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CHAPTER 1: INTRODUCTION

1.1. Definition

Glycosylation, a word formed from the Greek glyco-, meaning sweet/sugar, -yl-
meaning “wood/material/from which something is made of”, and from the Latin
suffix -ation, a process, the action of doing something. The process of adding a
derivative of sugar (the glycosyl) to something.

1.2. Background

Glycosylation is a post translational modification (PTM) of proteins, lipids or other
molecules where a sugar moiety composed of building blocks called carbohydrates,
monosaccharides, or glycans, are enzymatically attached to a peptide backbone i.e.
of a human protein, thus creating a glycoprotein®. Glycosylation is not to be confused
with glycation, which is a non-enzymatic direct chemical reaction?. Glycosylation is
the most abundant protein PTM and more than half of the human proteins are
glycosylated® #. The glycan part of a glycoprotein can be composed of only a few
monosaccharides and be small in comparison to the size of the naked protein, but it
can also be much larger and become a big part of the total mass of the protein in the
case where multiple glycans are attached at different places of the molecule®”.

Glycosylation can affect the physical properties and biological activities of proteins
and has been associated with health and disease®°. It is also becoming of growing
importance for medical diagnhosis and biopharmaceutical treatments014,

The research presented in this thesis aims to expand the knowledge about human
protein glycosylation in health and disease as the understanding of glycosylation
patterns in disease can help elucidate pathological mechanisms and provide new
basis for the development of techniques using glycans as biomarkers for early
disease detection, stratification of patients and for better targeted medication.

1.3. Monosaccharides

There are seven major types of monosaccharides found in the glycosylation of
human proteins: Glucose (Glc), galactose (Gal), mannose (Man), fucose (Fuc), N-
acetylglucosamine  (GIcNAc),  N-acetylgalactosamine  (GalNAc) and N-
acetylneuraminic acid®. Glucoses, galactoses and mannoses are hexose sugars with
different stereochemical configuration of the alcohol groups on carbon two and four,
while N- acetylglucosamine and N-acetylgalactosamine are their homologues where
an N-acetyl group is replacing the alcohol on the second carbon of their respective
hexose base, creating an amide bond (Figure 1). Fucose is based on a hexose sugar
but the alcohol group of the 6™ carbon of hexoses is replaced by a hydrogen atom.
N-Acetylneuraminic acid is a complex sugar with a 9-carbon atom backbone and
belongs to the family of sialic acids (SA). Other monosaccharides like xylose are
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CHAPTER 1: INTRODUCTION

present in glycan structures of plants while N-glycolylneuraminic acid is mostly found
in non-human mammals (not shown). Human ancestors were able to produce N-
glycolylneuraminic acid until a mutation of the gene encoding the CMP-N-

acetylneuraminic acid hydroxylase occurred?®.
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Figure 1: Monosaccharides. The structure and graphical representation of the
monosaccharides presents in human plasma, according to definition by the
Consortium of Functional Glycomics’

To simplify the nomenclature of these sugars, they are often referred to with H for
hexoses, N for N-acetylhexosamines, F for fucoses and S for sialic acids. In this thesis,
the sialic acids are sometimes differentiated on the basis of their linkage reflected in
differential chemical derivatization are then abbreviated with E and L if they are
respectively a2,3- or a2,6- linked*.

1.4. Biosynthetic pathways

The monosaccharides are used as building blocks and can be added and removed
during the synthesis of complex glycan structures by the various enzymes found in
the endoplasmic reticulum (ER) and the Golgi apparatus!® 2°. These carbohydrates
are most often arranged in complex branched structures, unlike DNA and amino
acids sequences which are built linearly.
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CHAPTER 1: INTRODUCTION

This biosynthetic pathway of glycosylation does not follow an exact template but
more depends on genetic regulation, on the availability of the nucleotide sugars, the
time spent in the endoplasmic reticulum (ER) and in the Golgi apparatus?. It also
highly depends on the activity of the specific glycosidases and glycosyltransferases
responsible for the cutting and transfer of building blocks during the synthesis. This
biosynthetic pathway can also be affected by diseases and some environmental
factors which will be discussed in a later part of this thesis. By having an extensive
knowledge of the synthetic pathway, hypotheses can be formed about the root
cause of certain types of defects in glycosylation patterns depending on which step
of the trimming or building shows abnormal activity?% 23,

1.5. N-glycosylation

A prevalent type of glycosylation is called “N-“ glycosylation, because the
carbohydrate chain is linked to the amide nitrogen of an Asparagine - abbreviated
Asn or “N” - in the amino acid sequence Asparagine-X-Serine/Threonine (Asn-X-
Ser/Thr). As exception, the X in this sequence cannot be a Proline (Pro) because of
the steric hindering of its sidechain which would block enzymes from getting close
enough to the glycosylation site to attach glycans on the neighboring Asparagine. In
rare cases, N-glycosylation has also been reported in other sequence i.e. Asn-X-Cys?*.
With the help of protein sequencing tools, databases and advances in computational
biochemistry, it is possible to predict the potential glycosylation sites of a protein?>
2 These glycosylation sites must also be accessible by being at the surface of the
protein, otherwise the glycosyltransferases are not able to reach the suitable
location to transfer the precursor oligosaccharide. On the glycan moiety, the
glycosylation bond is created on the N-acetylglucosamine (GIcNAc) reducing end on
carbon one of the precursor oligosaccharide.

The biosynthetic pathway of such branched glycan structures can be divided in three
major steps. The first step begins in the endoplasmic reticulum (ER) where a
precursor of glycan structure is formed on a lipid donor called dolichol which is a
polymeric chain composed of 14 to 21 open isoprene units?®> 30, At first, the
hydrophobic part of the dolichol donor is fixed in the membrane of the ER while the
hydrophilic part with the glycan precursor is facing the cytoplasm side of the
membrane. Glycosyltransferase enzymes will attach GIcNAc and mannose sugars to
the dolichol. When the precursor glycan reaches a size of 7 sugars (MansGIcNAC,),
the whole precursor flips in the membrane and the glycan part switches to the lumen
side of the membrane where additional sugars are added until the complete
precursor glycan reaches a size of fourteen sugars (GlcsMangGlcNAc,)%.

Once the precursor glycan has reached its final size, the second part of the process
takes place where the precursor glycan is transferred en-bloc, meaning at once, from

11



CHAPTER 1: INTRODUCTION

the dolichol donor to the glycosylation site of the receiving protein by an
oligosaccharyltransferase in the rough ER. The released dolichol donor will then flip
back in the membrane where it will be able to start a new cycle?®3°,

The third part of the glycan synthesis starts when the newly created glycoprotein
undergoes folding quality control and migrates from the ER to the Golgi apparatus
while a succession of glycosidases (glucosidases and mannosidases) start to trim
down the precursor glycan. Additionally, a succession of various glycosyltransferases
like GIcNAc transferase | and Il, galactosyl transferases and sialyl-transferases start
to attach new monosaccharides on the non-reducing termini side of the terminal
sugars to build elaborate glycan branches. In some cases, the trimming process will
not happen or stay incomplete, leading to what is called oligomannose (M)
glycoforms, with the composition of the branched glycan remaining with nine to five
mannoses®,

In humans, there are three N-glycan types called high-mannose (M), hybrid (Hy) or
of the complex (C) type. They share a common core composed of two successive
GlcNAcs, three mannoses and the later composition of the antennas determines the
type of glycan category (Figure 2). The antennas of high-mannose glycans are
composed exclusively of mannoses, complex-type antennas contain GIcNACc,
galactoses or sialic acids bound in specific order and hybrid glycans contain a mix of
high-mannose and complex antennas. Complex glycans can have up to four
antennas. The two branching mannoses are either al-3- or al-6-linked to the
GlcNAc-linked mannose and give the names to the respective 1-3 arm and 1-6 arm
of the glycan. Fucoses can be found in different places on the glycan linked to a
GIcNAc either on the antenna or on the first core GIcNAc and are respectively called
antenna and core fucoses.

