptide sequence (Asn-X-Ser/Thr) of a polypeptide chain, where X is any amino
acid except proline. Mammal N-glycans share a common core region made of five
monosaccharides and can generally be divided into three main classes: the oligomannose (or
high-mannose) type, the complex type, and the hybrid type (Figure 1).
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Figure 1. Examples of three N-glycan types: oligomannose (mannose residues attached to the core), complex (two or more
antennae attached to core via N-acetylglucosamine) and hybrid glycans (it has one or more oligomannose branches and one
branch of complex structure). All N-glycans share a common core (marked with light green rectangle). Relevant
glycosyltransferases are shown: B4GALT1, B-14-Galactosyltransferase 1; FUT, Fucosyltransferase; MGAT, N-
acetylglucosaminyltransferase; ST3GAL4, pB-Galactoside a-2,3-Sialyltransferase 4; ST6GAL1, B-Galactoside o-2,6-
Sialyltransferase 1.

In eukaryotes, the assembly of glycans bound to cellular and secreted proteins occurs
predominantly in the endoplasmic reticulum (ER) and Golgi apparatus (GA), with the initial
steps of N-glycosylation occurring in the ER, whereas further enzymatic processing of the N-
glycans occur further along the secretory pathway at the luminal side of the ER and GA
compartments. In these organelles, glycan biosynthesis consists of a series of steps controlled
by expression, activity and trafficking of numerous glycosyltransferases and glycosidases,
competition between these enzymes and availability of sugar donors and other substrates (48).
Unlike the genome, exome, or proteome, glycome has no direct template but is a consequence
of the current state of the organism. Thus, small environmental changes in response to intrinsic
and extrinsic signals can cause dramatic changes in the glycan repertoire produced by a
particular cell. This goes hand in hand with the phenomenon of microheterogeneity that is
characteristic of glycosylation (47). Essentially, a polypeptide encoded by a single gene can
exist in numerous glycoforms, each representing a distinct molecular species.
Microheterogeneity may be quite limited at a given site, while it may be extensive at other
sites. This may be manifested, for example, by an increased number of antennae, the absence
or presence of certain monosaccharides (galactose, N-acetylneuraminic (sialic) acid (Neu5Ac),
fucose, N-acetylglucosamine (GIcNAc)), and/or a diversification of saccharide linkages
leading to different ligand epitopes.



It is this variable and dynamic nature of glycosylation that makes it a powerful means of
generating and modulating biological diversity and complexity. The sugar components of
glycoproteins not only form important structural features, but also modulate or mediate a
variety of their functions in (patho)physiological states (10). Technological advances in
research tools have begun to overcome many of the challenges posed by the complexity of
glycoconjugates, leading to a better understanding of the physiological and pathological
processes regulated by glycans (49,50). Alterations in protein N-glycosylation have already
been described for many diseases (15,25,26,51-54), and it has been shown that N-glycans have
great potential as diagnostic and prognostic biomarkers for cancer, metabolic disorders, CVDs,

and other chronic inflammatory states (18,20,26,27).

2.2 Human plasma protein N-glycosylation

Plasma proteins constitute a significant portion of the human proteome and play essential roles
in various physiological processes. These proteins are primarily released into the circulatory
system by B cells (immunoglobulins, 1gs) or hepatocytes and other liver cell types (16). They
serve diverse functions, including coagulation, receptor interactions, immunity, nutrient and
gas transportation, among others (55). Glycosylation is observed in the majority of human
plasma proteins, with the exception of the most abundant protein - albumin. The N-
glycosylation profiles of over 20 different plasma proteins have been characterized thus far
(16). In addition to immunoglobulins, several extensively studied plasma glycoproteins include
haptoglobin (HPT), a1-acid glycoprotein (AGP-1), fibrinogen, al-antitrypsin (A1AT), and al-
antichymotrypsin (AACT). Analysis of their individual N-glycosylation profiles has revealed
both protein-specific N-glycan structures and shared N-glycans present on multiple plasma
proteins (Figure 2). In addition, plasma proteins with multiple N-glycosylation sites often
exhibit glycosylation site specificity (16). Glycan structures of plasma glycoproteins are
composed of several monosaccharides: fucose, galactose, mannose, GIcCNAc and sialic acid
(16,56). Fucose can be core- or antennary- bound; Antennary fucose is in most cases attached
to GIcNAc bound to one of the two mannoses that mark the beginning of branching of the
glycan structure (57). Galactose is bound to the aforementioned GIcNAc, and sialic acid to
galactose. In addition to the initial part of each branch (antenna), GICNAc can also be attached
to the central mannose of the common glycan core, and is then called bisecting GIcNAc (16,56).
Total plasma N-glycosylation is highly informative but difficult to comprehend because of the

complex contributions from relative protein glycoforms and overall glycoprotein abundances.
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Figure 2. Schematic representation of the relative protein contribution to each specific glycan composition. From: Clerc F,
Reiding KR, Jansen BC, Kammeijer GS, Bondt A, Wuhrer M. Human plasma protein N-glycosylation. Glycoconj J. 2016
Jun;33(3):309-43. doi: 10.1007/510719-015-9626-2.

While the N-glycome of human plasma protein is quite stable within the individual (37,58), it
is extremely sensitive to changes in individual’s homeostasis, reflecting either the cellular state
at the time of protein  secretion or  dysregulation of circulating
glycosyltransferases/glycosidases responsible for extrinsic (de)glycosylation of proteins
(10,16,36). Therefore, it is very important to understand the relative contribution of genetic and
environmental factors to the plasma protein N-glycome, as well as impact of the
(patho)physiological state of a given organism. Large-scale population studies indicated
variation in heritability of specific plasma N-glycome traits. Overall, many traits show rather
high heritability, contributing significantly to interindividual variation within population, but
also to variations between populations (59,60). On the protein level, highest heritability was
observed in N-glycans specific for IgG, while N-glycome of plasma proteins that are part of
acute phase reactants exhibited lowest heritability (60). The influence of genetic makeup has
been demonstrated in genome-wide association studies (GWAS) of single nucleotide
polymorphisms (SNPs) with plasma protein N-glycosylation traits, providing insights into the
molecular mechanisms regulating glycosylation (61-64). GWAS demonstrated the association
of genetic variants for glycosyltransferases with the corresponding glycosylation phenotype

and provided insights into the regulation of glycosylation at the transcription factor level. In
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addition, associations were found with genes for which a possible functional relationship to

glycosylation is still unknown (61).

Along with the strong genetic influence, environmental and pathological effects on plasma
protein N-glycome have also been reported. A significant association between plasma/serum
total N-glycome and sex, age, body mass index (BMI), smoking, diet, and stress has been
demonstrated (65-68). In addition, dysregulation of plasma N-glycosylation has been linked to
the development and progression of a variety of diseases, including cancer, metabolic
disorders, CVD, and other inflammatory diseases, making N-glycosylation a target for
diagnosis and therapeutic intervention (16,25-27,38,54,65,69-71). Alterations in plasma
protein N-glycosylation likely reflect chronic inflammation as an underlying condition of aging
(inflammaging), obesity, smoking, and unhealthy diet, as well as numerous chronic diseases.
Collectively, these changes include an increase in the number of antennae (tri- and tetra-
antennary N-glycans), increased antennary fucosylation, and increased 02,6- and a2,3-
sialylation on highly branched N-glycans. Antennary fucose and 02,3-linked sialic acid are
structural motifs of inflammation-associated sialyl Lewis X (sLeX) and sialyl Lewis A (sLeA)

epitopes found on plasma proteins.

In addition to the disease association and biomarker potential of total plasma protein N-
glycome, GlycA is another inflammation biomarker derived from plasma protein N-glycome.
Whereas plasma N-glycome refers to the measurement of the abundance of various N-glycans
bound to plasma proteins, GlycA is a complex heterogeneous NMR signal specifically derived
from GIcNAC residues of branched plasma N-glycans bound to acute phase proteins (72), and
has been shown to correlate with a broad spectrum of inflammatory diseases (43,73-77).
Overall, currently available data indicate that plasma N-glycosylation plays a role in numerous
pathological conditions and that N-glycans could be used as biomarkers, prognostic tools, or

even as anchor points for targeted treatments.

2.2.1 The role of N-glycosylation in immunological function of plasma proteins

Plasma N-glycosylation affects protein properties such as folding, solubility, stability, and
localization and is involved in a variety of biological processes (16,78). Plasma proteins have
multiple N-glycosylation sites, and their glycoforms may differ by site occupancy
(macroheterogeneity) and occupying glycan structures (microheterogeneity). Diversity of N-
glycans is dependent on numerous factors that can influence the biosynthesis process, including

genetic regulation, enzyme activity, availability of nucleotide sugars, and accessibility of a
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particular glycosylation site (16,64,79,80). As mentioned previously, most profound
inflammation mediated alterations of plasma N-glycome include high branching (tri- and tetra-
antennary glycans) and elevated levels of the sLeX epitope, which have been detected on
plasma proteins such as HPT, AGP-1, A1AT, and AACT (16,81,82). One of the examples of
N-glycosylation-mediated modulation include sLeX epitope on the AGP-1; sLeX has been
shown to play a role in anti-neutrophil activity of AGP-1 (83) and is crucial for its binding to
the adhesion molecules such as E-selectin expressed on the endothelium (84). Proinflammatory
cytokines such as interleukin 1p (IL-1p), interleukin 6 (IL-6), and tumor necrosis factor o
(TNFa) were suggested to affect plasma protein N-glycan biosynthesis in hepatocytes (85-89).
In vitro study suggested that the increased branching and abundance of sLeX epitope on AGP-
1 may be due to cytokine-mediated upregulation of the enzymes responsible for sLeX epitope
formation, P-galactoside o-2,3-sialyltransferase 4 (ST3GAL4) and fucosyltransferase 6
(FUT6) (85,86). TNFa has also been shown to increase sLeX synthesis by stimulating the
expression of ST3GAL4 and FUT4 through NF-kB-p65 dependent transcriptional regulation
(89,90). Of genetic factors, the regulation of plasma protein sLeX formation has been linked to
hepatocyte nuclear factor la (HNFla) and its transcriptional cofactor HNF4o (63).
HNF1o/HNF4a interaction induces de novo and salvage synthesis of GDP-fucose and regulates
the expression of relevant fucosyltransferases ultimately leading to higher biosynthesis of sLeX
epitope. Furthermore, increased hexamine biosynthesis pathway (HBP) flux and higher UDP-
GIcNAC levels in hepatocytes during chronic inflammation may lead to increases in tri- and
tetra-antennary N-glycans on plasma proteins. Glucose and glutamine are donor molecules that
play a direct role in controlling HBP flux and levels of UDP-GIcNAc (crucial substrate for N-
glycan branching). During prolonged inflammation, there is an increased uptake of glutamine
in the liver and an increase in liver glucose production due to TNFa-activated NF-kB
transcriptional regulation (91-93). This leads to elevated levels of UDP-GICNAc and increased
branching of plasma protein N-glycans. Additionally, the branching of N-glycans present on
liver membrane transporters for glucose and glutamine increases the binding affinity of
galectins, protecting them from endocytosis while forming a positive feedback loop that

enhances substrate uptake (94).
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Figure 3. Overview of altered N-glycosylation pathways regarding plasma proteins under the influence of inflammation. In
inflammation, increased flux of the hexamine biosynthetic pathway (HBP) and consequently increased UDP-GIcNAC levels
in hepatocytes can lead to increased branching of N-glycans, whereas proinflammatory cytokines induce higher expression of
the enzymes ST3GAL4 and FUT6, which are responsible for the synthesis of the inflammatory epitopes sLeX and sLeA.
Together, these changes contribute to the propagation of the inflammatory state.

In addition, liver-produced acute phase protein B-galactoside «-2,6-sialyltransferase 1
(ST6GALL) is also upregulated and released into circulation during inflammation, although its
exact role remains unclear. However, research has shown that a loss of hepatic ST6GALL1 can
cause problems with liver metabolism and changes in the N-glycan profile of circulating
glycoproteins (95). This can result in spontaneous liver inflammation and disease. Chronic
alcohol exposure has been shown to downregulate hepatic ST6GALL expression, leading to
metabolic dysfunctions and altered glycosylation (96). This highlights the role of lifestyle in
the regulation of hepatic ST6GALL, which may contribute to the development of inflammation
and disease. In summary, inflammation triggers changes in N-glycosylation of plasma proteins,
while at the same time altered N-glycosylation contributes to proinflammatory transformation
of secreted plasma proteins, thus providing a positive feedback mechanism that maintains the

inflammatory state.

2.3 Immunoglobulin G N-glycosylation

The most prevalent class of immunoglobulins in human plasma is immunoglobulin G (IgG),
accounting for 75% of all antibodies and 10-20% of total plasma protein (16,97). It plays a
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critical role in the human adaptive immune system and bridges the gap between innate and
adaptive immunity due to its versatility (98). With variable fragment antigen-binding (Fab),
IgG recognizes and binds antigens with high affinity and is able to directly neutralize pathogens
and toxins (99). At the same time, IgG can interact with type I and type II Fcy receptors on the
surface of immune cells such as B lymphocytes, macrophages, and natural killer cells (NK
cells) via its crystallizable fragment (Fc) part and trigger opsonization and phagocytosis of
microorganisms by antibody dependent cellular phagocytosis (ADCP), mediate antibody
dependent cellular cytotoxicity (ADCC), and inhibit or activate other immune cells (99). In
addition, the interaction of the Fc domain with other components of the immune system, such
as complement component C1lq, mannose binding lectin (MBL), and mannose receptor,
activates the complement system and causes lysis of microorganisms or damaged autologous
cells through complement dependent cytotoxicity (CDC) (36).

Glycans make up about 15% of the weight of IgG (100) and their importance is evident from
the fact that removal of these glycans results in partial or complete loss of IgG function (100—
102). Each 1gG molecule contains a conserved N-glycosylation site at Asn-297 in the constant
region of heavy chain 2 on Fc domain (35). Glycans are not only a structural component of the
IgG molecule, but also play a crucial functional role by altering the binding affinity of 1gG to
its corresponding ligands (Figure 4). This affects many biological processes in which IgG is
involved, such as its half-life, clearance, transport across the placenta, activation of immune
effector cells, and complement activation (100,103-108). The Fab region of 1gG can also have
additional N-glycosylation sites introduced through somatic hypermutation during the affinity
maturation process in germinal centers. Approximately 15-20% of 1gG molecules from healthy
individuals have been observed to have glycans in their variable region of the heavy chain
(109,110). Fab glycans can affect the stability, half-life and antigen-binding of IgG, and are

suggested to be involved in the modulation of immune response (110-114).

All IgG N-glycans have a common conserved pentasaccharide core sequence consisting of two
GIcNACc and three mannose residues branching into two antennae (56). This core is most
frequently extended by a GIcNAc added to each of the mannoses, followed by further addition
of bisecting GlcNac and/or core fucose, whereas the antennae can be further extended by the
addition of galactose, followed by sialic acid (100). In addition, some oligomannose glycans
with five to nine mannose residues have been observed at the N-glycosylation sites of IgG
(100). To date, over 30 different N-glycan structures have been identified in the Fab and Fc
portions of polyclonal serum IgG (115).
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Figure 4. Schematic representation of immunoglobulin G (1gG). IgG protein is composed of two heavy and two light chains.
1gG protein can also be divided into two functional fragments: antigen-binding fragment (Fab) which binds antigen and
crystallizable fragment (Fc) which is important for effector functions such as ADCC or complement activation. Each heavy
chain of Fc fragment contains a covalently attached N-glycan to highly conserved N-glycosylation site located at position
asparagine (Asn) 297. In addition, some 1gG molecules can contain N-glycans in the Fab fragment (~20% of 1gG molecules).

Because of their structural complexity and the lack of sophisticated analytical techniques, 1gG
glycans have only recently become a subject of scientific attention, especially over the past
decade in parallel with the development of high-throughput methods for IgG glycome analysis
(50). Studies have shown that IgG glycosylation patterns, characterized by a lower abundance
of galactosylated and sialylated structures and sometimes a higher abundance of structures with
bisecting GIcNAc, are associated with many inflammatory diseases and are also often
associated with disease severity (15,116,117). Of note, this pattern is also associated with
increasing age (inflammaging) (15,118). 1gG glycome composition has been shown to be
significantly influenced by genes (60,119-121), but also by environmental factors and lifestyle
(hormonal status, age, BMI, smoking, dietary supplements, and exercise) (22,122-130). IgG
glycans serve as a link between an individual's genetic information and the influence of their
environment. The makeup of an individual's IgG glycome can be altered by various health

conditions, both physiological and pathological, making it a valuable indicator of a person's
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overall health. It can also enhance existing disease biomarkers and provide insights into disease

development, progression, prognosis, and response to treatment.

2.3.1 The role of N-glycosylation in immunological function of 19gG

The composition of N-glycans bound to the Fc region of IgG modulates its functional
properties and activity and is critical for interactions with various receptors and ligands (131-
134), as shown on Figure 5. Alterations in the N-glycosylation profile of 1gG can disrupt these
interactions and lead to a variety of diseases and pathological conditions (15,116,117). The
association of multiple glycan features with a variety of diseases suggests that there may be
multiple pathways, rather than just one, associated with IgG glycosylation that play a role in
disease development and progression. However, the most studied are variations in the 1gG
glycoprofile associated with changes in the expression or activity levels of the major
glycosyltransferases and glycosidases due to specific genetic polymorphisms and/or under the

influence of proinflammatory cytokines (36).