12
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Antenna fucose

.
e,
.

" Bisecting GIcNAc

Core fucose

Oligomannose (M) Hybrid (Hy) Complex (C)

Figure 2: Schematic representation of N-glycans types. The common part to
oligomannose-, hybrid- and complex-type glycans called the core is composed of two
N-acetylglucosamine (GIcNAc) and three mannoses. Fucoses are differentiated
whether they are linked to a GIcNAc in the core of the glycan or on the side of an
antenna and are respectively called core and antenna fucoses. In complex type
glycans, there is the possibility to have GIcNAc linked 81,4 to the first core mannose
which is called bisecting GIcNAc.

It is not uncommon to have variations of the glycan present, for example when a
third GIcNAc is added on the fourth position of the innermost core mannose sugar
which is called a bisecting GIcNAc?.

In other organisms like yeasts including Saccharomyces cerevisiae, much bigger
structures can be found with elongated hyper mannosylated antennae3!. Insects also
have glycosylated proteins with different fucosylation and elongated structures2.
Plants also have glycosylation that differs from humans by having a monosaccharide
not present in humans, xylose, in the sidechain of some glycan structures®,

Knowing about glycans biosynthetic pathways can lead to educated hypotheses
about the root cause of misformed glycans?> 23, For example, observing a high
percentage of oligomannose glycoforms with 8 or 9 mannoses on a protein (or in the
total plasma N-glycome) could indicate a deficiency in the activity or in the genes
coding for mannosidases while an elevated percentage of glycoforms with five
mannoses could make one think about a lack of activity of the GIcNAc | transferase.
Because the building process of the glycan branches happens in a quite ordered
sequence, if one specific step fails, the following steps are unlikely to occur. There
are also intermediate situations where the trimming of one arm of the precursor is
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incomplete while the building of the other arm follows a normal path which leads to
hybrid structures.

1.6. O-glycosylation

Another type of protein glycosylation present in humans is called “O-“glycosylation
because the glycans are attached to the -OH residue of amino-acids serine or
threonine (Ser/Thr)34. The O-glycans are generally smaller and of simpler structure
(less branching but sometimes elongated repetitive sequences of glycans) compared
to the N-glycans. The building blocks of the O-glycans are the same as in the N-
glycans, however their biosynthetic pathway differs on multiple points. The O-
glycosylation doesn’t require a specific amino-acid sequence pattern like the N-
glycans (Asn-X-Ser/Thr) to be possible and the post-translational transfer of the
glycan precursor occurs in the Golgi apparatus instead of in the ER for the N-glycans.
While the start of the N-glycosylation process depends on a single
oligosaccharyltransferase, O-glycosylation on a serine or threonine can be carried
out by numerous different enzymes. This multiplicity of enzymes that can be part of
the O-glycosylation leads to less specificity needs for the glycosylation sites, and the
reaction is less likely to be blocked by the steric hindrance of the glycosylation sites
than for the N-glycans, meaning that O-glycans can be added even in parts of the
protein that are not directly at its surface. The most common type of O-glycosylation
is mucine-type O-glycosylation, featuring a GalNAc as the innermost
monosaccharide.

O-glycans are built based on core structures like the N-glycans and their glycan chains
can be elongated with repetitive sequence and can contain fucoses and sialic acids
(Figure 3). Due to their relatively small size, it is not uncommon to find multiple O-
glycosylation sites in close vicinity. This close vicinity of the sites complicates the
analysis of the specific site’s glycosylation and often, only a total glycosylation of a
glycopeptide can be determined without the micro-heterogeneity information (cf §
1.7). The relative high content of terminal sialic acids in the O-glycans makes that
portion of the protein quite hydrophilic and creates charges that can attract water3*.
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Tn antigen Core 1l Core 2 Sialyl-Tn antigen Sialyl-T antigen
T antigen T antigen

IS

Elongated O-glycan

Figure 3: Examples of O-glycans cores. The Tn antigen core O-glycan is composed of
one GalNAc, the core 1 (also called T antigen) is composed of one GalNAc and one
galactose, the core 2 (T antigen) contains two GalNAc and one GIcNAc, the sialyl-Tn
antigen is composed of one sialic acid and one GalNAc and the Sialyl-T antigen is a
core 1 with an additional sialic acid.

One of the most well known biological effect of O-glycosylation in human immune
response is the different type of blood types (A,B, AB, O and others) where different
O-glycans are present at the surface of red blood cells (RBC) Figure 4. The immune
response between the donor’s blood and the acceptor’s plasma antibodies during
the transfusion will depend on the antigens present at the surface of their RBCs*. A
mismatch of blood compatibility between the donor and acceptor can have fatal
outcomes and the discovery of the compatibility matrix between blood types for
transfusion is probably the first personalized treatment involving glycosylation.

...-=>* Red blood cell

----

(0] A B AB

Figure 4: Example of blood type and O-glycan structures. The different O-glycan
structures of the blood types A, B, AB and O are linked to the surface of red blood
cells.

Like mammalians, insects have GalNAc O-glycans linked to serine and threonine.
Plants also possess GalNAc O-glycans on threonine and serine residues. These O-
glycan structures are abundantly found in the cell walls and contain arabinose or
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CHAPTER 1: INTRODUCTION

galactose residues attached to hydroxyproline. Yeasts often contain mannose-based
O-glycosylation.

In humans, O-glycosylation is highly abundant in large mucus proteins known as
mucins. Mucins are widespread at the surface of body parts and secreted body fluids
that are exposed to the environment like the digestive system, in the lungs and in
genital organs. These proteins are found in many body fluids and are of interest for
targeted analysis because of their readily availability and presence on body surfaces
that can be damaged by diseases. The affinity for water created by the presence of
the negatively charged sialic acids in mucins confers them their viscous and sticky
aspect and helps them stay at the surface e.g. of the intestinal tract. The stickiness
of the mucus is a first barrier against microbes that either get physically trapped in it
or that are recognized by the antibodies in the mucus layer as part of the immune
response mechanism.

Overall, O-glycosylation has received less research attention than N-glycosylation,
primarily due to analytical challenges such as the complex prediction of glycosylation
sites resulting from diverse initiating enzymes, the presence of clustered
O-glycosylation sites on large and difficult-to-digest peptides, and the lack of
efficient enzymatic labelling or release methods. However, recent advances in
glycoproteomic platforms and analytical technologies now allow the simultaneous
characterization of both O- and N-glycosylation within a single workflow, renewing
scientific interest in the analysis of O-glycans in large patient groups3® 37,

1.7. Macro- and micro-heterogeneity

In both N- and O-glycosylation, when a protein contains one or several potential
glycosylation sites predicted from its amino acid sequence, the extent to which these
sites are occupied is referred to as macro-heterogeneity. On a site-specific level, the
variety of glycan structures that can be attached to this site is called micro-
heterogeneity (Figure 5).
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Figure 5: Micro- and Macro-heterogeneity of N-glycosylation sites on protein
backbone. The rate of site occupancy, the macroheterogeneity, is represented by the
green and white balls for the occupied and respectively unoccupied predicted N-
glycosylation sites while the microheterogeneity is represented on the right
glycosylation site where different glycans can occupy this site.

1.8. Biological roles of glycosylation

Glycans can have a great variety of effects on their conjugate. They can influence
physical properties such as thermodynamic stability by preventing protein
aggregation during thermal stress®“°. Glycans may also protect against freezing
damage by forming a barrier at ice-nucleation points, thereby isolating them from
the surrounding environment®!. In addition, glycosylation can affect protein folding
by promoting disulfide-bond formation, preventing aggregation of unfolded
intermediates, and marking misfolded proteins for degradation®® 43,

Glycans can also influence protein structure by protecting or exposing hydrophobic
parts of the protein surface*® #°, influence their secretion process by modulating
their binding with transport proteins*®-¢, and also modify the half-life of proteins by
protecting them from clearance®® 4> 30, Sometimes, the glycosylation has an impact
on the protein even before it is released in the circulation by acting as a quality
control agent e.g. by ensuring proper protein folding during the synthesis and
blocking the secretion of malformed proteins and tagging them for elimination®% 2,
The glycans can also influence the functions of the protein, the recognition with its
ligand, a binding site or pathogens” >3-,
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Considering all the possible effects of glycosylation on protein properties and
interactions with its receptors, it becomes clear that glycans can play a major role in
shaping protein behavior in healthy individuals and it is easy to imagine that any
deviations from the intended function of one or multiple proteins can lead to severe
diseases and/or be affected and may reflect such changes. The knowledge of
whether the changes in glycosylation are due to mutations in the genes encoding the
proteins and enzymes involved in the synthesis of the glycoproteins or during the
refining of the glycans post transfer can give very specific information about the
failure mode, and help elucidate unknown disease mechanisms.

1.9. Glycosylation in healthy individuals

In healthy individuals, glycosylation traits have been associated with age, sex and
lifestyle. The most common change of glycosylation that has been associated with
age is the decrease of terminal galactosylation and sialylation in immunoglobulins
such as IgG and an increase in bisecting GIcNAc®*>%. There are even some researches
specialized on individual with exceptional longevity trying to reveal the secret of long
life>. Glycosylation patterns have also been shown to differ significantly between
males and females, for example in the fucosylation of triantennary glycans. In
addition, interactions between age and sex have been reported, with certain
glycosylation changes occurring exclusively in females and coinciding with
hormone-related transitions such as menopause®.

There is a high variability in the glycosylation of healthy individuals and there is a
genetic and hereditary component to human glycosylation which has been
demonstrated by analyzing the plasma of isolated populations, for example living on
islands®?. Certain protein polymorphisms, e.g. in haptoglobin, have been shown to
vary across different ethnic groups, and distinct glycosylation patterns have also
been observed between these polymorphic forms> 2%, In healthy individuals, a
change in the protein sequence causing an allotype can occur exactly at the position
of a glycosylation site, and cause the addition or the deletion of a glycoside, like in
the allotype A2M of IgA2, without necessarily causing a disease®.

Sometime, lifestyle can be traceable by its effect on the glycosylation. The
serotransferrin glycosylation pattern has been reported to be affected by alcohol
usage while smoking was also reported to have an effect on protein levels and
glycosylation patterns®® %, Protein glycosylation has also been associated with
medication in healthy individuals, for example with the intake of contraceptive
pills®.
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1.10. Glycosylation changes in diseases

It is known that glycosylation significantly influences protein folding, stability, and
function, affecting processes like cell-cell interaction, immune response, and
molecular recognition. Glycosylation is involved in the quality control of protein
folding within the endoplasmic reticulum’. Misfolded glycoproteins are often
degraded, preventing the accumulation of dysfunctional proteins or other deviations
of the intended function. Glycosylation of antibodies influences their efficacy and
interactions with immune cells, affecting immune responses and therapeutic
antibody design. Glycans are involved in biomolecular interactions, such as those
between pathogens and host cells’?. Glycosylation modulates receptor activity on
cell surfaces, impacting signal transduction pathways’>. This regulation is critical in
processes like growth, differentiation, and apoptosis. Glycans mediate cell adhesion
processes, crucial for tissue formation and repair, as well as metastasis in cancer
biology.

Understanding protein glycosylation helps explain disease pathogenesis. The
research reported in this thesis helps researchers understand disease mechanisms
and identify new intervention points for early diagnosis and monitoring disease
progression. One step further than explaining disease pathogenesis, understanding
glycosylation pathways can lead to the development of new therapeutic strategies.
For instance, targeting specific glycan structures can modulate immune responses in
diseases like cancer and chronic inflammation’* 7>, In the future, glycomic data will
be used to design personalized treatment plans based on individual glycosylation
patterns, leading to more effective and tailored therapies with personalized
medicine’®.

Glycosylation patterns on viral proteins are key in vaccine design. For example, the
efficacy of influenza and HIV vaccines is influenced by glycosylation, affecting antigen
recognition by the immune system”’. Biopharmaceuticals, such as monoclonal
antibodies, require specific glycosylation patterns for optimal efficacy and reduced
immunogenicity. Ensuring correct glycosylation is vital in biopharmaceutical
manufacturing’®. Understanding protein glycosylation thus provides comprehensive
insights into health, disease, and therapeutic development, highlighting its critical
role in modern biomedical research.

Considering the complexity of the glycosylation pathway, the number of genes,
enzymes and environmental factors that can have an impact on the glycans and the
proteins they are bound to, it is likely that at some point, on top of the changes
occurring in healthy individuals, something deviates from the intended path and
leads to harmful outcomes. As the glycosylation is already varied in healthy
individuals due to heredity, sex, age and environmental factors, additional changes
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in glycosylation are observed in diseases. Studying these interactions can for
example lead to new antimicrobial strategies’® 8.

Altered glycosylation patterns are associated with various diseases, including cancer,
diabetes, and autoimmune disorders. Using glycan profiling in diagnostic tests for
various conditions, including liver diseases and congenital disorders of glycosylation,
constantly improves diagnostic accuracy and patient care. Mapping glycosylation
changes in various diseases leads to the discovery of novel biomarkers, aids in
detection and treatment®’.

Certain glycosylation abnormalities can be grouped in two categories called
congenital disorders of glycosylation (CDG) | and 11?%. Type | CDGs are caused by
malfunctions during the synthesis or transfer of the precursor glycan to its target
protein and result in unoccupied glycosylation sites. Type Il CDGs are the result of
disruptions in the genes, proteins or enzymes involved in the trimming and/or
building phase of the glycan already bound to its glycosylation site on the protein. In
type Il CDGs, the glycosylation sites are occupied by abnormal glycans?® 82,

Prevalent diseases such as rheumatoid arthritis (RA), diabetes, cancers and other
inflammatory diseases have been reported to be associated with changes in
glycosylation®%, The most observed changes in glycosylation with diseases are the
levels of galactosylation, bisection and fucosylation, the antennarity/branching of N-
glycans and some recent methods also reported changes in the type of terminal sialic
acids linkages. Although not always seen as a disease, aging is also reported to be
associated with similar glycosylation changes as inflammation and led to the
phenomenon called inflammaging®®. Changes in glycosylation have also been
reported with the menopause transition®.