2.3.1.1 Galactosylation

In healthy adults, on average 15% of 1gG Fc glycoforms have both arms terminating in
galactose, 35% have a terminal galactose residue missing from one or the other arm, and
another 35% IgG Fc glycoforms are agalactosylated (100,135,136). Galactosylation influences
the inflammatory potential of IgG by modulating binding affinities to downstream effector
molecules, namely complement components and FcyRs. IgG Fc glycans lacking galactose at
their terminal ends are thought to activate the complement through the alternative pathway and
through lectin pathway by binding MBL, thereby promoting inflammation (103,137). While
agalactosylated 1gG is considered to promote inflammation due to its association with many
diseases (15), the role of terminal galactosylation in this regard is still a matter of debate. On
one hand, 1gG glycans decorated with galactoses are thought to have anti-inflammatory effects
by binding to the inhibitory FcyRIIb receptor and suppressing the proinflammatory activity of
the complement component C5a (138). On the other hand, Fc galactosylation has been shown
to increase the affinity of IgG for activating FcyRs, leading to ADCC (132,139). Even though
the recent study states that Fc galactosylation activates the classical complement pathway by
promoting hexamerization of 1gG, enhancing C1q avidity, and increasing CDC activity (104),
the overall conclusion on the effect of terminal galactosylation on C1q binding and/or CDC
activity is still unclear, as up-regulatory, unchanged, and even down-regulatory effects have
been previously reported (134). While the biological functions of (a)galactosylated IgG are

16



being deciphered, the regulation of its biosynthetic process is even more unclear. Decreased
IgG galactosylation has been observed in peripheral B cells from rheumatoid arthritis (RA)
patients and has been associated with decreased B-1,4-galactosyltransferase 1 (BAGALTL)
activity, although no differences in BAGALT1 expression were observed between RA patients
and healthy controls. It has been suggested that this may be due to stress-related disturbances
in the Golgi, which may affect the proper targeting and function of BAGALT1 (140). Moreover,
proinflammatory cytokines are known to modulate 1gG glycosylation (36), and a recent GWAS
study showed a correlation between IL-6 signaling (SNPs in the IL6ST (gp130) gene) and low
serum IgG galactosylation (120). Cytokine mediated T cell-dependent activation of B cells was
also suggested to alter N-glycosylation of secreted IgG. In studies with mice, it has been
observed that proinflammatory cytokines (interferon y (IFN-y), interleukin 17 (IL-17) and IL-
6) produced by T helper 1 (Thl), T helper 17 (Th17), and T follicular helper (Tfh) cells
indirectly maintain the agalactosylated state of IgG by activating B cells (141,142). However,
the opposite was observed in a recent study showing that stimulation of human B cells with
IFN-y leads to increased IgG galactosylation, accompanied by upregulation of B4AGALTI
(143). Interestingly, binding of e.g., IFN-y to its receptor leads to activation of JAK/STAT
pathway known to target genes that appear to promote inflammation (144), therefore it is

plausible that targeted genes include galactosyltransferases.
2.3.1.2 Sialylation

In a healthy individual, about 10-15% of serum IgG are sialylated, with most of them having
monosialylated glycoforms (15). The attachment of sialic acid to the terminal end of IgG N-
glycans prolongs the half-life of IgG in serum (145), and is critical for the modulation of the
inflammatory immune response (36). Highly sialylated IgG have a low affinity for activating
FcyRlIlla, leading to a decrease in ADCC (146,147). At the same time reports on the effect of
sialylation on C1qg binding and CDC induced by the classical pathway are inconsistent
(132,148). In autoimmunity, lack of sialylation is thought to contribute to chronic
inflammation. It has been shown that interleukin 23 (IL-23) induces Th17 cells to release
cytokines interleukin 21 (IL-21) and interleukin 22 (IL-22), which decrease the expression
ST6GALL, leading to hyposialylation (149). IgG hyposialylation can also be induced by Tfh
cells, particularly Tfh17 and Tfh1l cells. Tfh17 cells decrease the expression of ST6GALL from
autoantibody-producing B cells via the OX40-OX40L (TNF receptor superfamily) interaction.
An increased number of Tfh17 cells expressing OX40 were observed in RA patients, and their

frequency was negatively correlated with ST6GALL expression. Blocking the OX40-OX40L
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pathway resulted in a decrease in Tfh17 cells and an increase in 1gG sialylation (150). In
addition, interleukin 27 (IL-27) stimulates Tfh1 to produce IFN-y, which decreases ST6GALI1
expression in cultured B cells by binding to the B cell intrinsic IFN-yR and activating the
JAK1/2 signaling pathway (142). The effect of T cell cytokines on 1gG sialylation is supported
by evidence that T cell-independent B cell activation leads to the synthesis of sialylated IgG,
which can suppress B cell activation independently of FcyRIIb (141), and may promote an
inhibitory feedback mechanism by binding to CD22 on the B cell surface (151). In addition to
inflammatory cytokines, sex hormones are shown to modulate 1gG glycosylation. Estrogen
induces increase in 1gG Fc sialylation through increased expression of ST6GALL in splenic
plasmablasts, which corelates with the decreased IgG sialylation and increased RA risk under
conditions of low estrogen levels (e.g., menopause) (152). In recent years, several studies
suggested B cell-independent 1gG sialylation (153,154), presumably by hepatic ST6GALL
present in the circulation, although this appears to be an inflammation-dependent rather than a
constitutive process (155). Strikingly, Oswald et al. pointed out in their study that 1gG
sialylation indeed occurs after release from a B cell but is not dependent on ST6GAL1 activity
localized in plasma (156). Furthermore, they demonstrated a model in which IgG glycosylation
is driven by intracellular trafficking in B cells, explaining why ST6GALL expressed in B cells

is dispensable for 1gG sialylation in vivo (157).

2.3.1.3 Core fucosylation

More than 90% of Fc glycans on IgG in healthy humans have fucose bound to their core, which
is in contrast to most other plasma proteins that are not core fucosylated (16,122). The absence
of core fucose significantly increases the affinity of IgG for FcyRIlla and FcyRIIIb
(132,158,159). This enhances downstream effector functions, particularly NK cell-mediated
ADCC, by up to 100-fold. Although modification of N-glycosylation of I1gG is known to have
a significant effect on FcyRIlla binding, several studies have emphasized the role of N-
glycosylation of FcyRIIIa in IgG binding affinity. The presence of oligomannose N-glycans on
FcyRlIlla resulted in a significant increase in binding affinity for afucosylated IgG (160-162).
This finding was associated with decreased expression of a-mannosidase in NK cells (163).
Afucosylation has been associated with many diseases (164), but the mechanisms of regulation
are still being deciphered. Recently, abnormal expression of the FUT8 and IKZF1 genes in B
cells producing thyroid peroxidase antibody (TPOAb) was associated with a decrease in 1gG
core fucosylation observed in autoimmune thyroid disease (165). These genes have previously

been linked to afucosylated 1gG N-glycans (120). The exact mechanism is still unclear, but the
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IKZF1 gene encodes the transcription factor Ikaros, which may indirectly regulate fucosylation
in B cells by promoting the addition of bisecting GICNAc, which in turn inhibits core
fucosylation (120). Of note, several SNPs near the IKZF1 gene have been associated with
malignancies, infectious diseases, and autoimmune diseases (166). In addition to genetic
predisposition, expression of the relevant enzymes is also altered in pathological conditions.
Elevated plasma levels of a-L-fucosidase (FUCA-1) have been significantly associated with
chronic inflammation and autoimmune disease (167), raising questions about the role of
extracellular 1gG defucosylation in inflammation. On the contrary, Plomp et al. found that IgG
core fucosylation actually increases with higher degrees of inflammation, as observed in some
autoimmune patients (168). Huang et al. investigated further and found that there was increased
IgG core fucosylation in the serum of RA patients, accompanied by a decrease in 02,6-
sialylation. In addition, a2,6-sialylation of 1gG was increased in Fut8”" mice (169). These
results suggest that disease-specific, inflammation-related changes in IgG glycome may play a

role in different mechanisms of disease pathophysiology.

2.3.1.4 Bisecting GIcNAc

Only about 10% of all 1gG Fc glycans contain a bisecting GIcNAc (135). Bisecting GICNAc
has been identified as a proinflammatory feature in various inflammatory diseases (15). It is
known that afucosylated 1gG plays a critical role in enhancing ADCC, but it has also been
reported that the addition of bisecting GIcNAc to 1gG Fc glycans results in slight increase of
ADCC (159). However, because the presence of bisecting GICNAc prevents the addition of the
core fucose residue (120,170), it may be difficult to determine the individual roles of these two
glycosylation features (159). However, it is known that epigenetic changes and
proinflammatory triggers during inflammation lead to an increase in bisecting GICNAc on IgG
Fc glycans. Studies have shown that abnormal methylation in the promoter region of the
MGAT3 gene (encoding the N-Acetylglucosaminyltransferase 3 (MGAT3) that produces
bisecting GICNAC structures) leads to a higher abundance of bisecting GIcNAc on IgG glycans
in Crohn's disease (CD) patients, suggesting a potential role of bisecting GIcNAc in the
development of CD (171). In addition, a study by Ho et al. showed that transforming growth
factor B1 (TGF-B1) may have contradictory effects on bisected IgG depending on the state of
inflammation and presence of tissue fibrosis (172). Although further research is needed to
understand the specific mechanisms that influence the formation of bisected 1gG, its role in

inflammation is widely recognized.
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Figure 5. Schematic representation of the main 1gG N-glycan traits and their proposed proinflammatory and anti-inflammatory
properties.

2.4 N-glycosylation in cardiovascular diseases

CVDs are a group of diseases affecting the heart and blood vessels. They include, between the
others, acute and chronic coronary artery disease (CAD), heart failure and arrhythmia, stroke,
and arterial hypertension (173). CVDs are the leading cause of morbidity and mortality
worldwide, as reflected by the fact that the number of deaths from CVDs has steadily increased
from 12.1 million in 1990 to 20.5 million in 2021 (1,173). Therefore, primary prevention and
early detection of cardiovascular events have significant benefits for improving population
health and reducing CVD-related mortality (174,175). Currently, prevention efforts focus
primarily on the classic cardiovascular disease risk factors, including nonmodifiable factors
such as family history, age, race and sex, as well as smoking, hypertension,
hypercholesterolemia, hyperlipidemia, and diabetes, which are usually caused by unhealthy
diet, physical inactivity, and alcohol abuse (174). It would be beneficial to identify accurate
CVD-specific biological markers, as this would help in prevention and early detection. In
recent decades, developments in medicine, biochemistry, and molecular biology have
contributed significantly to the discovery of novel potential risk factors and therapeutic targets
for CVDs. These include inflammatory mediators (176,177), growth factors (178), markers of
hemostasis/thrombosis/ferroptosis (179,180), RNAs (181,182), and posttranslational
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modifications (PTMSs) of proteins (183,184). PTMs are thought to play an important role in the
development and pathogenesis of CVD (183,184). PTMs associated with CVDs are broad,
ranging from nonenzymatic (e.g., carbamylation and glycation) to enzymatically regulated
ones such as phosphorylation and glycosylation (28,183,184). A growing body of research
shows that alterations in protein glycosylation are involved in the CVD development through
various molecular mechanisms and thus have significant biomarker potential for disease

development and progression as well as for therapeutic monitoring (26,28).

2.4.1 Alterations of N-glycosylation in atherosclerosis

While there are few distinct mechanisms responsible for CVD development, atherosclerosis is
the most dominant underlying pathology. It is a progressive process involving dyslipidemia,
inflammation, accumulation of immunological cells in the arterial intima, and endothelial
dysfunction, leading to the formation of atherosclerotic plaques and arterial lumen narrowing
(185). Therefore, elucidating novel molecular mechanisms (e.qg., glycosylation) associated with

the development of atherosclerosis would be beneficial in prevention of CVDs.

2.4.1.1 The role of N-glycosylation in the process of atherogenesis

Leukocyte recruitment is a key step for the successful initiation of atherosclerosis and occurs
predominantly in the inflamed endothelium. Indeed, inflammation is the trigger for the early
stages of the atherosclerotic process, and an increase in inflammatory cytokines has been
associated with a higher risk of developing CVDs (186) and they are implicated to significantly
modulate N-glycan processing (36). Therefore, it is no surprise that N-glycosylation
alterations, of both endothelial cells and leukocytes, have been associated with the development
of atherosclerosis. The initial stage of leukocyte recruitment is dependent on the interaction of
selectins and their ligands. Selectins are Ca?*-dependent lectins whose minimal recognition
determinant is (6-sulfo) sLeX epitope on N- and/or O-glycans bound to glycoproteins
expressed on surface of the endothelium (36). The synthesis of (6-sulfo) sLeX epitope is
regulated by several distinct glycosyltransferases, including ST3GAL4, FUT4 and FUT7.
Thus, disrupted expression or activity of these enzymes may be involved in excessive leukocyte
trafficking, and consequently in the initiation of atherosclerotic lesions (187). In addition, co-
regulated expression of transporters for CMP-sialic acid and GDP-fucose, essential for the
synthesis of (6-sulfo) sLeX, occurs in inflammation, which is not common in physiological
conditions. Therefore, it has been suggested that there must be an inflammation-induced

transcriptional regulation for Golgi membrane transporters that support trafficking of substrates
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necessary for synthesis of (6-sulfo) sLeX N-glycans (188). Moreover, presence of sLeX has
not been only observed at the endothelial surface; an increased abundance of sLeX epitope
together with high branching of N-glycans has been observed on several plasma proteins
indicating a systematic response of an organism to inflammation (described in detail in section

“The role of N-glycosylation in biological function of plasma proteins™).

After capture by selectins, firm endothelial adhesion of leukocytes is mediated by intercellular
cell adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1). One of
the most prominent changes observed on the surface of ICAM-1 and VCAM-1 is increased
expression of oligomannose N-glycan structures (29). Increased abundance of oligomannose
structures has been implicated to be a consequence of proinflammatory stimulation, possibly
by inhibition of early mannose-trimming enzymes (o-mannosidase). Conversely, enzymatic
removal of high-mannose N-glycans, or masking mannose residues with lectins, strongly
decreased monocyte adhesion under the flow (30). Not surprisingly, increased presence of
high-mannose ICAM-1 (HM-ICAM-1) results in high-affinity leukocyte binding (189). In
particular, this phenomenon is seen in CD16+ proinflammatory monocytes, which have a
higher affinity for HM-ICAM-1 molecules in atherosclerotic lesions compared with complex
a-2,6-sialylated ICAM-1 (190,191). Moreover, sialylation of endothelial adhesion molecule -
catenin seems to prevent both atherosclerosis development and monocyte transendothelial
migration, however expression of ST6GAL1L was shown to be significantly decreased in the
vascular endothelium during atherogenesis, consequently decreasing sialylation (192). In
addition, ST6GAL1 downregulation could also result from cleavage by Beta-Site APP-
Cleaving Enzyme 1 (BACE1), which is dramatically upregulated during macrophage
differentiation (193). Consequential hyposialylation leads to the activation of a4p1 integrins

on monocytes, resulting in increased adhesion to the endothelium through VCAM-1.

Furthermore, dysfunction of lipid metabolism is the major risk factor for atherosclerosis.
Lipoproteins are known to play a crucial role in atherosclerosis, with low-density lipoprotein
(LDL) and very-low-density lipoprotein (VLDL) promoting proatherogenic activities, while
high-density lipoprotein (HDL) exhibits multiple anti-atherogenic activities by facilitating the
efflux of intracellular cholesterol through reverse cholesterol transport (194). Both HDL and
LDL carry highly sialylated N-glycans, which modulate their function (33,195-197).
Desialylation of HDL particles reduce their ability of cholesteryl esterification, impairs reverse
cholesterol transport, and affects their association with lipases, ultimately impacting plasma

triglyceride levels and increasing the risk of CAD. Additionally, under pathological conditions,
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aberrations in HDL N-glycosylation, particularly in sialylation, can alter its
immunomodulatory capacity (26). HDL glycosylation can also be used as a biomarker; HDL
glycome distinguished between individuals who had CAD from those who did not within a
group of individuals equally at risk for heart disease (32). In addition, desialylation of LDL N-
glycans leads to cellular cholesteryl ester accumulation, contributing to the development of
coronary atherosclerosis. The uptake of desialylated LDL by macrophages can be mediated via
scavenger and galactose-specific lectin receptors. In contrast, this effect was not observed with
fully sialylated LDL particles (26). Mutations in the gene encoding asialoglycoprotein
receptor-1 (ASGR-1), a hepatic receptor that removes glycans from the circulation, have been
associated with reduced cholesterol levels and a lower risk of CAD (198). Moreover, a recent
study indicated that deletion of ASGR-1 has atheroprotective effects in macrophages and Apoe
"~ mice and alters plaque glycome, suggesting ASGR-1 as a therapeutic target and biomarker of
atherosclerosis as well as a regulator of plaque glycome (199). Similarly, N-glycosylation of
lectin-like oxidized low density lipoprotein receptor 1 (ox-LDL receptor 1) has also been
implicated to contribute to the pathogenesis of atherosclerosis (200,201). Furthermore, a study
by Betteridge et al. reported visualization of changes in the vascular endothelium after exposure
to neuraminidase (202). The enzyme cleaved the sialic acid residues, which reduced the depth
of the endothelial glycocalyx and increased vascular permeability. Interestingly, trans sialidase,
enzyme which transfers sialic acids from protein donors to other acceptors, has been isolated
from human atherogenic serum and suggested to be responsible for desialylation of LDL (203).
Therefore, the discovery of this enzyme and the results of subsequent studies led to conclusions
about the possible effect of trans sialidase on the initiation and development of atherosclerosis
(204). Moreover, sialylation has been demonstrated to be protective against 1gG-VLDL
interplay in arterial lesion formation in rabbits (205). This was further supported in humans, as
it was observed that 1gG core-fucosylated digalactosylated monosialylated glycan, FA2G2S1,
is strongly negatively correlated with VLDL levels which itself has been associated with
hypertriglyceridemia and dyslipidemia in general (39). Worth mentioning are also
apolipoproteins, the protein component of lipoproteins, which play an important role in lipid
transport, lipoprotein assembly, and receptor recognition. Although glycan repertoire of several
apolipoproteins remains undefined, glycan moieties play an integral role in apolipoprotein
function. So far determined alterations in apolipoprotein glycosylation revolve mostly around
(de)sialylation and correlate with several diseases manifesting in dyslipidemias (206).
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2.4.1.2 The role of N-glycosylation in systemic response to atherosclerosis

In addition to significant alterations in the N-glycosylation of endothelial cells and lipoproteins,
a similar trend has been observed on several plasma proteins indicating a systematic response
of an organism to inflammation (207). A recently published study investigated the association
of plasma proteins with coronary atherosclerosis and found that patients with stable plaques
had higher levels of acute phase proteins (AGP-1, A1lAT, ceruloplasmin and ACT),
hemopexin, and HPT compared to patients with unstable plagues. It was suggested that this
could be due to the fact that inflammatory processes are more pronounced and persistent in
patients with stable fibrous plaques (208). This finding is consistent with previous research
indicating that the vascular expression of AACT is associated with human vascular diseases,
atherosclerosis of the carotid arteries, and abdominal aortic aneurysm, and that AACT
contributes to the stability of plaques (209). Earlier research on sexual dimorphism in carotid
atherosclerotic plagues found that the content of acute phase proteins AGP-1 and AACT was
significantly increased in lesions in women compared to men (210). Additionally, studies have
shown a direct link between elevated ceruloplasmin levels and the frequency of CAD, as well
as an association with a higher risk of myocardial infarction (211). Taking into the account the
importance of plasma proteins in development of atherosclerotic plaques and importance of
glycosylation in protein function, glycome alterations of plasma proteins could lead to
significant protein dysfunction that could contribute to atherogenesis. As mentioned
previously, most profound changes of plasma proteins include presence of sLeX epitope and
increased branching (36). Terminal fucosylation and a2,3 sialylation are critical for sLeX
epitope synthesis, and cytokine-mediated upregulation of the hepatic enzymes ST3GAL4 and
FUT6 (86), crucial for sLeX biosynthesis, may be responsible for the observed increase in
abundance of sLeX epitope. In addition, GlycA, a complex heterogeneous NMR signal
originating from a subset of branched N-glycan residues on plasma proteins (72), has been
shown to be a strong predictor of CVDs and adverse CV events (21,73,75,212-214). Plasma
N-glycans were also shown to be associated with hypercholesterolemia, which is a major risk
factor for the development of atherosclerosis. Specifically, high-mannose and complex N-
glycans correlated with plasma cholesterol levels (215). Recent study by Wittenbecher et al.
showed predictive values of several plasma N-glycans, including complex N-glycans such as
FA2G2S1 and A2G2S2, for calculating risk of type 2 diabetes and CVD events (41).

Among myriad of plasma proteins, 1gG is crucial for modulating the immune-inflammatory

response that plays a key role in the pathogenesis of atherosclerosis (216,217). Atherosclerosis
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involves IgG against LDL, oxidized LDL (ox-LDL), and apolipoprotein B (ApoB) (218).
While it was found that 1gG isolated from atherosclerotic mice greatly promote atherosclerosis
(219), high levels of anti-ApoB 1gG decrease a risk of coronary events (220). Moreover, as
mentioned earlier, in vitro experiments have shown that 1IgG-VLDL interaction contribute to
the formation of arterial lesions (205). Therefore, it is not surprising that IgG N-glycosylation
is suggested to play an important role in the development of atherosclerosis (among other
CVDs) and N-glycosylation alterations have been shown as a risk factor for atherosclerosis,
independent of other established risk factors (39,40). To that note, sialylation has been
demonstrated to be protective against IgG-VLDL interplay (205), which was further supported
in humans, as it was observed that IgG monosialylated glycan structure (FA2G2S1) is strongly
inversely correlated with VLDL (39). Also, it was observed that the increased presence of
bisecting GIcCNAc in IgG glycome was positively associated with atherosclerotic plaques in
carotid and femoral arteries. In contrast, sialylated glycans without bisected GICNAc were
negatively associated (39). These alterations (decreased sialylation and increased bisecting
GIcNAc) were also indicated to contribute to the development of vascular cognitive
impairment in individuals with atherosclerosis (221). Decrease in sialylation of IgG is
associated with increased complement activation, which is associated with atherosclerosis and
CVD (222,223).