In this thesis, the glycosylation changes of the plasma protein are investigated and
put into perspective with the theoretical knowledge about the total human
glycosylation. Acute phase proteins and immunoglobulins are the proteins impacted
the most in the immune response to diseases and inflammation, it is natural that not
only their levels but also their glycosylation changes strongly with disease.
Immunoglobulin G and A are often found to be the main contributors to the global
glycosylation changes, likely due to their high abundance (IgG) and exposure to
pathogen due to their presence in many mucosal layers (IgA). While 1gG and its
glycosylation is already broadly investigated in clinical studies due to its relatively
high abundance and its recognized marker of inflammation role, IgA receives less
attention, also due to the higher complexity of its analysis. This prompted further
investigation of IgA glycosylation in the disease of focus of this thesis (IBD) and in a
study where IgA is known to be the pivotal point of the condition in IgA Nephropathy
(IgAN) patients.
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1.11. Diseases approached in this thesis

1.11.1. Inflammatory bowel diseases (IBD)

The two main diseases of IBD are Crohn’s Disease (CD) and Ulcerative Colitis (UC).
They are both chronic inflammation of the intestinal tract and are considered
autoimmune diseases. IBD is not to be confused with IBS, which stands for irritable
bowel syndrome, in which the patients suffer from abdominal pain and abnormal
bowel movements. About one percent of the world population is affected by IBD and
yet there is no definitive way to cure these diseases®. Medication and surgery have
beneficial effects for the quality of life of the patients but relapses can occur in many
cases®’®°, The exact causes of IBD are still unknown but several risk factors have been
identified®.

The differential diagnosis of CD and UC is not an easy task as the symptoms are very
similar. There is a need to segregate patients suffering from CD or UC as early as
possible because the medication and eventual surgical interventions can differ.
When IBD onset occurs in young patients, the final diagnosis is often confirmed years
after the first medical visit.

One of the differences between the CD and UC is that UC is affecting more localized
portions of the intestinal tract while CD can spread in multiple locations (Figure 6).
Because of this, UC patients can more often undergo successful surgical treatment
to remove the inflamed portion of the intestine while CD patients do not benefit as
much from such interventions.
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Crohn’s Disease Ulcerative Colitis

Figure 6: Schematic representation of Crohn's Disease and Ulcerative Colitis °*. In
Crohn’s Disease, the inflammation appears in a patchy pattern while in Ulcerative
Colitis the inflammation tends to be localized in a single portion of the intestinal tract.

1.11.2. Glycosylation changes with IBD
Glycosylation has early been identified to play a role in inflammatory bowel disease.
Long before mass-spectrometric techniques, lectin based assays have revealed a
high content of oligomannose in the colonic mucus UC patients and changes in
sialylation, fucosylation, galactosylation and total carbohydrate content in the
glycoproteins of both CD and UC patients®%¢.

Advances in derivatization and chromatographic techniques allowed new
approaches to the analysis of glycans and helped to remove some of the bias that
can be introduced by lectin-based assays. These new techniques also allow
distinguishing the protein specific changes i.e. subclasses of 1gG, and offer more
powerful analysis tools to investigate micro- and macro-heterogeneity aspects and
linkage specific information of glycoproteins.

Lower galactosylation of 1gG is reported to be the strongest glycan marker of
inflammation and has widely been associated with UC and CD®7-1%%, IgG contributes
for the major part of the total plasma protein glycosylation of diantennary glycans
and the changes in 1gG glycosylation are also visible in non-targeted total plasma
glycome analysis'®2.
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A recent paper'® on the total serum of IBD patients reports lower galactosylation of
diantennary glycans in CD and UC, higher bisection, higher fucosylation of
triantennary glycans in IBD and tetraantennary glycans in CD, and was able to
associate glycosylation with clinical markers and treatment escalation relating to the
findings of this thesis reported in chapter 3.

IgA levels, and the glycosylation of its O-glycans, mainly the decreased number of N-
acetylgalactosamines per hinge glycopeptide, have been reported to be associated
with CD with limited clinical diagnostic power®® %4 Chapter 5 of this thesis builds on
this and investigates further the changes of IgA glycosylation and reports novel
associations in N- and O-glycosylation in IBD%,

Several genome studies have found associations between the genes encoding
glycosylation and glycosyltransferase enzymes with IBD*% 197, Among others, they
report alterations in the genes regulating IgG glycosylation or other glycosylation
pathways in patients with IBD. Altered N-glycosylation of proteins like lower
branching and lower overall glycosylation has been associated to elevated T Cell
signaling and increased immune response in UC patients®. In other proteins such as
al-acid glycoprotein, antitrypsin and haptoglobin, glycosylation changes have been
reported and some have been proposed as markers of IBD% 110, Increased branching
and increased sialylation of transferrin has been reported in UC patients*" 112,

In chapter 3 of this thesis, novel information about the terminal sialic acids of the
total plasma N-glycome linkage is reported and comes to further increase our
knowledge and understanding of IBD mechanisms?.

1.11.3. IgA Nephropathy

IgA Nephropathy, also known as Berger’s disease, is a kidney damaging disease
characterized by the deposition of the immunoglobulin A (IgA) antibody in the
glomeruli in the kidney!!> 14 Some patients can live for several years without
complications due to the slow progression of the disease. However, once the
condition reaches an advanced stage and kidney function deteriorates significantly,
patients begin to experience pain and require intensive medical support, such as
frequent dialysis sessions or a full kidney transplant.

The exact cause of the disease remains unknown, but it is known that during the
immune response, the immune system produces antibodies recognizing abnormally
glycosylated IgA. The antibodies bind to galactosyl-deficient IgA (gd-IgA) and this
complex forms a deposit in the glomerular mesangium and causes damage and
inflammation to the kidney which can progress to total renal failure®*>,
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Tests like protein in urine and blood in the urine can indicate the first signs of
potential kidney malfunction. The main current biomarker to detect IgAN is the
measure of Gd-IgA or autoantibodies in kidney tissue biopsies. There is currently no
treatment that can prevent IgAN or repair the failing glycosylation process causing
the abnormally glycosylated IgA. Like for IBD, there is no permanent cure for
nephropathy although some medications exist to mitigate and slow down disease
progression by either trying to reduce the production of Gd-IgA or with
immunomodulatory treatments to reduce the formation of the immune complexes
deposits. Patients can take some medications like angiotensin-converting enzyme to
reduce blood pressure or corticosteroids to minimize kidney inflammation but none
of these actually treat the disease.

As the disease can go unnoticed during early stages, the possibility to have an easily
accessible biomarker becomes of interest for clinicians.

1.11.4. Glycosylation changes with IgA nephropathy

To this day, much less is known about the glycosylation changes in IgA Nephropathy
than in other diseases such as RA, diabetes, cancers or even IBD. The primary
glycosylation change in IgA Nephropathy is the under-galactosylation of O-glycans in
the hinge region of IgA1, resulting in the formation of galactose-deficient IgA1(Gd-
IgA1) and polymeric IgA complexes which influences the interactions with mesangial
cells and inflammatory response!®. The level of Gd-IgA1 is negatively correlated with
the estimated glomerular filtration rate (eGFR) which is an indicator of disease
severity!?’. Mice models with gene knockout of galactosyltransferase b4GalT have
shown kidney lesions similar to human IgAN**8. Many hypotheses have been made
regarding the origin of the galactose deficient IgA and its potential implication in the
cascade of immune response and activation of the complement system.

Unlike IgA1 that possesses nine potential sites of glycosylation in its hinge region,
IgA2 is not glycosylated in the hinge region and is then believed to not play a major
role in the pathology. On average, three to six of the potential O-glycosylation sites
of IgA1 are occupied with short core-1 glycans (GalNAc-Gal) or Tn antigen (GalNAc)
which can have an additional one or two sialic acids.

Several lectin-based assays using HAA or jacalin have identified Gd-IgA to associate
with disease severity, however their selective affinity for certain types of terminal
glycans can induce bias in the binding of certain glycoforms of IgA, thus not
representing the complete picture of IgAN glycosylation changes!!**2!, In chapter 4
of this thesis, our investigation approach based on capturing affinities for the peptide
portion of IgA and analysis of digested glycopeptides by LC-MS remove this bias
inherent to HAA and jacalin based assays.
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Most of the effect of IgA glycosylation is believed to be due to the changes in the O-
glycans, but nephropathy also impacts the N-glycosylation of IgAl, where elevated
oligomannose and sialylated diantennary structures have been reported?> 123, There
were no reports of changes of IgA2 glycosylation with IgAN, probably due to its
tenfold lower abundance in serum and less explored role in inflammation, although
it is reported to have a stronger proinflammatory effect than IgA1%%,

In chapter 4, glycosylation changes of IgA1 and IgA2 are reported in IgAN patients
with a better prediction power for IgAN and glomerular function than the currently
available eGFR ELISA techniques.

1.12. Methodology

The study of glycosylation in humans began in the mid-20th century when
researchers first recognized that proteins and lipids often carry carbohydrate
modifications that are often essential for the biological function'?> 126, Early methods
relied on labor-intensive techniques like paper chromatography and lectin
agglutination to detect glycan structures!?”’. The development of enzymatic tools,
such as glycosidases, allowed for the first structural analyses of N- and O-linked
glycans'?®. Initial studies focused on understanding congenital disorders of
glycosylation (CDGs), highlighting the clinical importance of glycan modifications!?°.
Mass spectrometry and HPLC technologies, introduced in the 1980s and 1990s,
revolutionized glycan analysis by allowing high-resolution profiling®3%132, Early
glycomic studies revealed the diversity and complexity of human glycans, particularly
in plasma glycoproteins like immunoglobulins'®3, These foundational works
established glycosylation as a critical post-translational modification influencing
immunity, development, and disease. The field has since expanded rapidly with
advances in analytical techniques and bioinformatics!34-136,

The research presented in this thesis relies on two main analytical workflows. The
first one is based on MALDI-TOF-MS for the analysis of plasma-released glycans!®?,

and the second relies on LC-ESI-MS for the targeted analysis of IgA glycopeptides'®
137

For plasma N-glycan analysis, a method developed within the research group was
applied. This method enhances the robustness of sialic acid analysis in plasma-
derived glycans using MALDI-TOF-MS*32, This approach for the analysis of human
plasma glycans released by PNGase F employs a simple and efficient chemical
derivatization to stabilize sialic acids in a linkage-specific manner. It also allows for
high-throughput analysis, supporting the acquisition of up to 384 samples per MS
run, with excellent suitability for automation and large-scale studies®**.
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The second major analytical workflow employed in this thesis focuses on the analysis
of IgA glycopeptides. In this thesis, IgA antibodies are captured from plasma samples
with camelid antibody domains immobilized on agarose beads and protein digestion
is performed with TPCK-treated trypsin generating IgA glycopeptides. IgA
glycoprotein purification and digestion is performed in 96-well filtration and
microtitration plates, and the mass spectrometric analysis is executed by reverse-
phase (RP)-LC-ESI-MS with optimized LC-MS conditions by adding low concentrations
of trifluoroacetic acid (TFA) to the eluents for the chromatographic separation part,
resulting in co-elution of glycopeptides sharing a specific peptide portion, and
enabling robust, high-throughput data processing, as described in two chapters of
this thesis 105137,

Both the optimized sample preparation and data acquisition strategies resulted in
large datasets that exceeded the processing capabilities of standard instrument
software. To manage this, two in-house developed software were employed for
efficient processing of both MALDI-MS and LC-MS data 4% 14!, These tools allowed
simultaneous data alignment, calibration, and analyte extraction directly from open-
format (LC-)MS data files, supporting the high-throughput nature of the research
presented in this thesis.

1.13. Scope of the thesis

This thesis explores the glycomic signatures of two immune-mediated diseases,
inflammatory bowel disease and IgA nephropathy. For this, both protein-specific
glycosylation and global glycosylation of total plasma and serum proteins are studied
from patient cohorts.

Chapter 1 provides some biological and biomedical background on protein
glycosylation as well as the diseases studied in this thesis.

Chapter 2, entitled “Human plasma protein N-glycosylation” conveys knowledge
about the 25 most abundant glycosylated human plasma proteins in health and
disease with a review article. The goal of this chapter is to put together the pieces of
scattered knowledge of the most abundant plasma glycoproteins and to provide a
global representation of human glycosylation in a single picture. To evaluate the
pertinence of this theoretically built plasma N-glycosylation spectrum, it is compared
with some averaged measurements of the total plasma N-glycome. When comparing
total glycosylation profiles of healthy individuals and patients, this theoretical
spectrum can help researchers make informed hypotheses about potential target
proteins based on observations of the total plasma glycans.

Chapter 3 of the thesis titled “Plasma N-Glycan Signatures Are Associated With
Features of Inflammatory Bowel Diseases” is focused on the analysis of the total
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plasma N-glycosylation (TPNG) in two cohorts of patients with IBD. As the
mechanisms of the diseases are still unknown, mapping the glycosylation changes in
IBD can help with early detection and to predict patient outcomes. The large-scale
robotized sample preparation platform coupled to a MALDI-TOF analyzer proves to
be a robust platform to analyze more than 3500 samples and report a multitude of
associations of the TPNG with CD and UC and to give new leads for further research
on targeted glycoproteins and personalized medication.

In chapter 4 of this thesis, a new large-scale sample preparation platform coupled
with reverse-phase LC-MS detection is used to analyze plasma samples of patients
suffering from IgA Nephropathy. In the context of this disease, deficient IgA
glycosylation is already recognized and used as biomarker of disease severity, but
the previous studies using lectin-based methods for capturing IgA introduce some
bias due to the specific affinities of Jacalin and HAA for the glycosylated part of IgA.
The newly developed workflow used here captures IgA with affinities for the peptide
part of the protein, removing this bias of certain glycoforms, and allows to focus
better on the newly reported glycosylation changes and lead to new findings in IgA
Nephropathy.

Chapter 5 of this thesis reports the findings of the analysis of captured IgA in a subset
of the IBD samples from the discovery cohort described in chapter 3, with the same
LCMS method as developed in chapter 4. This study is the largest study of IgA in the
context of IBD and provides new insights into glycosylation changes with the disease.

Chapter 6 of this thesis places the work in a broader perspective and provides some
recommendation for further research.

1.14. Notes for reading the thesis

Due to the format of the supplementary information for each respective chapter and
the substantial dimensions of the tables, the supplementary material is not suitable
for printing in a readable manner. Consequently, the reader is invited to visit the
journal websites of each article to access the supplementary material. To facilitate
this process, direct links to the online versions of the articles are included at the end
of each chapter.
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Abstract

Glycosylation is the most abundant and complex protein modification, and can have
a profound structural and functional effect on the conjugate. The oligosaccharide
fraction is recognized to be involved in multiple biological processes, and to affect
proteins physical properties, and has consequentially been labeled a critical quality
attribute of biopharmaceuticals. Additionally, due to recent advances in analytical
methods and analysis software, glycosylation is targeted in the search for disease
biomarkers for early diagnosis and patient stratification. Biofluids such as saliva,
serum or plasma are of great use in this regard, as they are easily accessible and can
provide relevant glycosylation information. Thus, as the assessment of protein
glycosylation is becoming a major element in clinical and biopharmaceutical
research, this review aims to convey the current state of knowledge on the N-
glycosylation of the major plasma glycoproteins alpha-1-acid glycoprotein, alpha-1-
antitrypsin, alpha-1B-glycoprotein, alpha-2-HS-glycoprotein, alpha-2-macroglobulin,
antithrombin-lll, apolipoprotein B-100, apolipoprotein D, apolipoprotein F, beta-2-
glycoprotein 1, ceruloplasmin, fibrinogen, immunoglobulin (Ig) A, 1gG, IgM,
haptoglobin, hemopexin, histidine-rich glycoprotein, kininogen-1, serotransferrin,
vitronectin, and zinc-alpha-2-glycoprotein. In addition, the less abundant
immunoglobulins D and E are included because of their major relevance in
immunology and biopharmaceutical research. Where available, the glycosylation is
described in a site-specific manner. In the discussion, we put the glycosylation of
individual proteins into perspective and speculate how the individual proteins may
contribute to a total plasma N-glycosylation profile determined at the released
glycan level.
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Introduction