Decreased 1gG galactosylation and sialylation are also associated with hypertension (224,225),
an established risk factor for CVD, including coronary atherosclerosis (226). Similar trend was
observed in a mouse study investigating the link between obesity and hypertension (125). 1IgG
from mice with induced obesity by a high-fat diet (HFD) showed hyposialylation compared to
control mice. When transferred to 1gG-deficient mice, the hyposialylated IgG caused an
increase in blood pressure, demonstrating the functional role of IgG in hypertension
development. Notably, in HFD-fed mice supplemented with a sialic acid precursor, N-acetyl-
D-mannosamine (ManNAc), IgG sialylation was restored, protecting the mice from obesity-
induced hypertension development (125). Lastly, it was found that type 2 diabetes was
associated with a decrease in 1gG galactosylation and sialylation and an increase in the level of
bisected IgG glycoforms (227). The fact that all above mentioned conditions are associated
with similar IgG N-glycome traits further validates the “common soil” hypothesis underlying
the pathogenesis of cardiometabolic disorder (228).

Interestingly, there is bidirectional causality between 1gG N-glycosylation and metabolic traits

(BM, fasting plasma glucose, blood pressure, and lipids, with the corresponding abnormal
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conditions being obesity, diabetes, hypertension, and dyslipidemia) through independent
biological pathways - further suggesting that reciprocal regulation and coexistence between

IgG N-glycans and metabolic traits might accelerate the progression of CVDs (229).

Besides all mentioned conditions presenting higher risk of developing atherosclerosis, aging is
a known nonmodifiable risk factor for coronary atherosclerosis, and a link between increased
abundance of mannosylated glycans on cardiomyocytes and GDP-mannose pyrophosphorylase
B (GMPPB), an enzyme responsible for the synthesis of GDP-mannose, has been demonstrated
in the aging heart (230). Interestingly, high plasma mannose concentrations have recently been
shown to be associated with CAD independently of traditional CVD risk factors and to be an
independent predictor of adverse CVD events (231). Lastly, the total plasma sialic acid (TSA)
level, which includes bound and free Neu5Ac, was identified as a key metabolite that increased
in the plasma of patients with CAD. Sialic acid and its regulatory enzyme neuraminidase 1
(NEU-1) seem to play a key role in triggering myocardial ischemic injury. Targeting NeubAc
and NEU-1 may serve as a new avenue for therapeutic intervention of myocardial ischemia
injury (232,233).

2.4.2 N-glycosylation in other cardiovascular diseases

Besides the already discussed impact of N-glycosylation changes in development of
atherosclerosis, N-glycans also have an immense impact on distinct glycoproteins that are
essential for normal cardiovascular function. In aortic valve stenosis (AS), lumican found in
the thickened and calcified areas of the aortic valves has been shown to be hypoglycosylated.
Specifically, there is a reduced amount of lumican N-glycans carrying keratin sulfate structure
compared to the non-thickened and non-calcified areas. This hypoglycosylated lumican has
been found to promote the adhesion of macrophages to the aortic valve tissue, leading to
chronic inflammation and calcification of AS valves (234). It was also shown that human aortic
valve structure is spatially defined by N-glycomic signaling, and any dysregulation can
contribute to the AS development (235). In addition, decreased core fucosylation of N-glycans
presented on the TGF-B1 receptor (236) and epidermal growth factor receptor (EGFR) (237)
has been identified as a pivotal factor in deregulating the signaling pathways involved in
cardiac tissue remodeling, thus contributing to cardiac hypertrophy and heart failure (238-240).
lon channels are a crucial protein group for normal cardiovascular function, and their N-
glycosylation has been shown to be crucial for their activity. Aberrant N-glycans, especially

sialylated structures, on potassium and sodium channels, may impair their gating function,
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leading to arrhythmic activities (28). Furthermore, N-glycosylation is spatially and temporally
regulated in the myocardium, and different spatio-temporally regulated glycosylation of ion
channels, such as sialylation of sodium channels, can significantly impact cardiac electrical
signaling (241). Strikingly, it was just recently reported that glycan profiles differ in each
region of the cardiac tissue and change with aging (242). Plasma proteins are also becoming a
target of interest in CVD, and in addition to their association with atherosclerosis, a recent
study has shown that atrial fibrillation (AF) has a unique N-glycan signature in which a
decrease in bisecting structures and an increase in FA2G1 show a departure from the changes

observed in atherosclerotic CVDs and diabetes (45).

2.5 Glycosylation alterations as potential biomarker for CVDs

Glycosylation changes have the potential to serve as biomarkers for CVD prevention, early
detection, and progress monitoring. Researchers have worked to discover glycan biomarkers
from easily obtained samples such as plasma, a particular protein isolated from it, or the amount
of a particular monosaccharide. GlycA, for example, has been linked to a wide range of CVDs
(243). It has been associated with increased risk of various subtypes of heart failure (244),
prevalent carotid plaque, peripheral artery disease (213), coronary artery calcium in individuals
at low cardiovascular risk (245), subclinical coronary disease (214) and with risk of future
cardiovascular events and differential response to treatment (246). In addition, elevated GlycA
levels have also been associated with subclinical coronary atherosclerosis in patients with
rheumatoid arthritis, psoriasis, and lupus (73,76,247). In addition, GlycA is relatively easy to
measure and interpret, and as NMR technology becomes increasingly available in the clinic,
relatively rapid adoption of this method in routine clinical laboratories is possible, especially
since the cost of analysis is negligible once NMR equipment is acquired. However, the method
has its limitations; GlycA is also associated with other diseases related to general inflammation,

since its signal comes mainly from acute phase proteins (72).

On the other hand, analysis of total plasma protein N-glycome provides information on the N-
glycan composition of proteins included in GlycA signal as well as other proteins such as 1gG,
a2-macroglobulin, ceruloplasmin and fibrinogen, further extending the information on N-
glycosylation. Plasma protein N-glycome has been linked to CVDs and associated
complications (41,248), and could potentially serve as a valuable complementary test to current
diagnostic biomarkers. It provides more specific information about changes in the abundance

of certain N-glycan structures, which allows the development of different models for each CVD
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and thus improves the GlycA specificity problem. However, it is more complex and expensive

and would likely take longer to be introduced into routine laboratories.

The problem of specificity can be overcome by analyzing glycosylation of specific protein,
such as IgG. Findings of a recently published study suggested that IgG N-glycan profiles might
be potential biomarker of suboptimal health status (SHS) and shed light on future studies
investigating the pathogenesis of progression from SHS to non-communicable diseases
(NCDs) such as CVD (23). As mentioned previously, higher abundance of bisecting GICNAc
in 1gG N-glycome was positively associated with the presence of femoral and carotid
atherosclerotic plaques, whereas sialylated glycans lacking bisecting GICNAc were negatively
associated (39). Moreover, specific IgG N-glycans were associated with CVD risk beyond
classical risk factors and clinical parameters, in sex-specific matter. In women, 1gG glycoform
FA2G1 was inversely associated with CVD risk, whereas in men, a weighted score based on
IgG glycoforms FA2BG2S1 and FA2G2S2 was associated with higher CVD risk (40). 1gG N-
glycosylation is also extensively associated with CHA>DS,-VASc score for the stroke risk in
patients with AF. In particular, strongest association were found for bisected 1gG glycan
structure FA2B (45). Recently, a study by Wu et al. developed 1IgG N-glycosylation
cardiovascular age (GlyCage) index for assessing and predicting CV health based on glycomic
analysis. The strongest contributors to GlyCage index were fucosylated N-glycans with
bisecting GIcNAc (FA2B) and digalactosylated N-glycans with bisecting GIcNAc (A2BG2)
(42).

Lastly, the measurement of a specific monosaccharide level in CVD has also shown biomarker
potential. High plasma mannose levels were associated with coronary atherosclerosis and
myocardial infarction independently of traditional CVD risk factors (231,249), while core
fucose level has been associated with cardiac remodeling, hypertrophy, and heart failure (240).
The degree of core fucosylation related to cardiac remodeling can be easily detected by core
fucose-specific lectins; therefore, core fucosylation can be considered as a candidate biomarker
of cardiac pathology (240). In addition to mannose and core fucose, elevated sialic acid
concentration in plasma and serum has been positively correlated with the presence of CVD
(250), especially with atherosclerosis and CAD, independently of other risk factors (233).
Targeting NeuSAc metabolism seems to be a promising approach for the development of new
therapeutic strategies for CVDs. Of all proteins involved in NeuSAc metabolism, NEU-1 is the
most likely therapeutic target, and its inhibition has been proposed as a potential therapeutic

approach for atherosclerosis (251-254) and cardiomyopathy (255,256). NEU-1 was identified
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as a critical driver of cardiac hypertrophy (257) and its abnormal activation has been linked to
CAD and, in particular, to acute myocardial infarction, whereas silencing NEU-1 reduced TSA,
improved myocardial ischemic injury, reduced inflammatory cell accumulation, and improved
cardiac function (232). Interestingly, some neuraminidase inhibitors such as oseltamivir and
zanamivir are recognized as influenza agents, raising the possibility of expanding their medical
use to protect cardiomyocytes and the heart from myocardial injury in some cases (232). In this
regard, a clinical trial in which patients with chronic heart failure receive either oseltamivir or
placebo (in addition to standard heart failure therapy) is currently underway to determine the
effect of oseltamivir on serum Neu5Ac levels and to evaluate clinical outcomes in patients with

heart failure using oseltamivir (ClinicalTrials.gov Identifier: NCT05008679).
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3.1 Participants of the study
3.1.1 CAPIRE study

Blood plasma samples from 472 participants in the CAPIRE study were used for this study.
CAPIRE (ClinicalTrials.gov Identifier: NCT02157662) is a multicenter, prospective,
observational study designed to identify novel mechanisms to promote or protect against
coronary atherothrombosis (44). The study enrolled male and female subjects aged 45 to 75
years who underwent 64-slice computed tomography angiography (CCTA) for suspected
coronary atherothrombosis without prior clinical manifestations of CAD, including acute
myocardial infarction, unstable angina, chronic stable angina, prior percutaneous or surgical
coronary revascularization, and heart failure. On the basis of CCTA, participants were divided
into CAD— (clean coronary arteries, n=316) and CAD+ (coronary atherosclerosis extended to
> 5 of the 16 segments according to the AHA classification (258), n=156). Samples were
collected at two time points — at enrollment in the study and after a 2-year follow-up period.
Samples from each participant enrolled in the study were collected in a single dedicated

biological bank (SATURNE-1; Mario Negri Institute of Pharmacological Research, Milan,
Italy).

The exclusion criteria for CAPIRE participants were as follows: (a) previous cardiovascular
events (acute myocardial infarction, unstable angina, chronic stable angina, previous
percutaneous or surgical coronary revascularization, heart failure), (b) previous heart disorders
such as dilated cardiomyopathy (regardless of aetiology), obstructive hypertrophic
cardiomyopathy, atrial fibrillation, and myocarditis, and (c) active inflammatory or neoplastic

disease.

Participants were followed up for a total of eight years, with detailed data on health status and

the occurrence of major adverse cardiac events (MACE) being recorded.

The CAPIRE study was conducted in accordance with the guidelines of the Declaration of
Helsinki on Medical Research Involving Human Subjects and was approved by the Research
Ethics Committee at each sampling site, while the research conducted within this dissertation
was approved by Ethics Committee of the Faculty of Medicine, University of Zagreb.

31



3.3 Analysis of N-glycans

Before analysis, all plasma samples were randomly distributed to 96-well sample collection
plates, taking into account sex and age of the participants and the study group to which they
were assigned. Five standard samples were added to each plate to eliminate experimental error
and a one water sample was added as a blank. For the determination of N-glycans of total
plasma proteins, 10 uL of plasma was used, whereas IgG was isolated from 100 puL of plasma
using a 96-well protein G monolithic plate (BIA Separations, Ajdovs¢ina, Slovenia). N-glycans
were enzymatically released from proteins with N-glycosidase F, fluorescently labeled with 2-
aminobenzamide (2-AB) and purified. The fluorescently labeled N-glycans were analyzed by
HILIC-UHPLC-FLR.

3.3.1 Isolation of IgG

Isolation of IgG from plasma samples followed a protocol based on immunoaffinity
chromatography (115). 1gG was isolated from 100 uL of plasma using a 96-well protein G
monolithic plate. The plasma was first diluted 7-fold with phosphate buffer (1x PBS) and then
transferred to a wwPTFE Acroprep 0.45 pum filter plate with polypropylene membrane. Plasma
was purified by vacuum filtration using a filter plate manifold stand coupled with the vacuum
pump. The filtered plasma (flow-through) was collected in the 96-well 2 mL collection plate

and transferred to a preconditioned 96-well protein G monolithic plate.

The protein G monolithic plate was preconditioned before transferring the filtered plasma.
Preconditioning was done in the following order: first, the storage buffer was filtered through,
then the plate was washed with 2 mL of ultra-pure water, 2 mL of 1x PBS, and 1 mL of 0.1 M
formic acid (HCOOH) per well. The plate was then neutralized with 2 mL of 10x PBS per well
and equilibration was performed with 2 washes with 2 mL of 1x PBS per well.

After binding of 1gG from plasma to protein G within the plate, the protein G monolithic plate
was washed three times with 2 mL of 1x PBS per well to remove any unbound proteins. 1gG
was eluted with addition of 1 mL of 0.1M HCOOH per well of the protein G monolithic plate
and collected in a 1 mL collection plate. The collection plate containing the eluted 19gG was
removed from the manifold stand and 170 pL of neutralization buffer (1M ammonium
bicarbonate, NHsHCO3) was added to the wells. 300 uL of the IgG eluates was transferred to
a new 1 mL collection plate and dried overnight in a concentration centrifuge while the

remaining volume of IgG eluate was stored in the freezer at -20 °C.
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After 1gG isolation, it is necessary to regenerate and properly store the protein G monolithic
plate. The protein G monolithic plate was placed on the manifold stand, and a waste collection
basin placed under it. First, 2 mL of 0.1M HCOOH was added to each well of the protein G
plate, then 2 mL of 10x PBS and lastly 4 mL of 1x PBS. All solutions filtered through the
protein G plate. In the end, storage buffer was added on the protein G plate, and the plate was

stored at 4 °C.

3.3.2 Deglycosylation, labeling of N-glycans and purification

Dried IgG samples were denatured by resuspension in 30 uL of 1.33% sodium dodecyl sulfate
(SDS) followed by incubation at 65°C for 10 minutes. Plasma samples (10 ul) were denatured
with the addition of 20 pl of 2% SDS and by incubation at 65 °C for 10 minutes. After
denaturation, the protocol for deglycosylation, labeling and purifying of N-glycans was
identical for IgG and plasma samples. 10 pL of 4% Igepal was added to neutralize the excess
SDS, and samples were put on shaker for 15 minutes. Subsequently, N-glycans were released
by adding 1.2 U PNGase F in 10 uL of 5x PBS per sample, followed by overnight incubation
at 37 °C.

The released N-glycans were labeled with fluorescent dye 2-AB. 25 pL of the prepared labeling
solution was added to each sample, after which the samples were incubated at 65 °C for two
hours. Residual dye and other reagents were removed from the sample by solid phase extraction
(SPE) using a wwPTFE Acroprep 0.20 um polypropylene membrane filter plate. After
incubation for two hours, 700 uL of acetonitrile (CH3CN) was added to the samples. The filter
plate was preconditioned with 200 uL of 70% ethanol (CH3CH>OH), 200 uL ultra-pure water,
and then 200 uL 96% CH3CN per well. The samples were transferred to a filter plate and
vacuum was applied to remove solvent from the samples, while the glycans were being bound
to the hydrophilic-enriched membranes in the wells of the filter plate. The samples were then
washed five times with 200 uL of 96% CHsCN per well, after which the glycans were eluted
from the plate with 180 uL of ultra-pure water.

3.3.3 HILIC-UHPLC-FLR analysis of 2-AB labelled N-glycans

Fluorescently labelled N-glycans were analyzed by HILIC-UHPLC-FLR on an Acquity UPLC
H-Class instrument (Waters, USA) consisting of a quaternary solvent manager, a sample
manager, and a fluorescence detector set with excitation and emission wavelengths of 250 and
428 nm, respectively. The instrument was controlled by Empower 3 software, build 3471

(Waters, Milford, USA). Samples were kept at 10 °C before injection, and the separation
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temperature was 60 °C for IgG and 25 °C for plasma N-glycans. Glycans were separated with
Waters chromatographic glycan BEH columns, using a 150 mm column to separate plasma
protein glycans and a 100 mm column for the separation of 1gG glycans. Solvent A, the
hydrophilic fraction of the mobile phase, was 0.1M ammonium formate (NHsHCO>), pH 4.4.
Solvent B, the hydrophobic fraction of the mobile phase, was 100% CH3CN (LC-MS grade
purity). Plasma protein glycans were separated using a linear gradient of 70-53% solvent B at
a flow rate of 0.56 ml/min in a 25-minute analytical run (Table 1). Separation of IgG glycans
was performed with a linear gradient of 75-62% solvent B at a flow rate of 0.4 ml/min in a 29-

minute analytical run (Table 2).

Table 1. Solvent gradient used during N-glycosylation analysis of total plasma proteins

Time (min) Flow (mL/min) Solvent A (%) Solvent B (%)

0.00 0.561 30 70

1.47 0.561 30 70

24.81 0.561 47 53
25.50 0.250 100 0

28.00 0.250 100 0

29.00 0.250 30 70
32.50 0.561 30 70
45.00 0.400 0 100
55.00 0.000 0 100

Table 2. Solvent gradient used during N-glycosylation analysis of 19G

Time (min) Flow (mL/min) Solvent A (%) Solvent B (%)

0.00 0.400 25 75
29.00 0.400 38 62
30.00 0.400 100 0

32.00 0.400 100 0

33.00 0.400 25 75
38.00 0.400 25 75
39.00 0.400 0 100
47.00 0.000 0 100

Samples for analysis were prepared by mixing with 100% CH3CN (LC-MS purity level) in a
ratio of 25:75 (v:v) for 1IgG N-glycans, and 30:70 (v:v) for plasma proteins N-glycans. The
method was calibrated using an external standard of hydrolyzed and 2-AB labeled glucose

oligomers (dextran), by means of which the retention times of individual glycans were

34



converted into glucose units (GU). After the system has been equilibrated to starting conditions
and the FLR detector has been stabilized, an analysis was run. In each UHPLC analysis,
samples were run along with blanks and internal UHPLC standards prepared in-house
following internal standardized operational protocol (2-AB labeled N-glycans from pooled
IgG). Data processing was performed using an automatic processing method with a traditional
integration algorithm, after which each chromatogram was manually corrected to maintain the
same intervals of integration for all the samples. Before manual integration, quality control
(QC) of all chromatograms was performed. This included sufficient intensity of the signal for
the integration and acceptable shape (without tailing, fronting, and peak splitting) of all peaks,
absence of baseline drift, absence of significant shift of chromatogram peaks (<0.05 glucose
units) and dextran ladder (<0.06 min), and absence of any unexpected peaks within the
chromatogram. Chromatogram of total plasma proteins was separated into 39 glycan
(chromatographic) peaks (GP1 — GP39), and the chromatogram of IgG into 24 glycan
(chromatographic) peaks (GP1 — GP24) (Figures 6 and 7, Table 3) within which the glycan
structures were previously determined and known (53,108). The relative amount of glycans
within each peak is expressed as a percentage of the total area of all integrated peaks, calculated

according to the following formula:

GP1 = x 100

total

where GPotal represents the total integrated area, i.e., the sum of all individual GPs (GP1 + GP2
+ ... + GP39, for plasma protein glycans, and GP1 + GP2 + ... + GP24 for 1gG glycans). The
amount of glycans for the remaining glycan GPs of plasma proteins or I1gG is calculated in the
same way. This procedure is referred to as normalization of GPs to the total area of the

chromatogram.