Protein glycosylation is recognized to be involved in a multitude of biological
processes such as receptor interaction, immune response, protein secretion and
transport!®. In addition, glycosylation affects protein properties such as solubility,
stability and folding”°. A given protein can have multiple sites of glycosylation, and
its glycoforms can differ by site occupancy (macroheterogeneity) and occupying
glycan structures (microheterogeneity)13. The biosynthetic pathways leading up to
this variety of glycans depend on multiple parameters and can be influenced by many
factors including genetic regulation, the availability of nucleotide sugars, the time
spent in the endoplasmic reticulum and Golgi apparatus, as well as the accessibility
of a particular glycosylation site!® 1417,

Protein glycosylation can differ between persons, but is remarkably stable per
individual®®. It is only when the homeostasis of a person changes, by lifestyle or
pathological conditions, that the glycosylation will change notably®. Large studies
comprising thousands of individuals have identified glycosylation to correlate with
age, sex and lifestyle!® 2% 2! Examples of such changes are the increase in bisection
and decrease of galactosylation and sialylation of IgG with age'® 2% 22-24,

At the same time, specific studies based on smaller sample sets have revealed
changes of glycosylation in various diseases, inflammatory states, congenital
disorders of glycosylation (CDGs), but also throughout pregnancy where an increase
in galactosylation and sialylation, as well as a decrease in bisection was reported?>
28 |n addition, specific glycoforms can be targeted by viruses or bacteria or serve as
a pro- or anti-inflammatory signal®>33. All of this opens up the possibility to use
glycans as an early biomarker for disease or to assist personalized medicine by
patient stratification3% 3>,

Recent advances in chromatographic separation, mass spectrometry, robotization
and automated data processing allow the rapid analysis of glycosylation, and
facilitate the development of novel biomarkers®®3°. While the glycosylation analysis
of an easily obtainable biofluid like plasma can be of considerable interest to a clinical
situation, the interpretation of data may be complicated when analyzing a complex
protein mixture. For example, when analyzing total plasma N-glycosylation (TPNG)
of a clinical cohort at the released glycan level, it is not directly apparent whether an
observed change originates from a change in relative protein abundance, in the
relative glycoforms of a specific protein, or whether it reflects a general regulatory
effect influencing the glycosylation of many different glycoproteins. We expect that
a better understanding of the glycosylation of individual proteins of human plasma
will help to put total plasma N-glycomic changes into perspective.
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As the previous review on plasma protein N-glycosylation originates from 20084°, we
here strive to convey the current state of knowledge on the subject, including a
larger number of proteins. The proteins described in this review were selected based
on their plasma levels, additionally including the immunoglobulin family due to its
major clinical and biopharmaceutical interest. The 24 glycoproteins covered in this
review account for approximately 30 mg/mL of the 70-75 mg/mL of the total plasma
protein concentration, thus representing most of the human TPNG (albumin is
present at levels of 40 mg/mL but is not glycosylated)*43,

Furthermore, we tried to limit our review to human plasma and serum but we also
reported findings coming from other biological fluids when complementary
information could be added. The N-glycosylation of the proteins is reported both on
a general level and, where available, with site specific information about glycan
composition, glycan structure and occupancy. The information is condensed in Table
1 and a schematic representation of the relative protein contribution to each specific
glycan composition is reported in Figure 1.
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Figure 1. Schematic representation of the relative protein contribution to each
specific glycan composition. To obtain these numbers, the contribution of a glycan
composition to the total glycan pool of a given protein was multiplied by the
abundance of that protein as well as the number of glycosylation sites confirmed to
be occupied. Protein concentrations were taken from large studies when available
and a mean value was calculated from the reported ranges otherwise. The molecular
mass used is as reported by SDS-PAGE for the glycoproteins or calculated from the
phenotype distribution for haptoglobin. The general Oxford notation was used for
naming the glycan structures. For details on the calculation see Supplementary Table
1.

Table 1. Overview on plasma protein glycosylation. (due to the very large size, the
table 1 is available as electronic material online at
https://pubmed.ncbi.nlm.nih.gov/26555091 and at the end of this chapter. Uniprot
number, main role, concentrations, site occupancy and glycan composition of the
abundant plasma glycoproteins as reported in the listed literature. The N-
glycosylation of the proteins is reported both on a general level and, where available,
with site specific information about glycan composition, glycan structure and site
occupancy. Protein concentrations were taken from large studies when available and
a mean value was calculated from the reported ranges otherwise. The general Oxford
notation was used for naming the glycan structures, M for the unassigned high-
mannose structures and Hy for hybrid structures. For details on the calculation see
Supplementary Table 1.

Throughout the text, Oxford nomenclature has been used to annotate individual
glycan structures or compositions with A giving the number of antennae, F for the
fucose (location specific), B for bisecting N-acetylglucosamine, G for galactoses and
S for sialic acids. The number directly after the letter indicates the quantity of the
specific features and the number in parenthesis its linkage. UniProt numbering was
used for sequence and site identification.

Alpha-1-acid glycoprotein (P02763; P19652)

Alpha-1-acid glycoprotein (AGP), also known as orosmucoid-1, is a 201 amino acid
glycoprotein, which includes an 18 amino acid signal peptide. The molecular weight
of the bare protein is 23.5 kDa, but the carbohydrate content leads to observed
masses around 41-43 kDa*!. Two isoforms are found in plasma (AGP1 and AGP2
encoded by ORM1 and ORM2 respectively), differing in 22 amino acids**. The protein
is expressed by the liver and secreted in a monomeric form into the circulation,
where it is observed in concentrations between 0.36 mg/mL and 1.46 mg/mL with a
mean of 0.77 mg/mL, men having slightly higher levels than women*> %, The
concentration of AGP has been reported to increase with age in females but not in
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males. Being an acute phase protein, its serum concentration rises in response to
inflammatory stimuli, potentially increasing the concentration two- to four-fold®.

The main functions of AGP are negative acute phase modulation of the complement
system and transport of lipophilic compounds, both of these heavily modulated by
the glycosylation of the protein*”-*8. The immunomodulatory function is expected to
be via interaction with selectins at a given site of injury (with sialyl-Lewis X as ligand),
and inhibiting local complement deposition by charge and receptor competition®.
As AGP may be used to transport lipophilic and acidic drugs to a site of injury, it is
regarded as a good target for therapeutic development?®’.

Glycosylation

AGP has five N-linked glycosylation sites, namely Asn33, Asn56, Asn72, Asn93 and
Asn103. Overall, the glycosylation was determined to mainly consist of fully
sialylated tri- and tetraantennary structures, with potential antennary fucosylation
in the form of sialyl-Lewis X** %°, Site specific glycosylation was determined by high-
performance (HP)liquid chromatography (LC)-electrospray ionization (ESI)-mass
spectrometry (MS) and matrix assisted laser desorption/ionization (MALDI)-time-of-
flight (TOF)-MS of tryptic glycopeptides *°. Asn33 mainly contains the triantennary
structure A3G3S3 (60%) together with its antennary fucosylated variant A3FG3S3
(20%), as well as some non-complete sialylated glycoforms (A3G3S2, 12.5%). Asn56
contains similar structures (A3G3S3, 55%; A3FG3S3, 12.5%; A3G3S2, 12.5%) and a
fraction of diantennary glycans (A2G2S2, 22.5%). Asn72 is occupied by a higher level
of antennarity, having, next to its triantennary glycans (A3G3S3, 15%), a number of
tetraantennary compositions (A4G4S4, 30%; A4G4S3, 15%; A4G4S2, 10%; AAFGAS3,
5%; A4FGAS4, 5%). A similar situation is seen in on Asn93 (A4G4S4, 22.5%; A4G4S3,
20%; A3G3S3, 17.5%; AAFGAS4, 7.5%; A4FGAS3, 7.5%; A3FG3S3, 7.5%; A4GA4S2,
7.5%) and Asn103 (A4G4S4, 45%; A3G3S3, 20%; A4GA4S2, 10%; A4GA4S3, 7.5%;
A3FG3S3, 5%)* *° (Table 1).

The glycosylation of AGP changes considerably with varying conditions. For instance,
during the early stages of an acute-phase immune response the levels of fucosylated
glycans (sialyl-Lewis X) increase significantly*> 53, which continues to increase
throughout the acute phase immune response®®. In rheumatoid arthritis both
fucosylation and sialylation have shown to increase significantly®.

Alpha-1-antitrypsin (P01009)
Alpha-1-antitrypsin (AAT), also known as alpha-1-protease inhibitor, alpha-1-

antiproteinase or serpin Al, consists of 418 amino acids (including a 24 amino acid
signal peptide) with an apparent mass of 51 kDa (including glycosylation). It is mainly
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produced in the liver by hepatocytes, but is also synthesized in monocytes, intestinal
epithelial cells, and in the cornea®®°. Due to its small size and polar properties, the
glycoprotein can easily move into tissue fluids®®. In healthy individuals, a plasma level
of approximately 1.1 mg/mL is found, but the concentration can increase three- to
four-fold during inflammation®%. AAT occurs as three different amino acid
sequences, of which the first is set as the standard sequence. Form 2 differs in the
amino acid sequence 356-418 and form 3 lacks the amino acid sequence 307-418.

AAT inhibits a wide range of serine proteases, protecting tissues from enzymatic
attacks®. Neutrophil elastase is its prime target, thereby preventing proteolytic
destruction of elastase in the tissue of the lower respiratory tract (emphysema)®®. It
has been shown that AAT has anti-inflammatory properties and therefore it could
potentially be used as a therapeutic agent for rheumatoid arthritis and type 1
diabetes®” %8,

Glycosylation

Three N-glycosylation sites have been identified on AAT, located at Asn70, Asn107
and Asn271°% 70 MALDI-TOF-MS analysis on released glycans revealed mainly di-
and triantennary complex type species. Isoelectric focusing furthermore revealed
eight different charge isoforms of AAT, of which isoform 4 (M4) and isoform 6 (M6)
were the most abundant ones. Of M4, the most pronounced glycans were
diantennary disialylated (A2G2S2) and triantennary trisialylated (A3G3S3) with a
ratio of 2:1. Isoform M6 was mainly occupied with A2G2S2 structures’?.

LC-MS/MS analysis on tryptic glycopeptides treated with various specific
exoglycosidases enabled a precise determination of the glycosylation in a site-
specific manner’®. Asn70 and Asn271 mainly contain diantennary disialylated
(A2(2)G2(4)S2(6)) structures (91.3% and 99.3% respectively), while core fucosylation
(F(6)A2(2)G2(4)S2(6)) is less abundant (8.6% and 0.7% respectively). Asn107 shows
the highest variability of the sites, containing diantennary disialylated species
A2(2)G2(4)S2(6), 52.5%, with possible core fucosylation F(6)A2(2)G2(4)S2(6), 1.5%),
and 29.5% triantennary trisialylated species A3(2,4,2)G3(4)S3(6,3,6)) with possible
antennary fucosylation (A3(2,4,2)F(3)G3(4)S3(6,3,6), 16.7% (Table 1). In addition, a
small fraction of Asn107 is tetraantennary fully sialylated with potential antennary
fucosylation. Interestingly, the diantennary structures contained mainly (al,6-
linked) core-fucosylation, while on triantennary structures the fucose was mainly
detected as sialyl-Lewis X on the B1,4-linked N-acetylglucosamine of the a1,3-arm’°.

In a non-site-specific study, the glycosylation of AAT has been associated with
physiological parameters such as BMI, cholesterol, glucose and insulin level. The
same study showed that the changes in glycosylation could be found related to age
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and sex’2. Furthermore, additional AAT isoelectric isoforms were identified in CDG-I
(CDG-la and CDG-Ic) i.e. non-, mono- and diglycosylation across the three sites. A
clear pattern could be found for which sites were occupied, as only Asn70 was
occupied in the monoglycosylated form, and Asn70 and Asn271 were occupied in the
diglycosylated isoform’3.

Alpha-1B-glycoprotein (P04217)

Alpha-1B-glycoprotein (A1BG) is a 474 amino acid polypeptide with an apparent
mass of 63 kDa (including glycosylation)’®. The protein consists of five repetitive
domains that show high homology with known immunoglobulin heavy and light
chain variable domains, making the protein part of the immunoglobulin superfamily.
A1BG is mainly produced in the liver, and is secreted to plasma to levels of
approximately 0.22 mg/mL’*7>. The overall function of the protein is still unknown,
but it has been found to bind cysteine-rich secretory protein 3 (CRISP3)’¢, and has
been associated with breast, liver, pancreas and bladder cancer, as well as with
steroid-resistant nephrotic syndrome’’8%, In addition, it has recently been proposed
as an autoantigen in rheumatoid arthritis®2.

Glycosylation

In A1BG, the N-glycosylation consensus motif (Asn-X-Ser/Thr) has been found at four
locations Asn44, Asn179, Asn363, and Asn3717%. The occupancy of these sites has
been verified by deglycosylated peptide LC-MS(/MS) and LC-Fourier transform ion
cyclotron resonance (FTICR)-MS, but degrees of occupancy remain unknown® 24, In
addition, overall or site-specific glycosylation analysis also has not been performed
for A1BG as of yet, although one source reports blood derived high-density
lipoprotein (HDL)-associated A1BG Asn363 to be (at least) glycosylated with
diantennary nonfucosylated monosialylated species®. Also, while not necessarily
predictive for plasma glycoprotein glycosylation, in cerebrospinal fluid (CSF) Asn44
was shown to contain nonfucosylated di- (96%) and triantennary (4%) structures
with at least one sialic acid®®. Little is known about the changes in glycosylation of
A1BG with disease.

Alpha-2-HS-glycoprotein (P02765)

Alpha-2-HS-glycoprotein (A2HSG), also known as fetuin-A, alpha-2-Z-globulin, ba-
alpha-2-glycoprotein and alpha-2-Heremans-Schmid-glycoprotein, is a 367 amino
acids (18 of signal peptide), 51-67 kDa glycoprotein®#. It is built up from an A-chain
(282 amino acids) and B-chain (27 amino acids) with a linker sequence (40 amino
acids)®®°%, Originating from the liver, the protein is found at plasma levels of 0.3-0.6
mg/mL°!. A2HSG acts at several sites and in a wide variety of (patho)physiological
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processes in the human system. Prominent functions include the scavenging of
phosphate and free calcium, thereby preventing calcification, as well as binding and
protecting matrix metalloproteases. In addition, the protein is known to bind the
insulin receptor®>°>,

Increased levels of A2HSG are associated with obesity and type 2 diabetes mellitus®®.
On the other hand, decreased levels of A2HSG are found to cause several negative
growth effects®?. Furthermore, the protein has shown to protect a fetus from the
maternal immune system by inhibition of tumor necrosis factor®® °’

Glycosylation

The A-chain of A2HSG contains two N-glycosylation sites at Asn156 and Asn176, as
well as two O-glycosylation sites at Thr256 and Thr270%8, The B-chain contains one
core 1 O-glycan on Ser346, and no N-glycans®. Exoglycosidase treatment has
reported 6.2 sialic acids to be present per A2HSG molecule, of which 2.5 are a2,3-
linked and 3.7 are a2,6-linked®®. Sequentially, four galactoses in B1,4-linkage were
released from N-acetylglucosamines, pointing towards two diantennary N-glycans in
addition to the O-glycosylation®®. LC-ESI-MS experiments have confirmed these
findings, reporting around 96% A2G2S2 glycosylation to be present on A2HSG®.