In addition to the directly measured glycan traits, derived glycan traits were also calculated
based on similar structural features of the analyzed glycans (e.g., number of glycan branches,
presence of core fucose, oligomannose glycans, etc.). A total of 9 derived traits were calculated
for the N-glycome of IgG and 16 for the N-glycome of total plasma proteins. Table 4 shows

the calculation of the derived glycan traits.
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Table 3. Detailed description of major glycan structures corresponding to every plasma protein and 1gG individual glycan peak (GP)*

Origin Glycan peak Glycan structure Description

plasma GP1 FA2 core fucosylated, biantennary

plasma Gp2 F,:\AZSB, ﬁ?g;ﬁ fmugﬁzzgeged, biantennary with bisecting GIcNAc;

plasma GP3 A2BG1 monogalactosylated, biantennary with bisecting GIcNAc

plasma GP4 FA2[6]G1 core fucosylated and monogalactosylated, biantennary

plasma GP5 FA2[3]G1 core fucosylated and monogalactosylated, biantennary

plasma GP6 FA2[6]BG1 core fucosylated and monogalactosylated, biantennary with bisecting GIcNAc
plasma GP7 M6 high mannose

plasma GP8 A2G2 digalactosylated, biantennary

plasma GP9 A2BG2 digalactosylated, biantennary with bisecting GIcNAc

plasma GP10 FA2G2 core fucosylated, digalactosylated, biantennary

plasma GP11 FA2BG2 core fucosylated, digalactosylated, biantennary with bisecting GICNAc
plasma GP12 M7 high mannose

plasma GP13 FA2G1S1 core fucosylated, monogalactosylated and monosialylated biantennary
plasma GP14 A2G2S1 digalactosylated and monosialylated biantennary

plasma GP15 A2BG2S1 digalactosylated and monosialylated biantennary with bisecting GICNAc
plasma GP16 FA2G2S1 core fucosylated, digalactosylated and monosialylated biantennary

plasma GP17 FA2BG2S1 core fucosylated, digalactosylated and monosialylated biantennary with bisecting GICNAc
plasma GP18 A2G2S2 digalactosylated and disialylated biantennary

plasma GP19 M9 high mannose

plasma GP20 A2G2S2 digalactosylated and disialylated biantennary

plasma GP21 A2G2S2 digalactosylated and disialylated biantennary

plasma GP22 FA2G2S2 core fucosylated, digalactosylated and disialylated biantennary

plasma GP23 FA2BG2S2 core fucosylated, digalactosylated and disialylated biantennary with bisecting GIcNAc
plasma GP24 A3G3S2 trigalactosylated and disialylated triantennary

plasma GP25 A3G3S2 trigalactosylated and disialylated triantennary
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Table 3 - continued

plasma GP26 A3G3S2 trigalactosylated and disialylated triantennary
plasma GP27 A3F1G3S2 antennary fucosylated, trigalactosylated and disialylated triantennary
plasma GP28 A3G3S3 trigalactosylated and trisialylated triantennary
plasma GP29 A3G3S3 trigalactosylated and trisialylated triantennary
plasma GP30 A3G3S3 trigalactosylated and trisialylated triantennary
plasma GP31 FA3G3S3 core fucosylated, trigalactosylated and trisialylated triantennary
plasma GP32 A3G3S3 trigalactosylated and trisialylated triantennary
plasma GP33 A3F1G3S3 antennary fucosylated, trigalactosylated and trisialylated triantennary
plasma GP34 FA3G3S3 core fucosylated, trigalactosylated and trisialylated triantennary
plasma GP35 FA3F1G3S3 core fucosylated, antennary fucosylated, trigalactosylated and trisialylated triantennary
plasma GP36 A4G4S3 tetragalactosylated and trisialylated tetraantennary
plasma GP37 A4G454 tetragalactosylated and tetrasialylated tetraantennary
plasma GP38 A4GAS4 tetragalactosylated and tetrasialylated tetraantennary
plasma GP39 A4F1G4S4; antennary fgcosylated, tetragalactosylated and tetrasial_ylated tetraantennary;
A4F2G4S4 antennary difucosylated, tetragalactosylated and tetrasialylated tetraantennary;
Origin Glycan peak Glycan structure Description
IgG GP1 FAl core fucosylated, monoantennary
1gG GP2 A2 agalactosylated, biantennary
1gG GP3 A2B biantennary with bisecting GIcNAc
1gG GP4 FA2 core fucosylated, biantennary
1gG GP5 M5 high mannose
IgG GP6 FA2B core fucosylated, biantennary with bisecting GIcNAc
1gG GP7 A2[3]G1 monogalactosylated, biantennary
IgG GP8 A2BG1; monogalactosylated, biantennary with bisec?ing GIcNACc;
FA2[6]G1 core fucosylated and monogalactosylated, biantennary
IgG GP9 FA2[3]G1 core fucosylated and monogalactosylated, biantennary
IgG GP10 FA2[6]BG1 core fucosylated and monogalactosylated, biantennary with bisecting GIcNAc
IgG GP11 FA2[3]BG1 core fucosylated and monogalactosylated, biantennary with bisecting GIcNAc
IgG GP12 A2G2 digalactosylated, biantennary
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Table 3 - continued

[o]€ GP13 A2BG2 digalactosylated, biantennary with bisecting GIcNAc
IgG GP14 FA2G2 core fucosylated, digalactosylated, biantennary
1gG GP15 FA2BG2 core fucosylated, digalactosylated, biantennary with bisecting GIcNAc
IgG GP16 A2BG1S1 monogalactosylated and monosialylated biantennary with bisecting GIcNAc
1gG GP17 A2G2S1 digalactosylated and monosialylated biantennary
IgG GP18 A2BG2S1; digalactosylated an_d monosialylated biantenn_ary with bi_secting GIcNACc;
FA2G2S1 core fucosylated, digalactosylated and monosialylated biantennary
1gG GP19 FA2BG2S1 core fucosylated, digalactosylated and monosialylated biantennary with bisecting GICNAc
IgG GP21 A2G2S2 digalactosylated and disialylated biantennary
IgG GP22 A2BG2S2 digalactosylated and disialylated biantennary with bisecting GICNAc
1gG GP23 FA2G2S2 core fucosylated, digalactosylated and disialylated biantennary
IgG GP24 FA2BG2S2 core fucosylated, digalactosylated and disialylated biantennary with bisecting GIcNAc

*structure abbreviations — all N-glycans have two core GIcNAcs; F at the start of the abbreviation indicates a core-fucose al1,6-linked to the inner GIcNAc; Mx, number (x) of mannose on core
GlcNAcs; Ax, number of antenna (GlcNAc) on trimannosyl core; A2, biantennary with both GlcNAcs as $1,2-linked; A3, triantennary with a GlcNAc linked 1,2 to both mannose and the third
GlcNAc linked B1,4 to the al,3 linked mannose; A4, GlcNAcs linked as A3 with additional GIcNAc 1,6 linked to a1,6 mannose; B, bisecting GlcNAc linked 1,4 to B1,3 mannose; G(x), number
(x) of B1,4 linked galactose on antenna; F(x), number (x) of fucose linked a1,3 to antenna GlcNAc; S(x), number (x) of sialic acids linked to galactose
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Table 4. Derived glycan traits calculated from initial glycan peaks

Derived plasma
glycan traits

Description

Formula

Proportion of mono- and biantennary structures in the

GP1+GP2/2+GP3+GP4+GP5+GP6+GP7+GP8+GP9+GP10+GP11+

the total plasma N-glycome

LB total plasma N-glycome GP12+GP13+GP14+GP15+GP16+GP17+GP18+GP20+GP21+GP22+GP23

HB Proportion of tri- and tetraantennary structures in the GP24+GP25+GP26+GP27+GP28+GP29+GP30+GP31+GP32+GP33+
total plasma N-glycome GP34+GP35+GP36+GP37+GP38+GP39

G0 Proportion of agalactosylated structures in the total GP1+GP2/2
plasma N-glycome

G1 Proportion of monogalactosylated structures in the total GP3+GP4+GP5+GP6+GP12+GP13
plasma N-glycome

G2 Proportion of digalactosylated structures in the total GP8+GP9+GP10+GP11+GP14+GP15+GP16+GP17+GP18+GP20+
plasma N-glycome GP21+GP22+GP23

G3 Proportion of trigalactosylated structures in the total GP24+GP25+GP26+GP27+GP28+GP29+GP30+GP31+GP32+GP35
plasma N-glycome

ca Proportion of tetragalactosylated structures in the total GP33+GP34+GP36+GP37+GP38+GP39
plasma N-glycome

S0 Er_c;ﬁ’;gggq”e‘)f asialylated structures in the total plasma | 51 4 5po /94 GP3+GPA+GP5+GPE+GP8+GPI+GP10+GP11

s1 Proportion of monosialylated structures in the total GP12+GP13+GP14+GP15+GP16+GP17
plasma N-glycome

s Zr_cg;;(r:g%neof disialylated structures in the total plasma GP18+GP20+GP21+GP22+GP23+GP24+GP25+GP26

$3 lP\lr_c:;pl))c;(r;)lE]aneof trisialylated structures in the total plasma GP27+GP28+GP29+GP30+GP31+GP32+GP33+GP34+GP35

s4 Proportion of tetrasialylated structures in the total GP36+GP37+GP38+GP39
plasma N-glycome

B Eroportlon of structures containing bisecting GIcNAc GP2/2+GP3+GP6+GP9+GP11+GP12+GP15+GP17+GP214+GP23
in the total plasma N-glycome

HM Proportion of high mannose structures in the total GP2/2+GP7+GP19
plasma N-glycome

CE Proportion of structures containing core fucose in the GP1+GP2/2+GP4+GP5+GP6+GP10+GP11+GP13+GP16+GP17+GP22
total plasma N-glycome +GP23+GP29+GP31

AF Proportion of structures containing antennary fucose in GP32+GP35+GP39
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Table 4 - continued

Derived IgG glycan

a Description Formula
traits

G0 Proportion of agalactosylated structures in the total 1gG GP1+GP2+GP3+GP4+GP5+GP6
N-glycome

G1 Proportion of monogalactosylated structures in the total GP7+GP8+GP9+GP10+GP11+GP16
IgG N-glycome

G2 rgrgpﬁr_téf;cgfni‘ga'aCtOSy'ated structures inthe total | 5515, 5p131GP14+GP15+GP17+GP18+GP19+GP21+GP22+GP23+GP24

S0 Proportion of asialylated structures in the total IgG N- | GP1+GP2+GP3+GP4+GP5+GP6+GP7+GP8+GP9+GP10+GP11+GP12
glycome +GP13+GP14+GP15

s1 Proportion of monosialylated structures in the total 1gG GP16+GP17+GP18+GP19
N-glycome

52 glr;f:r;{:aon of disialylated structures in the total IgG N- GP214GP22+GP23+GP24

B I_Droportlon of structures containing bisecting GIcNAc GP3+GP6+GP10+GP11+GP13+GP15+GP19+GP22+GP24
in the total 1gG N-glycome

CE Proportion of structures containing core fucose in the GP1+GP4+GP6+GP8+GP9+GP10+GP11+GP14+GP15+GP16+GP18+
total 1I9G N-glycome GP19+GP23+GP24

FBS1/(FS1+FBS1) Propor_tlon of bisecting GIcNAc in all fucosylated GP19/ SUM(GP16 + GP18 + GP19)
monosialylated structures
FBS1/FS1 Pr_oportlop of core fucosylated monosialylated with and GP19 / SUM(GP16 + GP18)
without bisecting GIcNAc
FGS/(F+EG+EGS) | Froportion of sialylated glycans of all fucosylated SUM(GP16 + GP18 +GP23) / SUM(GP16 + GP18 + GP23 + GP4 + GP8 + GP9 + GP14)

structures without bisecting GIcNAc
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3.4 Statistical analysis

To remove experimental variation from the measurements, normalization and batch correction
was performed on the UHPLC glycan data. To make measurements across samples
comparable, normalization by total area was performed. Prior to the batch correction,
normalized glycan measurements were log-transformed due to right-skewness of their
distributions and the multiplicative nature of batch effects. Batch correction was performed on
log-transformed measurements using the ComBat method (R package sva), where the technical
source of variation (which sample was analyzed on which plate) was modelled as batch
covariate. To correct measurements for experimental noise, estimated batch effects were

subtracted from log-transformed measurements.
Data were analyzed and visualized using R programming language (version 4.0.2).

Association analyses between CAD status and baseline glycomic measurements were
performed using a regression model. Analyses included glycan measurement as dependent
continuous variable, CAD status was included as independent variable, with age and sex
included as additional covariates. To gain insight into associations between N-glycome and
CAD separately in women and men, sex-stratified analyses were performed. For sex-stratified
analyses of association between CAD status and baseline glycomic measurements, two
regression models were used. In model 1, glycan measurements were included as dependent
continuous variable; CAD status was included as independent variable, with age included as
additional covariate. In model 2, glycan measurements were included as dependent continuous
variable, and CAD status was included as independent variable, with age, BMI, smoking, and
diabetes included as additional covariates. For sex-stratified two-time points analyses of
samples through their observation period, two linear mixed-effects models (LMM) were
implemented. In first LMM model, glycan measurements were included as dependent
continuous variable, time, CAD status, age, and interaction between time and CAD
(CAD:time) status were modelled as fixed effects, while individual sample ID was modeled as
a random intercept. In second LMM model, glycan measurements were included as dependent
continuous variable, time, CAD status, age, BMI, smoking, diabetes, BMI:time, smoking:time,
diabetes:time, and CAD:time were modelled as a fixed effects, while individual sample 1D was
modeled as a random intercept. Prior to analyses, glycan variables were all transformed to
standard Normal distribution (mean = 0, sd = 1) by inverse transformation of ranks to

Normality (R package “GenABEL”, function rntransform). Using rank transformed variables
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in analyses makes estimated effects of different glycans in different cohorts comparable as
transformed glycan variables have the same standardized variance. False discovery rate was

controlled using Benjamini—-Hochberg procedure (function p.adjust(method = “BH”)).

To examine the relationship between N-glycans and the occurrence of MACE, time-to-event
data were compared using cox proportional-hazards model. p-values less than 0.05 were
considered significant. Kaplan-Meier curves were utilized for visualization of the survival

probabilities.
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4. RESULTS
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N-glycome composition was analyzed in CAPIRE participants classified by CCTA into CAD-
(clean coronary arteries, n = 316) and CAD+ (diffuse coronary atherosclerosis with or without
coronary stenosis, n = 156), whose samples were collected at inclusion point and after the 2-
year follow up period. Descriptive information on the included participants is provided in Table
5. Briefly, participants in the CAD+ category were more often male, older, and heavier than
subjects in the CAD- category; most clinical and metabolic parameters differed between the
two groups, as expected. At the two-year follow-up point, a total of 285 samples were collected
— CAD+ (101) and CAD— (184).

Table 5. Characteristics of the participants at inclusion point

All population (n=472)  CAD- (n=316) CAD+ (n=156)

Age (y), median (IQR) 60.2 (52.6-67) 56.7 (50.9-65.8)  64.7 (58-69.6)
Sex (W), n % 42% 53% 19%

BMI (kg/m?), median (IQR) 25.9 (23.7-29) 25.4 (23.2-28.2)  27.1(24.7-29.9)
Diabetes, n (%) 12% 8% 21%
Smoking, n (%) 25% 21% 35%

4.1 Association of N-glycosylation with coronary artery disease

An analysis of differences between CAD+ and CAD— cases was performed using a regression
model, with age (and BMI, smoking, and diabetes) included as additional covariates to
minimize the impact of these risk factors on the results. While no statistically significant
differences were detected in 1gG N-glycome (Appendix 2), several statistically significant

differences were observed in plasma N-glycome (Table 6).

Firstly, the ability of plasma N-glycans to discriminate individuals with coronary
atherosclerosis from those with clear coronary arteries at the inclusion point of the study was
investigated. The performance of derived plasma N-glycan traits obtained by averaging
specific glycosylation features (refer to Table 3 for detailed descriptions of the derived traits)
was evaluated. The analysis revealed that out of the 16 derived plasma glycan traits examined,
10 exhibited significant differences (adjusted p-value < 0.05) between participants with
coronary artery disease (CAD+) and those without (CAD-). Notably, glycans with low
branching and monogalactosylation along with core fucose displayed a significant negative
association with CAD+, while more complex highly branched (tri- and tetraantennary),
sialylated glycans with antennary fucose were significantly positively associated with CAD+

participants (Table 6).
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Subsequently, a comparison of directly measured glycan traits between the CAD+ and CAD-
groups was conducted. Among the 39 directly measured plasma glycan traits (GPs) examined,
20 showed significant differences between the two groups (Table 6). Most pronounced
differences (adjusted p-value < 0.001) between the studied groups were observed in glycan
peaks GP32, GP35, and GP13. Noteworthy, even after further adjustments for diabetes,
smoking, and BMI, the associations remained positively statistically significantly between
CAD+ and two plasma N-glycan structures: GP35 (core fucosylated, trigalactosylated and
trisialylated structure with core fucose) and GP7 (a high-mannose structure) (Appendix 3 and
4).

Table 6. Statistical analysis of associations between plasma protein N-glycosylation traits and coronary artery disease at the
time of inclusion. Glycan data were adjusted for age and sex, whereas the false discovery rate was controlled by the Benjamini-
Hochberg method. Only statistically significant differences are shown.

Glycan trait Effect SE p-value Padj-value
GP4 -0.29 0.1069 5.83E-03 1.29E-02
GP5 -0.31 0.1064 3.13E-03 8.61E-03
GP7 -0.35 0.1057 1.07E-03 5.75E-03
GP9 -0.34 0.1067 1.27E-03 5.75E-03

GP10 -0.32 0.0993 1.12E-03 5.75E-03
GP11 -0.34 0.1065 1.48E-03 5.75E-03
GP13 -0.46 0.1062 1.61E-05 2.94E-04
GP15 -0.29 0.1059 5.48E-03 1.29E-02
GP16 -0.33 0.1030 1.27E-03 5.75E-03
GP17 -0.32 0.1066 2.63E-03 7.62E-03
GP18 -0.33 0.1067 2.02E-03 6.55E-03
GP20 0.39 0.1072 2.47E-04 2.26E-03
GP26 0.27 0.1043 9.17E-03 1.80E-02
GP27 0.32 0.0994 1.36E-03 5.75E-03
GP32 0.52 0.1050 9.98E-07 2.74E-05
GP33 0.37 0.0995 1.84E-04 2.26E-03
GP34 0.23 0.1034 2.50E-02 4.58E-02
GP35 0.51 0.1022 7.55E-07 2.74E-05
GP37 -0.27 0.1042 8.54E-03 1.80E-02
GP39 0.29 0.1050 5.37E-03 1.29E-02
AF 0.37 0.1003 2.31E-04 2.26E-03
B -0.28 0.1080 8.85E-03 1.80E-02
CF -0.34 0.1074 1.57E-03 5.75E-03
Gl -0.37 0.1065 6.12E-04 4.21E-03
G3 0.31 0.1074 4.06E-03 1.06E-02
HB 0.30 0.1074 5.88E-03 1.29E-02
LB -0.26 0.1076 1.48E-02 2.80E-02
SO -0.32 0.1078 2.59E-03 7.62E-03
S2 0.38 0.1073 3.45E-04 2.71E-03
S3 0.34 0.1074 1.76E-03 6.06E-03
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4.1.1 Sex-stratified association of N-glycosylation with coronary artery disease

Published data indicates strong sex-specific differences of protein N-glycome in CVD (40,41),
therefore sex-stratified N-glycan analysis was further performed to investigate sex-mediated
association with CAD.

4.1.1.1 Sex-stratified association of plasma N-glycosylation with coronary artery

disease
At inclusion point, significant plasma N-glycan differences were observed in both women and
men, going in the same direction regardless of sex, supporting cumulative statistically
significant differences observed in Table 6. All N-glycan abundances for CAD+ and CAD-
cases stratified by sex are shown in Tables 7 and 8. In women with angiographically diagnosed
CAD, 11 of the 39 directly measured plasma glycan traits (GPs) and two derived glycosylation
traits differed significantly between CAD+ and CAD- cases, while in men this was observed
for eight out of 39 measured GPs and four derived glycosylation traits. In general, a statistically
significant increase in highly branched (tri- and tetraantennary), more complex sialylated
glycan species with antennary fucose was observed in CAD+ (Table 7 and 8). Glycans that
showed the most significant differences between the studied groups (adjusted p-value < 0.01)

are shown on Figure 8.

Table 7. Statistical analysis of sex-stratified associations between 16 derived plasma protein N-glycosylation traits and
coronary artery disease at the time of inclusion. Glycan data were adjusted for age, whereas false discovery rates were
controlled for by the Benjamini-Hochberg method. Statistically significant differences are in bold.

Women Men

Glycan trait | effect SE p-value Padj-value | effect SE p-value Padj-value
AF 0.73 0.1883 1.17E-04 3.75E-03 0.25 0.1253 4.71E-02 1.22E-01
B -0.33 | 0.1990 9.33E-02 1.82E-01 -0.23 | 0.1285 7.13E-02 1.60E-01
CF -0.29 | 0.1971 1.31E-01 2.32E-01 -0.34 | 0.1274 8.00E-03 3.83E-02
GO 0.16 | 0.1839 3.74E-01 4.93E-01 -0.20 | 0.1276 1.16E-01 2.17E-01
Gl -0.31 | 0.1989 1.16E-01 2.17E-01 -0.37 | 0.1257 2.99E-03 2.22E-02
G2 -0.27 | 0.1851 1.38E-01 2.35E-01 0.19 0.1287 1.46E-01 2.42E-01
G3 0.35 0.1952 7.26E-02 1.60E-01 0.27 0.1284 3.64E-02 1.05E-01
G4 0.51 0.1952 8.92E-03 3.94E-02 -0.05 | 0.1294 6.96E-01 7.42E-01
HB 0.39 0.1943 4.12E-02 1.16E-01 0.24 0.1286 6.38E-02 1.49E-01
HM 0.05 0.2018 8.08E-01 8.46E-01 -0.23 | 0.1274 7.06E-02 1.60E-01
LB -0.38 | 0.1946 | 4.72E-02 1.22E-01 -0.20 | 0.1288 1.21E-01 2.19E-01
S0 -0.16 | 0.2003 4.09E-01 5.30E-01 -0.37 | 0.1272 4.02E-03 2.42E-02
S1 -0.46 | 0.1881 1.50E-02 6.12E-02 -0.09 | 0.1287 4.75E-01 5.70E-01
S2 0.14 | 0.2003 4.77E-01 5.70E-01 0.43 0.1266 6.69E-04 1.05E-02
S3 0.43 0.1938 2.49E-02 8.82E-02 0.28 0.1283 2.65E-02 8.83E-02
S4 0.47 0.1961 1.56E-02 6.12E-02 -0.05 | 0.1294 6.88E-01 7.42E-01
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Table 8. Statistical analysis of sex-stratified associations between directly measured plasma protein N-glycosylation traits and
coronary artery disease at the time of inclusion. Glycan data were adjusted for age, whereas false discovery rates were

controlled by the Benjamini-Hochberg method. Statistically significant differences are in bold.

Women Men
Glycan trait | effect SE p-value Pagj-value effect SE p-value | pagj-value
GP1 0.14 0.1864 | 4.49E-01 5.70E-01 -0.17 0.1278 1.83E-01 | 2.75E-01
GP2 0.11 0.1871 5.65E-01 6.54E-01 -0.18 0.1282 1.66E-01 | 2.56E-01
GP3 -0.11 | 0.2019 5.96E-01 6.69E-01 -0.05 0.1290 6.69E-01 | 7.29E-01
GP4 -0.23 | 0.1996 | 2.37E-01 3.43E-01 -0.31 0.1259 1.41E-02 | 5.97E-02
GP5 -0.21 | 0.2001 2.95E-01 4.11E-01 -0.36 0.1264 | 4.19E-03 | 2.42E-02
GP6 -0.03 | 0.1997 8.76E-01 8.88E-01 -0.25 0.1277 | 4.77E-02 | 1.22E-01
GP7 -0.08 | 0.1998 7.01E-01 7.42E-01 -0.40 0.1248 1.24E-03 | 1.52E-02
GP8 -0.14 | 0.1990 | 4.77E-01 5.70E-01 0.02 0.1279 8.79E-01 | 8.88E-01
GP9 -0.54 | 0.1945 5.10E-03 2.67E-02 -0.27 0.1278 3.58E-02 | 1.05E-01
GP10 -0.38 | 0.1698 2.61E-02 8.83E-02 -0.36 0.1217 3.12E-03 | 2.22E-02
GPI11 -0.27 | 0.1930 1.64E-01 2.56E-01 -0.36 0.1264 | 4.69E-03 | 2.58E-02
GP12 0.09 0.2015 6.50E-01 7.15E-01 -0.08 0.1288 5.35E-01 | 6.33E-01
GP13 -0.72 | 0.1917 1.68E-04 3.75E-03 -0.33 0.1273 8.94E-03 | 3.94E-02
GP14 0.11 0.2003 5.82E-01 6.67E-01 0.24 0.1252 5.23E-02 | 1.31E-01
GP15 -0.53 | 0.1954 6.51E-03 3.25E-02 -0.19 0.1284 1.39E-01 | 2.35E-01
GP16 -0.53 | 0.1740 | 2.31E-03 2.21E-02 -0.26 0.1263 3.52E-02 | 1.05E-01
GP17 -0.30 | 0.1971 1.18E-01 2.17E-01 -0.30 0.1277 1.85E-02 | 7.03E-02
GP18 -0.59 | 0.1954 | 2.61E-03 2.21E-02 -0.21 0.1277 9.45E-02 | 1.82E-01
GP19 0.24 0.1960 | 2.16E-01 3.21E-01 -0.02 0.1279 8.80E-01 | 8.88E-01
GP20 0.34 0.1986 8.09E-02 1.69E-01 0.38 0.1271 2.56E-03 | 2.21E-02
GP21 -0.17 | 0.1983 3.76E-01 4.93E-01 0.15 0.1287 2.32E-01 | 3.40E-01
GP22 0.12 0.1990 5.56E-01 6.50E-01 0.22 0.1287 8.97E-02 | 1.82E-01
GP23 -0.40 | 0.1993 4.20E-02 1.16E-01 0.01 0.1285 9.36E-01 | 9.36E-01
GP24 -0.27 | 0.2004 1.68E-01 2.56E-01 -0.09 0.1282 | 4.59E-01 | 5.70E-01
GP25 -0.29 | 0.1999 1.47E-01 2.42E-01 -0.07 0.1274 5.91E-01 | 6.69E-01
GP26 0.18 0.1970 3.59E-01 4.82E-01 0.29 0.1277 2.07E-02 | 7.61E-02
GP27 0.64 0.1911 8.44E-04 1.16E-02 0.22 0.1250 8.16E-02 | 1.69E-01
GP28 -0.37 | 0.2000 6.06E-02 1.45E-01 -0.06 0.1257 6.44E-01 | 7.15E-01
GP29 -0.29 | 0.2015 1.49E-01 2.42E-01 -0.18 0.1243 1.53E-01 | 2.44E-01
GP30 -0.15 | 0.1990 | 4.58E-01 5.70E-01 -0.02 0.1271 8.79E-01 | 8.88E-01
GP31 0.19 0.2018 3.41E-01 4.67E-01 0.21 0.1253 9.33E-02 | 1.82E-01
GP32 0.55 0.1893 3.56E-03 2.31E-02 0.48 0.1253 1.46E-04 | 3.75E-03
GP33 0.71 0.1891 1.70E-04 3.75E-03 0.26 0.1253 3.57E-02 | 1.05E-01
GP34 0.35 0.1984 7.89E-02 1.69E-01 0.19 0.1273 1.33E-01 | 2.32E-01
GP35 0.83 0.1831 8.22E-06 9.05E-04 0.39 0.1255 1.90E-03 | 2.08E-02
GP36 0.57 0.1938 3.22E-03 2.22E-02 -0.09 0.1288 4.73E-01 | 5.70E-01
GP37 -0.22 | 0.1999 | 2.60E-01 3.71E-01 -0.27 0.1252 3.23E-02 | 1.05E-01
GP38 0.37 0.1967 5.50E-02 1.34E-01 -0.12 0.1290 3.44E-01 | 4.67E-01
GP39 0.68 0.1908 4.13E-04 7.57E-03 0.13 0.1266 2.93E-01 | 4.11E-01
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Figure 8. Most prominent differences between CAD+ and CAD- cases in plasma N-glycan traits, stratified by sex. Boxes in
the boxplot range from 25th to 75th percentile, with the median represented as a line inside the box. Data outside the
whiskers’ ends are outliers and are plotted individually.

4.1.1.1.1 Antennary fucosylation and tetragalactosylation are positively associated with
coronary artery disease in women

The most prominent difference between the N-glycome of CAD+ and CAD- women was an
increase in the derived trait of total antennary fucosylation with CAD+ (Effect = 0.73, SE =
0.1883, padj = 3.75E-03). This change was driven by an increase in the entirety of highly
branched, complex antennary fucosylated structures found in plasma N-glycome (GP27, GP33,
GP35 and GP39). The single strongest association was found for GP35 (Effect = 0.83, SE =
0.1831, pagj = 9.05E-04), a triantennary and trisialylated structure with both core and antennary
fucose. Furthermore, derived trait increased solely in CAD+ women is tetragalactosylation
(Effect =0.51, SE = 0.1952, pagj = 3.94E-02), together with its corresponding glycan trait GP36
(Effect = 0.57, SE = 0.1938, pagj = 2.22E-02), a tetragalactosylated trisialylated N-glycan
structure (Table 7 and 8).

4.1.1.1.2 Core fucosylation, monogalactosylation and asialylation are negatively associated
with coronary artery disease in men

Monogalactosylation was significantly lowered in CAD+ men in comparison to CAD- (Effect
= -0.37, SE = 0.1257, padj = 2.22E-02), as well as core fucosylation (Effect = -0.34, SE =
0.1274, pagj = 3.83E-02). This was mainly driven by a decrease in mono- (and digalactosylated)
structures with core fucose: GP5, GP10, GP11, GP13. Moreover, asialylation was also lowered
(Effect = -0.37, SE = 0.1272, pagj = 2.42E-02) through a decrease of glycan traits GP5, GP10,
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and GP11. Conversely, disialylation was increased (Effect = 0.43, SE = 0.1266, pagj = 1.05E-
02). This was mainly due to increased glycan traits GP20 and GP26 (Table 7 and 8).

4.1.1.2 Sex-stratified association of IgG N-glycosylation with coronary artery disease

In contrast to plasma N-glycans, significant differences in IgG N-glycans were observed only
in women, which were in the opposite direction than in men. All N-glycan abundances for
CAD+ and CAD- cases stratified by sex are shown in Tables 9 and 10. In women with
angiographically diagnosed CAD, five of the 24 directly measured 1gG glycan traits and three
out of nine derived glycosylation traits differed significantly between CAD+ and CAD- cases,
whereas no differences were found in men. In general, a statistically significant increase in
agalactosylated glycan species and a decrease in sialylated glycan species was observed in
CAD+ women (Tables 9 and 10, Figure 9).

Table 9. Statistical analysis of sex-stratified associations between directly measured 1gG N-glycosylation traits and coronary
artery disease at the time of inclusion. Glycan data were adjusted for age, whereas false discovery rates were controlled by the
Benjamini-Hochberg method. Statistically significant differences are in bold.

Women Men
thz:;n Effect SE p-value | pagj-value | Effect SE p-value | pagji-value
GP1 0.29 0.1873 | 1.16E-01 | 3.74E-01 -0.07 0.1267 | 5.95E-01 | 9.02E-01
GP2 0.31 0.1966 1.15E-01 | 3.74E-01 0.01 0.1330 | 9.40E-01 | 9.80E-01
GP3 0.38 0.1699 | 2.29E-02 | 1.20E-01 0.08 0.1273 | 5.47E-01 | 9.02E-01
GP4 0.39 0.1670 | 1.83E-02 | 1.03E-01 0.06 0.1251 6.14E-01 | 9.02E-01
GP5 -0.10 0.1981 6.05E-01 | 9.02E-01 -0.05 0.1323 | 6.89E-01 | 9.47E-01
GP6 0.52 0.1699 | 2.36E-03 | 2.26E-02 0.17 0.1273 1.80E-01 | 4.36E-01
GP7 0.10 0.2049 | 6.24E-01 | 9.02E-01 -0.04 0.1328 | 7.47E-01 | 9.58E-01
GP8 -0.17 0.2045 | 4.11E-01 | 7.93E-01 -0.05 0.1292 | 6.78E-01 | 9.47E-01
GP9 -0.10 0.2035 | 6.21E-01 | 9.02E-01 -0.26 0.1313 | 448E-02 | 2.18E-01
GP10 0.30 0.2030 | 1.35E-01 | 3.99E-01 0.11 0.1325 | 4.00E-01 | 7.93E-01
GP11 0.30 0.1981 1.29E-01 | 3.99E-01 0.01 0.1314 | 9.52E-01 | 9.80E-01
GP12 0.03 0.1920 | 8.78E-01 | 9.58E-01 -0.02 0.1311 8.88E-01 | 9.58E-01
GP13 -0.15 0.1909 | 4.20E-01 | 7.93E-01 -0.23 0.1301 6.99E-02 | 2.70E-01
GP14 -0.29 0.1590 | 6.32E-02 | 2.70E-01 -0.17 0.1220 | 1.66E-01 | 4.34E-01
GP15 -0.14 0.1897 | 4.40E-01 | 8.06E-01 -0.07 0.1303 | 5.77E-01 | 9.02E-01
GP16 -0.51 0.2008 | 1.15E-02 | 7.84E-02 0.05 0.1330 | 6.97E-01 | 9.47E-01
GP17 -0.35 0.1956 | 6.81E-02 | 2.70E-01 0.06 0.1330 | 6.22E-01 | 9.02E-01
GP18 -0.58 0.1659 | 4.71E-04 | 6.40E-03 -0.04 0.1273 | 7.30E-01 | 9.55E-01
GP19 -0.59 0.1982 | 2.66E-03 | 2.26E-02 0.03 0.1325 | 8.22E-01 | 9.58E-01
GP20 -0.35 0.1973 | 7.55E-02 | 2.70E-01 -0.10 0.1303 | 4.50E-01 | 8.06E-01
GP21 -0.50 0.2000 | 1.12E-02 | 7.84E-02 0.09 0.1326 | 5.14E-01 | 8.96E-01
GP22 -0.19 0.2041 3.45E-01 | 7.32E-01 0.16 0.1324 | 2.09E-01 | 4.91E-01
GP23 -0.92 0.1852 | 9.41E-07 | 6.40E-05 -0.03 0.1298 | 8.40E-01 | 9.58E-01
GP24 -0.76 0.1964 | 1.18E-04 | 2.00E-03 0.32 0.1309 | 1.49E-02 | 9.20E-02
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Table 10. Statistical analysis of IgG N-glycan derived traits in CAD+ versus CAD- cases at inclusion point. Glycan data were
adjusted for age, whereas false discovery rates were controlled for by the Benjamini-Hochberg method. Statistically significant
differences are in bold.

Women Men
Glycan traits Effect  SE p-value v%dlﬂ-e Effect  SE p-value \P;dd;
S total -0.82 0.1705 1.99E-06 6.78E-05 0.03 0.1296 8.05E-01 9.58E-01
GO total 0.48 0.1599 2.51E-03 2.26E-02 0.10 0.1241 4.03E-01 7.93E-01
G1 total -0.03 0.2040 8.76E-01 9.58E-01 | -0.18 0.1293 1.56E-01 4.25E-01
G2 total -0.28 0.1584 7.29E-02 2.70E-01 | -0.17 0.1224 1.74E-01 4.36E-01
F total -0.02 0.2032 9.38E-01 9.80E-01 0.00 0.1327 9.80E-01 9.80E-01
B total 0.21 0.1915 2.58E-01 5.65E-01 0.19 0.1308 1.48E-01 4.20E-01

FGS/(F+FG+FGS) | -0.71  0.1702 3.44E-05 7.81E-04 | 0.01 0.1285 9.66E-01 9.80E-01
FBS1/(FS1+FBS1) | -0.03 0.1840 8.81E-01 9.58E-01 | 0.02 0.1301 8.86E-01 9.58E-01

FBS1/FS1 -0.03 0.1840 8.81E-01 9.58E-01 0.02 0.1301 8.86E-01 9.58E-01
GO total G1 total G2 total
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Figure 9. Sex-stratified relative abundance of main 1gG glycome derived traits in CAD+ and CAD- cases at inclusion point. GO -
agalactosylation, G1 - monogalactosylation, G2 — digalactosylation, S — sialylation, F — core fucosylation, B — bisecting GIcNAc, F
— females, M — males, glycan measurement - expressed as percentage for each derived trait. Boxes represent the 25th and 75th
percentiles. Lines inside the box represent the median.
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4.1.1.2.1 Sialylation is negatively associated with coronary artery disease in women

The most prominent difference between the IgG N-glycome of CAD+ and CAD- women was
a decrease in sialylation (Effect = -0.82, SE = 0.1705, padj = 6.78E-05) (Table 10, Figure 9).
This change was driven by a decrease in the mono- and disialylated core-fucosylated
biantennary glycans with or without bisecting GIcNAc (GP18, GP19, GP23, GP24), and
increase in asialylated and agalactosylated N-glycan structure with a bisecting GIcNAc and
core fucose (GP6). The single strongest association was found for GP23 (Effect = -0.92, SE =
0.1852, padj = 6.40E-05), a disialylated and digalactosylated biantennary structure with core
fucose (Table 9). Interestingly, no differences were observed between CAD+ and CAD—
women for total core fucosylation and bisecting GICNAc, whereas sialylation of all core-
fucosylated structures without bisecting GICNAc was significantly negatively associated with
CAD+ (Effect = -0.71, SE = 0.1702, pagj = 7.81E-04). After further adjustment for BMI,
diabetes, and smoking, total sialylation remained negatively associated with CAD+ (Effect = -
0.63, SE = 0.1781, padj = 2.65E-02) through a decrease of glycan traits GP23 and GP24
(Appendix 5 and 6). In addition, agalactosylation was significantly increased in CAD+ women
in comparison to CAD- (Effect = 0.48, SE = 0.1599, pagj = 2.26E-02) (Table 10, Figure 9). This
was mainly driven by an increase in agalactosylated glycan structures (GP1, GP3, GP4), as
well as decrease in galactosylated glycan structures with terminal sialic acid (GP16, GP21)
(Table 9). After further adjustment for BMI, diabetes, and smoking the association between

agactosylation and CAD+ was only nominally significant (Appendix 6).
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4.2 Association of N-glycosylation with coronary artery disease during follow-up

It was then investigated whether glycans changed differently in participants with coronary
atherosclerosis compared to participants with clean coronaries during the 2-year follow-up
period. With respect to change over time, the difference between baseline and follow-up

measurements was calculated.

While no statistically significant differences were detected in 1gG N-glycome (Appendix 7),
several statistically significant differences were observed in plasma N-glycome. After
correction for multiple testing, 15 of the 39 directly measured plasma glycan traits showed a
statistically significant change (adjusted p-value < 0.05) over time for CAD+ compared with
CAD- cases (Table 11). In addition, significant differences in 10 of the 16 derived plasma
glycan traits were observed between CAD+ and CAD- cases (Table 11, Figure 10). In
particular, low-branched, monogalactosylated glycans with core fucose significantly increased
in CAD+ subjects, while triantennary, more complex sialylated glycan species with antennary
fucose significantly decreased in CAD+ individuals. Interestingly, these changes are in the
opposite direction to those observed at inclusion point.

Table 11. Statistical analysis of associations between directly measured plasma protein N-glycosylation traits and coronary
artery disease during the 2-year follow-up period. Glycan data were adjusted for age and sex, whereas the false discovery rate
was controlled by the Benjamini-Hochberg method. Only statistically significant differences are shown.

Glycan trait Effect SE p value Padj Value
GP1 0.22 0.0817 8.40E-03 2.72E-02
GP4 0.25 0.0801 2.18E-03 1.35E-02
GP5 0.23 0.0824 6.63E-03 2.54E-02
GP6 0.22 0.0727 2.71E-03 1.35E-02
GPS8 0.26 0.0987 1.03E-02 3.13E-02
GP10 0.24 0.0725 1.13E-03 1.25E-02
GP13 0.20 0.0663 2.61E-03 1.35E-02
GP16 0.16 0.0663 1.75E-02 4.19E-02
GP19 -0.21 0.0898 2.08E-02 4.58E-02
GP20 -0.23 0.0891 1.09E-02 3.16E-02
GP27 -0.12 0.0507 1.50E-02 3.75E-02
GP32 -0.25 0.0736 8.16E-04 1.17E-02
GP33 -0.22 0.0568 1.33E-04 7.33E-03
GP35 -0.21 0.0600 4.65E-04 1.17E-02
GP39 -0.19 0.0742 1.21E-02 3.16E-02
AF -0.19 0.0600 8.49E-04 1.17E-02
CF 0.23 0.0900 1.18E-02 3.16E-02
GO 0.23 0.0800 6.92E-03 2.54E-02
Gl 0.28 0.0900 1.62E-03 1.35E-02
G3 -0.23 0.0800 4.75E-03 2.18E-02
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Table 11 - continued

HB -0.23 0.0800 7.39E-03 2.54E-02
LB 0.21 0.0900 2.01E-02 4.58E-02
SO 0.29 0.0900 2.27E-03 1.35E-02
S2 -0.27 0.1000 5.19E-03 2.20E-02
S3 -0.27 0.0900 1.97E-03 1.35E-02
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Figure 10. Differences in derived plasma N-glycan traits between CAD+ and CAD- during the two-year follow-up period.
LB—Ilow branching, HB—high branching, SO—asialylation, S2—disialylation, S3—trisialylation, GO—agalactosylation,
Gl—monogalactosylation, G3—trigalactosylation, CF—core fucosylation, AF—antennary fucosylation. Median glycan
values for each time point are bolded. Data is normalized to the first point.

It was further found that eight of the 39 directly measured and six of the 16 derived glycan
traits significantly changed during follow-up in participants with CAD+ independent of
diabetes, BMI, and smoking (Table 12). Branching (Effect = -0.23, SE = 0.0895, pagj = 4.93E-
02), antennary fucosylation (Effect = -0.19, SE = 0.0607, padj = 2.56E-02), trisialylation (Effect
=-0.27, SE = 0.0918, pagj = 2.61E-02) and trigalactosylation (Effect = -0.23, SE = 0.0864, pagj
= 4.36E-02) significantly decreased in CAD+ cases. This was driven by a decrease in

trisialylated trigalactosylated structures (with antennary fucose): GP32, GP33, G935. On the
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contrary, monogactosylation (Effect = 0.27, SE = 0.0908, pagj = 2.61E-02) significantly
increased in CAD+ cases, through an increase of monogalactosylated glycans with core fucose
(GP4, GP5 and GP6).

Table 12. Comparison of plasma N-glycan traits between CAD+ and CAD- cases during the 2-year follow-up period. Glycan
data were adjusted for age, sex, diabetes, BMI, and smoking, while false discovery rates were controlled using the Benjamini-
Hochberg method. Only significant differences are shown.

Glycan trait Effect SE p value Padj value
GP1 0.22 0.0817 8.40E-03 2.72E-02
GP4 0.25 0.0801 2.18E-03 1.35E-02
GP5 0.23 0.0824 6.63E-03 2.54E-02
GP6 0.22 0.0727 2.71E-03 1.35E-02
GP8 0.26 0.0987 1.03E-02 3.13E-02

GP10 0.24 0.0725 1.13E-03 1.25E-02
GP13 0.20 0.0663 2.61E-03 1.35E-02
GP16 0.16 0.0663 1.75E-02 4.19E-02
GP19 -0.21 0.0898 2.08E-02 4.58E-02
GP20 -0.23 0.0891 1.09E-02 3.16E-02
GP27 -0.12 0.0507 1.50E-02 3.75E-02
GP32 -0.25 0.0736 8.16E-04 1.17E-02
GP33 -0.22 0.0568 1.33E-04 7.33E-03
GP35 -0.21 0.0600 4.65E-04 1.17E-02
GP39 -0.19 0.0742 1.21E-02 3.16E-02
AF -0.19 0.0607 2.33E-03 2.56E-02
Gl 0.27 0.0908 3.47E-03 2.61E-02
G3 -0.23 0.0864 9.52E-03 4.36E-02
HB -0.23 0.0895 1.26E-02 4.93E-02
SO 0.27 0.0987 7.34E-03 3.67E-02
S3 -0.27 0.0918 4.27E-03 2.61E-02

4.2.1 Sex-stratified association of N-glycosylation with coronary artery disease

during follow-up
Lastly, it was investigated whether glycans were longitudinally stable in CAD+ participants
and CAD- participants when stratified by sex. Significant differences during the follow-up
period were observed only in plasma N-glycome and specifically in men (Appendix 8 and 9,
Table 13 and 14). Herein, plasma N-glycome of CAD+ men had a significantly higher
abundance of simpler, asialylated, a- and monogalactosylated glycoforms with core fucose
(GP1, GP2, GP4, GP5 and GP6), and, conversely, a lower abundance of highly branched
glycan structures with antennary fucose (GP32, GP33 and GP35) in comparison to the
inclusion point while N-glycome remained stable in CAD- men and women regardless of CAD
diagnosis (Figure 11).

55



Table 13. Statistical analysis of sex-stratified associations between plasma N-glycosylation traits and coronary heart disease
during the 2-year follow-up period. Glycan data were adjusted for age, whereas false discovery rates were controlled by the
Benjamini-Hochberg method. Statistically significant differences are shown in bold.

Women Men
Glycan trait | Effect SE p value Pag; Value Effect SE p value Pagj Value
GP1 -0.06 | 0.1634 | 6.93E-01 7.48E-01 0.32 | 0.1122 | 4.39E-03 3.22E-02
GP2 -0.18 | 0.1392 | 1.94E-01 4.28E-01 0.33 | 0.1071 | 2.80E-03 2.37E-02
GP3 -0.12 | 0.1332 | 3.78E-01 5.77E-01 0.22 | 0.0989 | 2.54E-02 9.99E-02
GP4 -0.18 | 0.1614 | 2.60E-01 5.10E-01 0.35 | 0.1075 | 1.73E-03 2.18E-02
GP5 -0.12 | 0.1577 | 4.32E-01 5.87E-01 0.33 | 0.1159 | 5.35E-03 3.46E-02
GP6 -0.15 | 0.1628 | 3.46E-01 5.60E-01 0.32 | 0.0932 | 8.12E-04 2.18E-02
GP7 -0.24 | 0.1605 | 1.39E-01 3.48E-01 0.32 | 0.1037 | 2.18E-03 2.18E-02
GP8 0.12 | 0.1865 | 5.23E-01 6.68E-01 0.32 | 0.1258 | 1.23E-02 6.67E-02
GP9 -0.09 | 0.1832 | 6.40E-01 7.38E-01 0.26 | 0.1318 | 5.24E-02 1.75E-01
GP10 -0.16 | 0.1352 | 2.48E-01 5.05E-01 0.31 | 0.0987 | 2.05E-03 2.18E-02
GP11 -0.21 | 0.1540 | 1.83E-01 4.10E-01 0.24 | 0.0991 | 1.46E-02 6.98E-02
GP12 -0.20 | 0.1938 | 3.03E-01 5.37E-01 0.05 | 0.1134 | 6.90E-01 7.48E-01
GP13 -0.13 | 0.1210 | 3.02E-01 5.37E-01 0.33 | 0.0892 | 2.55E-04 1.47E-02
GP14 0.12 | 0.1883 | 5.12E-01 6.62E-01 -0.10 | 0.1235 | 4.38E-01 5.87E-01
GP15 0.08 | 0.1815 | 6.70E-01 7.48E-01 0.24 | 0.1272 | 5.93E-02 1.89E-01
GP16 -0.14 | 0.1130 | 2.18E-01 4.53E-01 0.20 | 0.0920 | 2.97E-02 1.11E-01
GP17 -0.20 | 0.1076 | 6.93E-02 2.06E-01 0.20 | 0.0838 | 1.72E-02 7.26E-02
GP18 0.04 | 0.1406 | 7.55E-01 7.99E-01 -0.02 | 0.0741 | 8.35E-01 8.50E-01
GP19 -0.16 | 0.1693 | 3.56E-01 5.67E-01 -0.16 | 0.1263 | 2.06E-01 4.43E-01
GP20 0.19 | 0.1715 | 2.70E-01 5.21E-01 -0.41 | 0.1220 | 8.11E-04 2.18E-02
GP21 0.22 | 0.2298 | 3.41E-01 5.60E-01 -0.11 | 0.1354 | 4.36E-01 5.87E-01
GP22 -0.06 | 0.1307 | 6.71E-01 7.48E-01 -0.21 | 0.0721 | 4.68E-03 3.22E-02
GP23 -0.08 | 0.0899 | 3.90E-01 5.78E-01 0.09 | 0.0725 | 2.15E-01 4.53E-01
GP24 0.08 | 0.1312 | 5.47E-01 6.76E-01 0.01 | 0.0877 | 9.19E-01 9.19E-01
GP25 0.18 | 0.2237 | 4.10E-01 5.87E-01 0.14 | 0.1279 | 2.92E-01 5.37E-01
GP26 0.13 | 0.1222 | 2.95E-01 5.37E-01 -0.09 | 0.0954 | 3.23E-01 5.60E-01
GP27 -0.03 | 0.1014 | 7.77E-01 8.06E-01 -0.11 | 0.0746 | 1.28E-01 3.27E-01
GP28 0.06 | 0.1305 | 6.39E-01 7.38E-01 -0.05 | 0.0748 | 5.39E-01 6.74E-01
GP29 0.15 | 0.1653 | 3.70E-01 5.77E-01 -0.14 | 0.0847 | 1.09E-01 2.85E-01
GP30 0.07 | 0.1242 | 5.94E-01 7.11E-01 -0.15 | 0.0916 | 9.94E-02 2.73E-01
GP31 -0.04 | 0.1310 | 7.51E-01 7.99E-01 -0.15 | 0.0705 | 3.13E-02 1.11E-01
GP32 0.07 | 0.1298 | 5.88E-01 7.11E-01 -0.39 | 0.1046 | 2.67E-04 1.47E-02
GP33 -0.05 | 0.1119 | 6.44E-01 7.38E-01 -0.25 | 0.0811 | 1.95E-03 2.18E-02
GP34 0.19 | 0.1400 | 1.70E-01 3.97E-01 -0.19 | 0.1109 | 8.41E-02 2.43E-01
GP35 -0.08 | 0.1201 | 4.94E-01 6.46E-01 -0.23 | 0.0796 | 4.19E-03 3.22E-02
GP36 0.14 | 0.1676 | 4.15E-01 5.87E-01 -0.09 | 0.1077 | 3.94E-01 5.78E-01
GP37 0.08 | 0.1357 | 5.35E-01 6.74E-01 -0.12 | 0.0893 | 1.74E-01 3.99E-01
GP38 0.16 | 0.1844 | 3.92E-01 5.78E-01 -0.20 | 0.1207 | 1.02E-01 2.74E-01
GP39 0.06 | 0.1515 | 6.93E-01 7.48E-01 -0.22 | 0.0936 | 1.69E-02 7.26E-02
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Table 14. Statistical analysis of sex-stratified associations between 16 derived plasma protein N-glycosylation traits and
coronary artery disease during the 2-year follow-up period. Glycan data were adjusted for age, whereas false discovery rates
were controlled by the Benjamini-Hochberg method. Statistically significant differences are in bold.

Women Men

Glycan trait | Effect SE p value | pagjvalue | Effect SE p value | pagjvalue
AF -0.02 0.1127 | 8.67E-01 | 8.74E-01 -0.22 0.0803 7.55E-03 | 4.61E-02
B -0.24 0.1417 | 9.33E-02 | 2.63E-01 0.25 0.0998 1.32E-02 | 6.67E-02
CF -0.22 0.1551 | 1.54E-01 | 3.69E-01 0.34 0.1287 8.46E-03 | 4.90E-02
GO -0.09 0.1613 | 5.59E-01 | 6.83E-01 0.35 0.1154 2.71E-03 | 2.37E-02
G1 -0.16 0.1673 | 3.45E-01 | 5.60E-01 0.38 0.1185 1.84E-03 | 2.18E-02
G2 0.05 0.1770 | 7.64E-01 | 8.00E-01 -0.24 0.0980 1.53E-02 | 6.99E-02
G3 0.06 0.1466 | 6.82E-01 | 7.48E-01 -0.26 0.1135 2.54E-02 | 9.99E-02
G4 0.19 0.1817 | 2.89E-01 | 5.37E-01 -0.22 0.1154 6.19E-02 | 1.89E-01
HB 0.11 0.1467 | 4.36E-01 | 5.87E-01 -0.25 0.1181 3.85E-02 | 1.32E-01
HM -0.24 0.1609 | 1.42E-01 | 3.48E-01 0.09 0.1150 4.36E-01 | 5.87E-01
LB -0.10 0.1455 | 4.73E-01 | 6.26E-01 0.26 0.1180 3.06E-02 | 1.11E-01
SO -0.16 0.1824 | 3.73E-01 | 5.77E-01 0.40 0.1261 2.00E-03 | 2.18E-02
S1 -0.04 0.1562 | 8.09E-01 | 8.31E-01 0.13 0.1139 2.59E-01 | 5.10E-01
S2 0.19 0.2022 | 3.39E-01 | 5.60E-01 -0.42 0.1268 1.03E-03 | 2.18E-02
S3 0.08 0.1520 | 6.01E-01 | 7.11E-01 -0.30 0.1197 1.33E-02 | 6.67E-02
S4 0.18 0.1827 | 3.32E-01 | 5.60E-01 -0.22 0.1176 6.16E-02 | 1.89E-01
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Figure 11. Differences in derived plasma N-glycan traits between CAD+ and CAD- cases during the two-year follow-up
period, stratified by sex. SO—asialylation, S2—disialylation, GO—agalactosylation, G1—monogalactosylation, CF—core
fucosylation, AF—antennary fucosylation. Median glycan values for each time point are bolded. Data is normalized to the

first point
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4.3 Association of N-glycosylation with adverse CVD outcomes

During an eight-year follow-up period, 80 MACE occurred, including hospitalizations for
cardiovascular disease and cardiovascular deaths. It was investigated whether glycans were
able to predict MACE before they occur. 1IgG N-glycans were not able to predict the occurrence
of MACE because no statistically significant associations were observed (Appendix 10). The
only exception was a nominally positive association between GP22, digalactosylated, and
disialylated biantennary N-glycan with bisecting GIcNAc and the occurrence of MACE (Figure
12). As for plasma N-glycans, subjects with an increased abundance of highly complex
branched plasma N-glycans did worse than the rest of the cohort (nominal p-value < 0.05)
(Appendix 11). One of the strongest nominal associations was found for GP26, a

trigalactosylated and disialylated triantennary N-glycan structure (Figure 12).
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Figure 12. Survival analysis. The Kaplan-Meier curve shows the survival for participants of the study and the ability of N-
glycans to differentiate participants who suffered from MACE from those who did not. The Kaplan-Meier survival curve (solid
line) describes the probability of survival for the participants. The outer light-colored lines represent the 95% confidence
interval. The horizontal axis represents the survival time (in days). Each step means an actual event happens, i.e., adverse CV
event.
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5. DISCUSSION
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The process of glycosylation has a profound impact on the structural properties of plasma
proteins, notably 1gG, and plays a pivotal role in governing their effector functions,
encompassing the regulation of inflammatory responses and the modulation of innate and
adaptive immunity (259). A plethora of studies have elucidated substantial alterations in the
composition of N-glycans attached to plasma proteins and IgG in various disease states
(15,25,116). Consequently, the N-glycome is emerging as a valuable and novel biomarker due
to its exquisite sensitivity to (patho)physiological alterations and disease conditions, including
CVD (16,26,116). Alterations in protein glycosylation have been implicated in the
pathogenesis of CVD through diverse molecular mechanisms, thereby positioning them as
significant biomarker candidates for early detection and disease progression (28). These
findings, coupled with other noteworthy discoveries within the field, underscore the importance
of investigating glycosylation in unraveling the complex relationship between alterations in
protein N-glycome and the physiological and pathological processes closely associated with
CVD.

CAD stands as one of the most prevalent CVD and represents a significant global healthcare
burden (1). Accordingly, within the scope of this thesis, the first comprehensive analysis of the
overall composition of plasma protein and IgG N-glycosylation was conducted specifically in
CAD. The primary objective was to explore the potential association between coronary
atherosclerosis and the N-glycome makeup. To achieve this, separate analyses of the N-
glycomic profiles of total plasma proteins and 1gG obtained from individuals diagnosed with
angiographically confirmed CAD and individuals with healthy coronary arteries was conducted
at the time of enrollment, followed by a subsequent assessment two years later. Furthermore,
the aim was to assess the potential link between N-glycome patterns and the incidence of

adverse CVD events over an eight-year period subsequent to study enrollment.

Significant and substantial alterations were observed in the N-glycosylation profiles of total
plasma proteins. Notably, at the enrollment point, individuals diagnosed with CAD exhibited
a statistically significant decrease in complex biantennary galactosylated N-glycans with core
fucose, while simultaneously displaying an increase in highly branched (tri- and tetra-
antennary) sialylated N-glycan structures with terminal fucose. These specific glycan features
have been associated with proinflammatory functions attributed to plasma proteins.
Particularly noteworthy were the persistently significant positive associations between CAD+
and two specific glycan structures: FA3F1G3S3 (core fucosylated, trigalactosylated and

trisialylated structure with antennary fucose) and M6 (high-mannose structure). These
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associations remained statistically significant even after accounting for potential confounding

factors related to traditional CVD risk factors, such as diabetes, smoking, and BMI.

Given the evidence of sexual dimorphism in CVD (260) and the notable sex differences
observed in the association between N-glycans and CVD risk (39-41), a sex-stratified analysis
of N-glycome profiles was conducted. The results of the analysis demonstrated that changes in
plasma N-glycosylation exhibited consistent trends across both sexes. However, when focusing
on the degree of the effect, in men with CAD there was a significant decrease in 1gG-specific
galactosylated biantennary N-glycan structures with core fucose (FA2[3]G1, FA2G2 and
FA2G1S1). Noteworthy, galactosylated plasma N-glycans such as FA2G2S1 and A2G2S2
have previously shown predictive potential for calculating risk of type 2 diabetes and CVD
events (41). Conversely, in women with CAD, highly complex N-glycan structures with
antennary fucose (A3G3S3, A3F1G3S3, FA3F1G3S3, A4G4S3 and A4F1G4S4), associated
with acute phase proteins, displayed a significant increase. Interestingly, glycan structure
FA3F1G3S3 is (so far) found only on acute phase protein ceruloplasmin (16). Importantly,
published data have suggested a direct relationship between ceruloplasmin levels and
cardiovascular events, particularly CAD (211). The identification of an increase in a glycan
structure unique to ceruloplasmin further supports its potential biological involvement in CAD
development. Moreover, acute phase proteins AGP-1 and A1AT, exhibit significant elevation
in plasma levels during inflammation and are extensively decorated with the sLeX epitope,
which is recognized as a hallmark of inflammation (36). The synthesis of the sLeX epitope
relies heavily on terminal fucosylation and 2,3 sialylation. The observed increase in the
abundance of the sLeX epitope could potentially be attributed to the cytokine-mediated
upregulation of hepatic enzymes ST3GAL4 and FUT6 (86). Additionally, numerous studies
have highlighted a significant association between GlycA, reflecting plasma N-glycan
branching (72), and clinical outcomes related to CVD, encompassing atherosclerotic
cardiovascular events and mortality, both in the general population and in patients with chronic
inflammatory conditions (43,73,75,76,212—-214,261-263).

Longitudinal investigation of plasma N-glycan profiles to differentiate individuals with CAD+
from those with CAD- during a two-year follow-up period yielded intriguing and unexpected
findings. Specifically, in men, the alterations observed in plasma N-glycans after the follow-
up period differed from the patterns observed at enroliment. Contrary to expectations, there
was a change in the opposite direction, characterized by a decrease in the branching and

abundance of antennary fucose, while biantennary glycan species with core fucose exhibited
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an increase. Although previous studies have generally indicated that plasma protein N-glycome
remains relatively stable over time (37), it is important to note that specific physiological
mechanisms can induce rapid changes, leading to pronounced modifications in plasma protein
N-glycosylation. These findings may indicate a possible reversal to a "healthy" glycan profile
if the prescribed therapy is followed and/or lifestyle changes are made. It is well-established
that classic CVD risk factors, such as smoking, hypertension, diabetes, and high BMI, often
result from an unhealthy diet, physical inactivity, and alcohol abuse (2,264), all of which can
significantly influence the N-glycosylation profile of plasma proteins (66,67). Consequently,
the results of this thesis highlight the potential benefits of identifying therapeutic strategies that
directly target glycosylation changes, as they may hold promise for improving cardiovascular
health.

In CAD+ women, the initial statistically significant increase in antennary fucosylation
observed at enrolment did not maintain significance after the two-year follow-up period. It is
worth noting that the women included in the study were at an age where they may be
experiencing the transition to menopause (265). In particular, in CAD- cases, hormonal
modulation cannot be discounted as a potential factor contributing to the observed non-
significant difference between CAD+ and CAD- women following the two-year follow-up
period. Previous studies have indeed reported the influence of hormones on abundance of
distinct glycan structures (124). Estrogen levels, which are known to decrease during

menopause, have been shown to exhibit a negative correlation with the sLeX epitope (266).

Recent studies have revealed that elevated plasma levels of mannose are associated with CAD,
independent of traditional CVD risk factors, and have been identified as an independent
predictor of adverse CVD events (231). Intriguingly, a significant positive association between
a high mannose plasma N-glycan structure (M6) and CAD cases was identified in present
study, even after adjusting for conventional CVD risk factors such as age, sex, BMI, diabetes,
and smoking. Interestingly, high-mannose plasma N-glycans have been shown to correlate with
high cholesterol levels, a major risk factor for the development of atherosclerosis (215). On the
other hand, aging is widely recognized as a prominent risk factor for numerous chronic
noncommunicable diseases (267), including CAD (2). Extensive research conducted over the
past decade has demonstrated that N-glycosylation profiles undergo significant changes with
advancing age (15,66,123,268-270). In the context of the aging heart, a connection has been
established between the increased presence of mannosylated glycans on cardiomyocytes and

the enzyme GMPPB, responsible for synthesizing GDP-mannose (230). Hence, it is plausible
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to hypothesize that the augmented flux of free mannose in CAD (231) may contribute to the

heightened abundance of high-mannose glycans observed on plasma proteins in this thesis.

Regarding 1gG N-glycome, no statistically significant differences between CAD+ and CAD-
cases were observed when considering both sexes combined. However, upon conducting sex-
stratified analysis of IgG N-glycans, distinct changes between women and men were identified.
Notably, significant differences in IgG N-glycome were observed in CAD+ women at
enrollment, primarily related to sialylation. Sialylation demonstrated a significant negative
association with CAD, independent of traditional CVD risk factors such as age, BMI, diabetes,
and smoking. Similarly, previous studies have shown that sialylated IgG glycans without
bisecting GICNAc were inversely associated with the presence of atherosclerotic plaques in the
femoral and carotid arteries (39). It has also been suggested that decreased IgG sialylation
contributes to the development of vascular cognitive impairment in individuals with
atherosclerosis (221), and that it has been associated with increased complement activation,
which is associated with atherosclerosis and CVD (222,223). Furthermore, elevated levels of
total serum sialic acid (TSA) were previously shown to be positively correlated with CAD,
indicating abnormal enzymatic activity (sialidase, sialyltransferase, and trans-sialidase) in
CAD and suggesting potential inhibition of these enzymes as a therapeutic approach for CAD
(233). These findings imply a potential link between increased enzyme activity, decreased
sialylation and CAD.

Alongside sialylation, galactosylation displayed a decreasing trend in CAD+ women.
Interestingly, it was previously demonstrated that in women galactosylated IgG glycoform
FA2G1 was inversely associated with CVD risk beyond classical risk factors and clinical
parameters (40). Moreover, it is known that N-glycosylation is subject to sex-specific hormonal
modulation. Estrogen, in particular, has been shown to influence the galactosylation of IgG N-
glycans (124). Studies have reported higher levels of IgG galactosylation and sialylation in
premenopausal women compared to men, while an increase in agalactosylation has been

associated with the transition to menopause (128).

Subsequent N-glycan analysis during the two-year follow-up period did not reveal any
statistically significant differences between CAD+ and CAD- women. Similar to the findings
for plasma proteins, it is plausible to suggest that hormonal changes during menopause
influence the N-glycome of IgG in women, potentially contributing to the lack of statistical

significance.
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In men, the differences observed were minimal and mainly centered around the presence of
bisecting GIcNAc. After the two-year follow-up period, the results indicated a marginal
positive association between core fucosylated N-glycan structures with bisecting GIcNAc and
CAD. These results are consistent with previous research (39,40). Specifically, study by
Birukov et al. demonstrated that a weighted score based on bisected 1gG glycoform FA2BG2S1
and FA2G2S2 was associated with higher CVD risk in men (40). Considering the relatively
small number of cases in both the CAD+ and CAD- groups following sex stratification, the
lack of statistical significance could also be attributed to the limited statistical power of the

analysis.

Lastly, the aim of this thesis was to investigate the association between specific N-glycan
structures and the occurrence of major adverse cardiovascular events (MACE), comprising
hospital admissions for CVD and cardiovascular death. A nominally statistically significant
positive association between highly branched plasma N-glycans and MACE was observed, as
well as a nominally statistically significant positive association between the presence of 1gG
disialylated structure with bisecting GIcNAc (A2BG2S2) and MACE. It is worth noting that a
previously established association exists between sialylated 1gG N-glycan structure with
bisecting GIcNAc and elevated CVD risk (199). However, due to the limited number of cases,

this association lost statistical significance after adjusting for multiple testing.

The findings of this thesis, along with other research in the field, underscore the significance
of protein N-glycosylation in the context of CVD. While the clinical application of glycan-
based biomarkers for CVD diagnosis holds promise, it remains in its early stages of
development. Glycan analysis of specific proteins, such as 1gG, could serve as an initial step
towards clinical implementation, as changes in the N-glycome of IgG offer specific insights
into the abundance of distinct N-glycan structures and exhibit less overlap with overall
inflammation compared to total plasma proteins. Currently, several indexes based on IgG N-
glycans derived from plasma/serum (E.g., GlycanAge, GlyCage) have been developed to assess
biological age, cardiovascular age, and predict cardiovascular health. Additionally, evidence
suggests that 1IgG N-glycan profiles have the potential to serve as biomarkers for suboptimal
health status (23).

In this thesis, the significance of N-glycome profiling of total plasma proteins and IgG in
understanding N-glycosylation changes in CAD was demonstrated. The findings align with
previous research, emphasizing the interplay between protein N-glycans and the development
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of atherosclerotic CVD. This study has revealed that several N-glycan traits are associated with
CAD independent of traditional CVD risk factors. This represents a crucial initial step towards
further research on the potential use of N-glycans, possibly in combination with other
biomarkers, for predicting CAD. However, further investigations focusing on protein-specific
analyses and functional studies are necessary to uncover the precise mechanisms underlying
these associations. Development of organ-on-a-chip technology for CVD research (271) holds
promise for replicating (patho)physiological processes and enabling in-depth exploration of the
role of N-glycans in CVD.

The future possibility of replacing invasive diagnostic methods and diagnoses based on
nonspecific traditional risk factors with noninvasive techniques (such as coronary CT
angiography and in silico diagnosis (272)) in conjunction with specific glycan biomarkers
could lead to personalized medicine. Investigation performed within this thesis opens avenues
for exploring the functional role of N-glycans as a novel biomarker and/or therapeutic target in
CAD. Understanding the dynamics and functional implications of N-glycosylation could
provide valuable insights for future research and clinical applications.
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6. CONCLUSIONS
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The analysis of N-glycosylation profiles of plasma proteins has revealed significant alterations
in glycan structures associated with CAD — a significant increase in highly branched plasma

N-glycan structures and decrease in complex biantennary N-glycans.

Sexual dimorphism was demonstrated in the association between IgG N-glycans and CAD risk,
with distinct patterns observed in men and women — the strongest negative association was

observed between women with highly sialylated 19G N-glycans and CAD.

Highly branched plasma N-glycans showed potential as independent predictors of adverse

outcomes in CAD.

Overall, the findings of this thesis underscore the significance of protein N-glycosylation in

CVD and its potential as a diagnostic tool.
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Appendix 1. List of abbreviations

Abbreviation

Meaning

2-AB
2-PB
AlAT
AACT
ADCC
ADCP
AF
AGP-1
AMI
ApoB
AS
ASGR-1
Asn (N)
B4GALT1
BACE1
BMI
CAD
CAD-
CAD+
CD
CDC
CH3CH20OH
CH3CN
CH3COOH
CRP
cTnl
CVvD
DMSO
EFGR
ER

EU

Fab

Fc

Fuc, F
FUCA-1
FUT6
GA

Gal, G
GalNAc
GIcNAC
Glc
GMPPB
GP
GWAS

2-aminobenzanide

2-picoline borane

al-antitrypsin

al-antichymotrypsin

Antibody dependent cellular cytotoxicity
Antibody dependent cellular phagocytosis
Atrial fibrillation

al-acid glycoprotein

Acute myocardial infarction
Apolipoprotein B

Aortic valve stenosis
Asialoglycoprotein receptor-1
Asparagine
B-1,4-galactosyltransferase 1
Beta-Site APP-Cleaving Enzyme 1
Body mass index

Coronary artery disease

Subjects with clean coronary arteries
Subjects with angiographically diagnosed coronary artery disease
Crohn's disease

Complement dependent cytotoxicity
Ethanol

Acetonitrile

Acetic acid

C-reactive protein

Cardiac troponin 1

Cardiovascular disease

Dimethyl sulfoxide

Epidermal growth factor receptor
Endoplasmatic reticulum

Emission unit

Antigen binding fragment
Crystallizable fragment

Fucose

a-L-fucosidase

Fucosyltransferase 6

Golgi Apparatus

Galactose

N-acetylgalactosamine
N-acetylglucosamine

Glucose

GDP-mannose pyrophosphorylase B
Glycan peak

Genome wide association studies
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HBP
HCI
HCOOH
HDL
HFD

HILIC-UHPLC-FLR

HM-ICAM-1

HNFla
HPT
ICAM-1
IFN-y
19G
IL-17
IL-1P
IL-21
IL-22
IL-23
IL-27
IL-6

KCI
KH2PO4
LDL
Man, M
ManNAc
MBL
MGAT3
NaCl
NazHPO4
NaOH
NCD
NEU-1
Neu5Ac, S
NHsHCO3
NH4OH
NK cells
NMR
N-prGO

oXx-LDL receptor 1

PBS
PNGase F
PTM

QC

RA

SDS

SHS
sLeA
sLeX

Hexamine biosynthesis pathway
Hydrochloride acid

Formic acid

High density lipoprotein

High fat diet

Ultra-high performance liquid chromatography based on
hydrophilic interactions with fluorescence detection
High-mannose ICAM-1

Hepatocyte nuclear factor 1a
Haptoglobin

Intercellular cell adhesion molecule 1
Interferon vy

Immunoglobulin G

Interleukin 17

Interleukin 1B

Interleukin 21

Interleukin 22

Interleukin 23

Interleukin 27

Interleukin 6

Potassium chloride

Potassium dihydrogen phosphate
Low density lipoprotein

Mannose

N-acetyl-D-mannosamine

Mannose binding lectin
N-Acetylglucosaminyltransferase 3
Sodium chloride

Disodium hydrogen phosphate
Sodium hydroxide
Non-communicable disease
Neuraminidase 1

N-acetylneuraminic acid

Ammonium bicarbonate

Ammonia, solution

Natural killer cells

Nuclear magnetic resonance
Nitrogen-doped reduced graphene oxide
Lectin-like oxidized low density lipoprotein receptor 1
Phosphate buffered saline
N-glycosidase F

Posttranslational modification
Quiality control

Rheumatoid arthritis

Sodium diphosphate sulphate
Suboptimal health status

Sialyl Lewis A

Sialyl Lewis X
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SNP

SPE
ST3GAL4
ST6GAL1L
Ttfh
TGF-B1
Thl

Th17
TNFa
TPOADb
Tris

TSA
UPLC
VCAM-1
VLDL

Single nucleotide polymorphism
Solid phase extraction

B-galactoside a-2,3-sialyltransferase 4
B-galactoside a-2,6-sialyltransferase 1
T follicular helper cell

Transforming growth factor 1

T helper cell 1

T helper cell 17

Tumor necrosis factor

Thyroid peroxidase antibody
Tris(hydroxymethyl)aminomethane
Total sialic acid

Ultra-high performance liquid chromatography
Vascular cell adhesion molecule 1
Very low-density lipoprotein
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Appendix 2. Statistical analysis of associations between IgG N-glycosylation traits and

coronary artery disease at the time of inclusion. Glycan data were adjusted for age and sex

whereas the false discovery rate was controlled by the Benjamini-Hochberg method.

Statistically significant differences are in bold.

Glycan trait Effect SE p-value Padj-value
GP1 0.00 0.1035 9.92E-01 9.92E-01
GP2 0.06 0.1094 5.67E-01 7.09E-01
GP3 0.11 0.1010 2.69E-01 5.04E-01
GP4 0.12 0.0988 2.27E-01 4.55E-01
GP5 -0.10 0.1073 3.29E-01 5.48E-01
GP6 0.21 0.1011 3.99E-02 4.25E-01
GP7 0.01 0.1099 9.47E-01 9.88E-01
GP8 -0.11 0.1082 3.05E-01 5.37E-01
GP9 -0.19 0.1080 8.04E-02 4.25E-01

GP10 0.14 0.1095 1.88E-01 4.33E-01
GP11 0.08 0.1082 4.78E-01 7.09E-01
GP12 0.03 0.1065 7.83E-01 9.40E-01
GP13 -0.17 0.1062 1.03E-01 4.25E-01
GP14 -0.14 0.0955 1.39E-01 4.25E-01
GP15 -0.06 0.1061 5.66E-01 7.09E-01
GP16 -0.09 0.1089 4.16E-01 6.56E-01
GP17 -0.02 0.1096 8.56E-01 9.51E-01
GP18 -0.15 0.1003 1.35E-01 4.25E-01
GP19 -0.14 0.1091 2.08E-01 4.45E-01
GP20 -0.14 0.1073 1.82E-01 4.33E-01
GP21 -0.07 0.1089 5.12E-01 7.09E-01
GP22 0.06 0.1096 5.60E-01 7.09E-01
GP23 -0.25 0.1064 1.98E-02 4.25E-01
GP24 -0.01 0.1092 9.55E-01 9.88E-01
GO total 0.15 0.0974 1.16E-01 4.25E-01
G1 total -0.14 0.1085 1.81E-01 4.33E-01
G2 total -0.14 0.0955 1.41E-01 4.25E-01
S total -0.18 0.1040 8.91E-02 4.25E-01
F total -0.02 0.1093 8.25E-01 9.51E-01
B total 0.15 0.1057 1.42E-01 4.25E-01
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Appendix 3. Statistical analysis of associations between directly measured plasma protein N-

glycosylation traits and coronary artery disease at the time of inclusion. Glycan data were

adjusted for age, sex, BMI, smoking and diabetes whereas the false discovery rate was

controlled by the Benjamini-Hochberg method. Statistically significant differences are in bold.

Glycan trait Effect SE p-value Padj-value*
GP1 -0.05 0.1074 6.63E-01 7.62E-01
GP2 -0.13 0.1099 2.52E-01 3.75E-01
GP3 0.01 0.1117 9.52E-01 9.56E-01
GP4 -0.13 0.1067 2.37E-01 3.75E-01
GP5 -0.14 0.1051 1.87E-01 3.18E-01
GP6 -0.19 0.1125 8.89E-02 2.13E-01
GP7 -0.35 0.1096 1.48E-03 4.06E-02
GP8 -0.01 0.1119 9.56E-01 9.56E-01
GP9 -0.27 0.1095 1.51E-02 1.10E-01
GP10 -0.13 0.0970 1.91E-01 3.18E-01
GP11 -0.30 0.1094 6.67E-03 8.25E-02
GP12 -0.06 0.1118 5.79E-01 7.08E-01
GP13 -0.22 0.1012 2.92E-02 1.23E-01
GP14 0.11 0.1084 3.26E-01 4.72E-01
GP15 -0.29 0.1092 7.50E-03 8.25E-02
GP16 -0.16 0.1026 1.12E-01 2.27E-01
GP17 -0.28 0.1101 9.53E-03 8.74E-02
GP18 -0.19 0.1018 6.26E-02 1.81E-01
GP19 -0.08 0.1088 4.62E-01 6.06E-01
GP20 0.24 0.1080 2.63E-02 1.20E-01
GP21 0.02 0.1116 8.27E-01 8.86E-01
GP22 0.22 0.1084 3.75E-02 1.38E-01
GP23 -0.03 0.1120 8.12E-01 8.86E-01
GP24 -0.12 0.1086 2.51E-01 3.75E-01
GP25 -0.09 0.1079 3.76E-01 5.17E-01
GP26 0.14 0.1040 1.71E-01 3.07E-01
GP27 0.19 0.0989 5.81E-02 1.81E-01
GP28 -0.08 0.1078 4.54E-01 6.06E-01
GP29 -0.10 0.1070 3.64E-01 5.14E-01
GP30 -0.07 0.1087 5.43E-01 6.78E-01
GP31 0.17 0.1059 1.02E-01 2.24E-01
GP32 0.29 0.0990 3.01E-03 5.51E-02
GP33 0.24 0.0992 1.65E-02 1.10E-01
GP34 0.18 0.1051 8.30E-02 2.12E-01
GP35 0.36 0.1027 4.54E-04 2.50E-02
GP36 0.03 0.1076 8.00E-01 8.86E-01
GP37 -0.21 0.1073 5.41E-02 1.81E-01
GP38 -0.05 0.1111 6.65E-01 7.62E-01
GP39 0.16 0.1057 1.23E-01 2.33E-01
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Appendix 4. Statistical analysis of associations between derived plasma protein N-

glycosylation traits and coronary artery disease at the time of inclusion. Glycan data were

adjusted for age, sex, BMI, smoking and diabetes whereas the false discovery rate was

controlled by the Benjamini-Hochberg method. Statistically significant differences are in bold

Glycan effect SE pval p.adj

AF 0.23 0.0999 2.06E-02 1.10E-01

B -0.24 0.1115 3.37E-02 1.33E-01
CF -0.18 0.1078 8.49E-02 2.12E-01
GO -0.08 0.1075 4.74E-01 6.06E-01
Gl -0.19 0.1058 7.64E-02 2.10E-01
G2 0.06 0.1107 5.98E-01 7.15E-01
G3 0.18 0.1093 9.62E-02 2.20E-01
G4 0.02 0.1106 8.38E-01 8.86E-01
HB 0.17 0.1093 1.20E-01 2.33E-01
HM -0.25 0.1104 2.21E-02 1.10E-01
LB -0.13 0.1091 2.48E-01 3.75E-01
S0 -0.17 0.1084 1.07E-01 2.27E-01
S1 -0.15 0.1109 1.73E-01 3.07E-01
S2 0.25 0.1090 1.93E-02 1.10E-01
S3 0.20 0.10901 6.13E-02 1.81E-01
S4 0.02 0.1111 8.75E-01 9.08E-01
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Appendix 5. Statistical analysis of sex-stratified associations between directly measured 1gG

N-glycosylation traits and coronary artery disease at the time of inclusion. Glycan data were

adjusted for age, BMI, smoking and diabetes whereas the false discovery rate was controlled

by the Benjamini-Hochberg method. Statistically significant differences are in bold.

Women Men
Gg:;n Effect SE p-value | pagj-value | Effect SE p-value | pagj-value
GP1 0.33 0.2029 | 9.41E-02 | 4.92E-01 -0.09 0.1318 | 4.86E-01 | 8.83E-01
GP2 0.22 0.2124 | 2.91E-01 | 8.09E-01 -0.08 0.1378 | 5.76E-01 | 9.11E-01
GP3 0.38 0.1811 | 3.56E-02 | 2.30E-01 -0.03 0.1307 | 8.26E-01 | 9.52E-01
GP4 0.37 0.1784 | 3.72E-02 | 2.30E-01 -0.05 0.1273 | 6.62E-01 | 9.38E-01
GP5 -0.19 0.2131 | 3.66E-01 | 8.16E-01 -0.09 0.1381 | 5.16E-01 | 8.83E-01
GPo6 0.26 0.1776 | 1.33E-01 | 4.92E-01 -0.03 0.1250 | 7.98E-01 | 9.49E-01
GP7 0.05 0.2205 | 8.05E-01 | 9.49E-01 -0.05 0.1388 | 7.34E-01 | 9.49E-01
GP8 -0.12 0.2218 | 5.76E-01 | 9.11E-01 0.06 0.1323 | 6.51E-01 | 9.38E-01
GP9 0.03 0.2178 | 8.71E-01 | 9.87E-01 -0.19 0.1341 1.45E-01 | 4.92E-01
GP10 -0.02 0.2106 | 9.28E-01 | 9.91E-01 0.01 0.1325 | 9.13E-01 | 9.91E-01
GP11 0.02 0.2079 | 9.41E-01 | 9.91E-01 -0.11 0.1341 | 4.10E-01 | 8.21E-01
GP12 0.05 0.2056 | 8.09E-01 | 9.49E-01 0.01 0.1366 | 9.17E-01 | 9.91E-01
GP13 -0.19 0.2052 | 3.36E-01 | 8.16E-01 -0.17 0.1328 | 1.95E-01 | 6.03E-01
GP14 -0.26 0.1717 | 1.27E-01 | 4.92E-01 -0.05 0.1239 | 6.90E-01 | 9.38E-01
GP15 -0.26 0.2019 | 1.91E-01 | 6.03E-01 -0.04 0.1322 | 7.34E-01 | 9.49E-01
GP16 -0.37 0.2162 | 8.09E-02 | 4.59E-01 0.11 0.1376 | 4.36E-01 | 8.47E-01
GP17 -0.25 0.2078 | 2.21E-01 | 6.54E-01 0.12 0.1386 | 3.72E-01 | 8.16E-01
GP18 -0.46 0.1769 | 8.45E-03 | 9.57E-02 0.09 0.1295 | 4.94E-01 | 8.83E-01
GP19 -0.49 0.2112 | 1.79E-02 | 1.53E-01 0.12 0.1372 | 3.66E-01 | 8.16E-01
GP20 -0.33 0.2100 | 1.09E-01 | 4.92E-01 0.06 0.1317 | 6.48E-01 | 9.38E-01
GP21 -0.49 0.2151 | 2.17E-02 | 1.64E-01 0.11 0.1379 | 4.01E-01 | 8.21E-01
GP22 -0.14 0.2152 | 5.19E-01 | 8.83E-01 0.22 0.1377 | 1.13E-01 | 4.92E-01
GP23 -0.58 0.1892 | 2.08E-03 | 2.91E-02 0.13 0.1270 | 3.06E-01 | 8.09E-01
GP24 -0.64 0.2074 | 1.79E-03 | 2.91E-02 0.41 0.1353 | 2.14E-03 | 2.91E-02
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Appendix 6. Statistical analysis of sex-stratified associations between derived 1gG N-

glycosylation traits and coronary artery disease at the time of inclusion. Glycan data were

adjusted for age, BMI, smoking and diabetes whereas the false discovery rate was controlled

by the Benjamini-Hochberg method. Statistically significant differences are in bold.

Women Men

Glycan traits Effect SE p-value v[;aldd-e Effect  SE p-value v%dlﬂ_e
S total -0.63 0.1781 3.89E-04 2.65E-02 0.19 0.1306 1.40E-01 4.92E-01
GO total 0.40 0.1708 1.80E-02 1.53E-01 | -0.05 0.1249 6.81E-01 9.38E-01
G1 total -0.12 0.2207 5.65E-01 9.11E-01 | -0.11 0.1335 3.90E-01 8.21E-01
G2 total -0.26 0.1707 1.18E-01 4.92E-01 | -0.05 0.1241 6.77E-01 9.38E-01
F total -0.01 0.2183 9.75E-01 9.91E-01 0.01 0.1386 9.54E-01 9.91E-01
B total -0.06 0.1993 7.75E-01 9.49E-01 0.06 0.1310 6.39E-01 9.38E-01
FGS/(F+FG+FGS) -0.56 0.1800 1.66E-03 2.91E-02 0.13 0.1312 3.09E-01 8.09E-01
FBS1/(FS1+FBS1) | -0.06 0.1988 7.73E-01 9.49E-01 0.00 0.1360 9.91E-01 9.91E-01
FBS1/FS1 -0.06 0.1988 7.73E-01 9.49E-01 0.00 0.1360 9.91E-01 9.91E-01
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Appendix 7. Statistical analysis of associations between derived 1gG N-glycosylation traits and

coronary artery disease during the 2-year follow-up period. Glycan data were adjusted for age

and sex whereas the false discovery rate was controlled by the Benjamini-Hochberg method.

Statistically significant differences are in bold.

Glycan trait Effect SE p-value Padj-value
GP1 0.02 0.0597 7.74E-01 8.60E-01
GP2 -0.10 0.0523 6.52E-02 4.89E-01
GP3 -0.01 0.0724 8.99E-01 8.99E-01
GP4 -0.05 0.0484 2.76E-01 7.94E-01
GP5 -0.14 0.0969 1.45E-01 7.26E-01
GP6 0.03 0.0409 4.56E-01 7.94E-01
GP7 -0.05 0.0492 3.18E-01 7.94E-01
GP8 -0.03 0.0559 5.78E-01 7.94E-01
GP9 -0.11 0.0500 2.39E-02 3.59E-01
GP10 0.11 0.0474 1.83E-02 3.59E-01
GP11 0.02 0.0416 6.55E-01 7.94E-01
GP12 -0.02 0.0494 6.62E-01 7.94E-01
GP13 0.07 0.0559 2.33E-01 7.94E-01
GP14 0.04 0.0489 4.67E-01 7.94E-01
GP15 0.09 0.0538 1.01E-01 6.04E-01
GP16 -0.01 0.0425 8.13E-01 8.71E-01
GP17 -0.07 0.0723 3.20E-01 7.94E-01
GP18 0.03 0.0497 5.73E-01 7.94E-01
GP19 0.02 0.0500 7.07E-01 8.16E-01
GP20 -0.09 0.1096 4.12E-01 7.94E-01
GP21 0.02 0.1181 8.75E-01 8.99E-01
GP22 0.06 0.0683 4.16E-01 7.94E-01
GP23 0.02 0.0534 6.57E-01 7.94E-01
GP24 0.04 0.0612 5.59E-01 7.94E-01

GO total -0.04 0.0494 3.94E-01 7.94E-01
G1 total -0.03 0.0637 5.89E-01 7.94E-01
G2 total 0.04 0.0492 3.98E-01 7.94E-01
S total 0.03 0.0486 5.37E-01 7.94E-01
F total 0.06 0.0566 2.74E-01 7.94E-01
B total 0.10 0.0487 4.67E-02 4.67E-01
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Appendix 8. Statistical analysis of sex-stratified associations between derived 1gG N-

glycosylation traits and coronary artery disease during the 2-year follow-up period. Glycan

data were adjusted for age and sex whereas the false discovery rate was controlled by the

Benjamini-Hochberg method. Statistically significant differences are in bold.

Women Men

Glycan peak Effect SE p-value | pagi-value | Effect SE p-value Padj-

value
GP1 0.15 0.1120 | 1.89E-01 | 6.76E-01 0.00 | 0.0879 | 9.60E-01 | 9.98E-01
GP2 -0.08 0.0867 | 3.59E-01 | 8.41E-01 | -0.02 | 0.0790 | 7.72E-01 | 9.41E-01
GP3 0.12 0.1492 | 4.26E-01 | 8.93E-01 | -0.03 | 0.0956 | 7.29E-01 | 9.41E-01
GP4 0.03 0.1017 | 7.50E-01 | 9.41E-01 | -0.03 | 0.0638 | 5.92E-01 | 9.41E-01
GP5 -0.21 0.1989 | 2.89E-01 | 8.41E-01 | -0.20 | 0.1271 | 1.13E-01 | 6.36E-01
GP6 0.05 0.0839 | 5.12E-01 | 8.93E-01 0.09 | 0.0530 | 8.65E-02 | 6.26E-01
GP7 -0.06 | 0.0830 | 4.63E-01 | 8.93E-01 | -0.02 | 0.0755 | 7.66E-01 | 9.41E-01
GP8 -0.19 0.0902 | 3.43E-02 | 5.83E-01 | -0.03 | 0.0835 | 7.26E-01 | 9.41E-01
GP9 -0.08 0.1020 | 4.57E-01 | 8.93E-01 | -0.11 | 0.0704 | 1.32E-01 | 6.36E-01
GP10 -0.05 0.1027 | 6.49E-01 | 9.41E-01 0.16 | 0.0608 | 9.71E-03 | 2.45E-01
GP11 -0.05 0.0940 | 5.77E-01 | 9.41E-01 0.05 | 0.0540 | 3.47E-01 | 8.41E-01
GP12 -0.01 0.1024 | 9.55E-01 | 9.98E-01 | -0.03 | 0.0631 | 6.86E-01 | 9.41E-01
GP13 -0.12 0.1171 | 3.21E-01 | 8.41E-01 0.12 | 0.0744 | 9.63E-02 | 6.26E-01
GP14 -0.03 0.0976 | 7.56E-01 | 9.41E-01 | -0.01 | 0.0641 | 8.77E-01 | 9.62E-01
GP15 -0.12 0.1168 | 3.19E-01 | 8.41E-01 0.11 | 0.0655 | 8.87E-02 | 6.26E-01
GP16 0.12 0.0815 | 1.50E-01 | 6.36E-01 | -0.06 | 0.0604 | 2.85E-01 | 8.41E-01
GP17 -0.14 | 0.1477 | 3.53E-01 | 8.41E-01 | -0.11 | 0.0940 | 2.36E-01 | 7.69E-01
GP18 0.00 0.1100 | 9.88E-01 | 9.98E-01 | -0.05 | 0.0630 | 4.16E-01 | 8.93E-01
GP19 -0.08 0.1117 | 4.92E-01 | 8.93E-01 0.09 | 0.0629 | 1.45E-01 | 6.36E-01
GP20 -0.37 0.2219 | 1.01E-01 | 6.26E-01 | -0.08 | 0.1410 | 5.95E-01 | 9.41E-01
GP21 -0.05 0.2564 | 8.36E-01 | 9.62E-01 | -0.03 | 0.1448 | 8.52E-01 | 9.62E-01
GP22 -0.32 0.1237 | 1.08E-02 | 2.45E-01 0.18 | 0.0938 | 6.27E-02 | 6.09E-01
GP23 0.17 0.1251 | 1.84E-01 | 6.76E-01 | -0.08 | 0.0666 | 2.37E-01 | 7.69E-01
GP24 -0.03 0.1269 | 7.89E-01 | 9.42E-01 0.06 | 0.0794 | 4.23E-01 | 8.93E-01
S total 0.00 0.1025 | 9.98E-01 | 9.98E-01 | -0.02 | 0.0623 | 7.49E-01 | 9.41E-01
GO total 0.05 0.1027 | 6.09E-01 | 9.41E-01 | -0.01 | 0.0648 | 8.26E-01 | 9.62E-01
G1 total -0.16 | 0.1154 | 1.73E-01 | 6.76E-01 | -0.01 | 0.0896 | 9.17E-01 | 9.89E-01
G2 total -0.03 0.1011 | 7.75E-01 | 9.41E-01 0.00 | 0.0621 | 9.79E-01 | 9.98E-01
F total 0.10 0.1061 | 3.40E-01 | 8.41E-01 0.03 | 0.0811 | 6.74E-01 | 9.41E-01
B total 0.02 0.1092 | 8.73E-01 | 9.62E-01 0.16 | 0.0621 | 8.96E-03 | 2.45E-01
FGS/(F+FG+FGS) 0.05 0.1084 | 6.75E-01 | 9.41E-01 | -0.03 | 0.0601 | 6.61E-01 | 9.41E-01
FBS1/(FS1+FBS1) -0.08 0.1061 | 4.80E-01 | 8.93E-01 0.11 | 0.0566 | 6.24E-02 | 6.09E-01
FBS1/FS1 -0.08 0.1061 | 4.80E-01 | 8.93E-01 0.11 | 0.0566 | 6.24E-02 | 6.09E-01
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ized Glycan N

Appendix 9. Differences in sex-stratified 1gG glycome composition during the follow-up

period in CAD- and CAD+ cases. GO - agalactosylation, G1 - monogalactosylation, G2 —

digalactosylation, S — sialylation, F — core fucosylation, B — bisecting Glc-NAc, F — females,

M — males, T - timepoint. Data is normalized to the first point.
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Appendix 10. Statistical analysis of relationship between IgG N-glycosylation traits and

adverse CVD outcomes during the 8-year follow-up period. False discovery rates were

controlled by the Benjamini-Hochberg method. Statistically significant differences are in bold

Glycan trait Effect SE p-value Padj-value
GP1 -1.43 3.2757 6.58E-01 9.89E-01
GP2 -0.15 0.2431 5.14E-01 9.89E-01
GP3 -2.04 6.4466 7.52E-01 9.89E-01
GP4 0.00 0.0246 9.43E-01 9.89E-01
GP5 0.22 3.0307 9.43E-01 9.89E-01
GP6 0.03 0.0726 7.02E-01 9.89E-01
GP7 -0.10 0.4241 8.14E-01 9.89E-01
GP8 -0.05 0.0719 4.86E-01 9.89E-01
GP9 0.00 0.0843 9.78E-01 9.89E-01
GP10 0.04 0.0992 6.77E-01 9.89E-01
GP11 0.64 0.7418 3.93E-01 9.89E-01
GP12 0.05 0.2079 8.25E-01 9.89E-01
GP13 0.17 2.2522 9.41E-01 9.89E-01
GP14 0.00 0.0473 9.67E-01 9.89E-01
GP15 0.29 0.3534 4.09E-01 9.89E-01
GP16 -0.18 0.2442 4.62E-01 9.89E-01
GP17 0.17 0.4936 7.35E-01 9.89E-01
GP18 -0.02 0.0689 7.48E-01 9.89E-01
GP19 0.31 0.2583 2.36E-01 9.89E-01
GP20 -1.08 1.7692 5.34E-01 9.89E-01
GP21 1.18 0.9105 2.02E-01 9.89E-01
GP22 5.83 2.2355 1.64E-02 9.89E-01
GP23 -0.03 0.2383 8.84E-01 9.89E-01
GP24 0.35 0.2556 1.78E-01 9.89E-01
B total 0.04 0.0425 3.21E-01 9.89E-01
F total 0.00 0.0743 9.89E-01 9.89E-01
GO total 0.00 0.0206 9.88E-01 9.89E-01
G1 total -0.02 0.0564 7.50E-01 9.89E-01
G2 total 0.00 0.0414 9.18E-01 9.89E-01

S total 0.01 0.0443 8.65E-01 9.89E-01
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Appendix 11. Statistical analysis of relationship between plasma N-glycosylation traits and

adverse CVD outcomes during the 8-year follow-up period. False discovery rates were

controlled by the Benjamini-Hochberg method. Statistically significant differences are in bold

Glycan trait Effect SE p-value Padj-value
GP1 -0.28 0.1226 2.32E-02 9.85E-02
GP2 -0.14 0.1127 2.22E-01 4.20E-01
GP3 0.08 0.1073 4.41E-01 6.38E-01
GP4 -0.33 0.1160 4.50E-03 6.67E-02
GP5 -0.22 0.1154 5.22E-02 1.69E-01
GPo6 -0.20 0.1070 6.42E-02 1.86E-01
GP7 -0.11 0.1115 3.11E-01 4.76E-01
GP8 0.08 0.1219 5.17E-01 7.11E-01
GP9 -0.03 0.1120 8.17E-01 9.06E-01
GP10 -0.26 0.1214 2.97E-02 1.09E-01
GP11 -0.07 0.1105 5.14E-01 7.11E-01
GP12 0.05 0.1090 6.65E-01 8.49E-01
GP13 -0.31 0.1196 1.03E-02 7.65E-02
GP14 0.16 0.1181 1.76E-01 3.90E-01
GP15 0.11 0.1119 3.46E-01 5.15E-01
GP16 -0.14 0.1184 2.37E-01 4.20E-01
GP17 -0.03 0.1098 7.70E-01 9.01E-01
GP18 -0.02 0.1198 8.89E-01 9.06E-01
GP19 0.15 0.1152 2.06E-01 4.19E-01
GP20 0.20 0.1114 6.76E-02 1.86E-01
GP21 0.13 0.1165 2.83E-01 4.47E-01
GP22 0.16 0.1158 1.64E-01 3.90E-01
GP23 0.12 0.1129 2.84E-01 4.47E-01
GP24 0.07 0.1178 5.40E-01 7.24E-01
GP25 0.14 0.1178 2.50E-01 4.30E-01
GP26 0.34 0.1205 4.40E-03 6.67E-02
GP27 0.14 0.1208 2.29E-01 4.20E-01
GP28 0.16 0.1175 1.77E-01 3.90E-01
GP29 -0.02 0.1193 8.85E-01 9.06E-01
GP30 0.16 0.1200 1.93E-01 4.08E-01
GP31 0.26 0.1241 3.73E-02 1.28E-01
GP32 0.32 0.1198 6.84E-03 6.84E-02
GP33 0.18 0.1207 1.28E-01 3.35E-01
GP34 0.13 0.1231 2.74E-01 4.47E-01
GP35 0.22 0.1177 5.75E-02 1.76E-01
GP36 0.05 0.1220 6.69E-01 8.49E-01
GP37 -0.02 0.1222 8.52E-01 9.06E-01
GP38 0.04 0.1199 7.59E-01 9.01E-01
GP39 0.03 0.1140 8.08E-01 9.06E-01
AF 0.17 0.1196 1.60E-01 3.90E-01

B -0.04 0.1068 6.79E-01 8.49E-01
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Appendix 11 - continued

CF -0.27 0.1130 1.75E-02 8.76E-02
GO -0.26 0.1210 2.91E-02 1.09E-01
Gl -0.32 0.1150 4.85E-03 6.67E-02
G2 0.14 0.1123 2.18E-01 4.20E-01
G3 0.29 0.1167 1.16E-02 7.65E-02
G4 0.02 0.1172 8.63E-01 9.06E-01
HB 0.27 0.1173 2.33E-02 9.85E-02
HM 0.02 0.1091 8.76E-01 9.06E-01
LB -0.28 0.1192 1.70E-02 8.76E-02
SO -0.32 0.1134 4.71E-03 6.67E-02
S1 -0.04 0.1203 7.15E-01 8.74E-01
S2 0.30 0.1115 7.46E-03 6.84E-02
S3 0.29 0.1170 1.25E-02 7.65E-02
S4 0.01 0.1159 9.16E-01 9.16E-01
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