Furthermore, low levels of fucosylated glycans were observed, at least on Asn156°%
100

Differential abundance of Asn156 glycopeptides has been shown in pancreatic
cancer and pancreatitis, with increased levels of fully sialylated triantennary glycans
with or without fucose, and a decrease in the A2G2S2 structure in pancreatitis®°?.

Alpha-2-macroglobulin (P01023)

Alpha-2-macroglobulin (alpha2M), also known as C3 or PZP-like alpha-2-
macroglobulin domain-containing protein 5, is a 1474 amino acid (23 amino acid
signal peptide) 720 kDa (glycosylated) glycoprotein consisting of four similar 180 kDa
subunits (160 kDa without glycosylation) which are linked by disulfide bridges®?. It
is produced by the liver and present at plasma levels of approximately 1.2 mg/mL%,
The main function of alpha2M is to bait and trap proteinases'®?. To do this, the
protein contains a bait peptide sequence known to interact with many common
plasma proteases such as trypsin, chymotrypsin, and various others in the
complement system. Upon proteolysis, a conformation change in alpha2M traps the
causative protease and the complex is subsequently cleared from the plasma®410¢,
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Glycosylation

Eight N-glycosylation sites have been identified on each alpha2M subunit at Asn55,
Asn70, Asn247, Asn396, Asn410, Asn869, Asn991 and Asn142483 84/100,102,107,108 Tha
total pool of alpha2M-derived glycans was analyzed by LC-fluorescence with
exoglycosidase digestion. This revealed a high abundance of diantennary structures,
both non-fucosylated (55%) and core-fucosylated (30%), which are mainly mono-
and disialylated (A2G2S2, A2G2S1, FA2G2S2, FA2G2S2)1%. In addition, Man5-7 type
structures was detected as well (8%) as species with a lower degree of
galactosylation and sialylation. Low levels of triantennary structures have also been
identified 0.

Interestingly, the high-mannose type glycans have been shown to specifically occur
at Asn869 with a relative abundance of approximately 70%, the other 30% being
FA1G1S1'¥. This high-mannose type glycosylation is likely the mean by which
alpha2M interacts with mannose-binding lectin (MBL) to target proteases present on
the surface of invading microorganisms?®. The Asn869 occupancy ratio suggests that
each alpha2M tetramer contains three oligomannose glycosylated Asn869 sites and
one FA1G1S1, although this is speculative!®®. The other N-glycosylation sites mainly
contain complex type glycans and glycoproteomic analysis suggests that the core-
fucosylated species are present to at least some degree at specific sites Asn55 and
Asn1424%0,

Changes in the glycosylation of alpha2M have been associated with autoimmune
diseases and cancer. Site occupancy in particular has been linked with systemic lupus
erythematosus, while a compositional change has been described in multiple
sclerosis® 111,

Antithrombin-Ill (P01008)

Antithrombin-Ill (AT-1ll, generally referred to as antithrombin), encoded by the
SERPINCI gene, is a single chain 464 amino acid (32 of signal peptide) protein of
approximately 58 kDa, of which 17% are carbohydrates!'>1%4, |t is part of the serine
protease inhibitor family. The concentration of antithrombin in blood was found to
be 0.15 mg/mL>. The protein can be found in an a and B form which differ in the
number of occupied glycosylation sites and of which a is 10-20 times more abundant
116 Antithrombin participates in the regulation of blood coagulation by inactivating
thrombin, factor IXa, Xa, Xla, Xlla, and other serine proteases 7. Its function is
enhanced by heparin and heparan sulfate 8120, Several thrombosis disorders are
associated with antithrombin deficiency (ATD), both inherited and acquired. Type |
ATD shows reduced concentrations of antithrombin, while type Il ATD generally
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shows normal concentrations with reduced heparin binding and thus lower
functionality®?.

Glycosylation

The sequence of antithrombin shows four potential N-glycosylation sites: Asn128,
Asn167, Asn187 and Asn224. The a form is fully glycosylated, while the B form is not
glycosylated at Asn167'%% 123, The B form binds heparin more efficiently and thus
shows an enhanced anticoagulant effect. Several studies suggest that the Asn-X-Thr
motif of Asn128, Asn187 and Asn224 are in general glycosylated more easily than
the Asn-X-Ser motif of Asn16724126,

The glycans present on AT-lll are mainly of the diantennary complex type without
core fucose, bearing one (0-30%) or two (70-100%) a2,6-linked sialic acids, as it was
established using chemical and enzymatic methods*?” 1?8, Using MALDI and LC-ESI-
MS these findings have been confirmed in a site-specific manner?® 120,129,130 g_AT
was exclusively decorated with three diantennary fully sialylated structures (A2G2S2,
4.2%), with trace amounts of core fucose on one of the glycan (FA2G2S2, 1.3%). At
Asn128 and Asn224 of a-AT, only the A2G2S1 and A2G2S2 structures were identified.
At Asn167, occupied only in the a form of AT-lll, A3G3S3 has additionally been
detected, whereas Asn187 showed the most variability, bearing also a minor amount
of fucose (FA2G2S2). Furthermore, at Asn187 some A3G3S2 has been observed. All
glycoforms other than A2G2S2 are mentioned to be minor, although no relative or
absolute quantification has been performed?6 120,129,130,

A mutation associated with type Il antithrombin deficiency (K241E), although not
adjacent to a glycosylation consensus sequence, was found to result in decreased
heparin binding due to the presence of core fucose®3..

Apolipoprotein B-100 (P04114)

Apolipoprotein (Apo) B-100 is a 550 kDa 4560 amino acid protein (4536 amino acids
without the signal peptide, corresponding to a theoretical mass of 513 kDa without
glycosylation) found in low density and very low density lipoproteins (LDL and
VLDL)}3% 133 A shorter isoform found in chylomicrons, named Apo B-48, is coded by
the same gene, but contains only 48% of Apo B-100 sequence®* 135, Apo B-100 is
exclusively synthetized by the liver, while Apo B-48 is synthetized in the small
intestine®®, Apo B-100 is found in plasma at concentrations of approximately 0.5
mg/mL (0.88 to 0.97mmol)34 6% 137,138 The protein has a major role in the assembly
of VLDL and lipoproteins, and transports the majority of plasma cholesterol*3%4, |t
can be covalently linked to Apo A to form the lipoprotein(a) particle. Apo A itself is a
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low abundant plasma glycoprotein possessing one N-glycosylation site located at
Asn263 (mainly occupied by diantennary mono- and disialylated N-glycans)4% 43,

In coronary heart disease, the ratio of LDL-Apo A/B100 is used for estimating the risk
of acute myocardial infarction®3”. Apo B-100 and Apo B-48 mutations caused by
APOB100 and MTP (microsomal triglyceride transfer protein) gene defects are
associated with metabolic disorders like abetalipoproteinaemia,
hypobetalipoproteinemia and hypercholesterolemia’*4146,

Glycosylation

Apo B-100 is highly glycosylated and contains 19 potential N-glycosylation sites
located at Asn34, Asn185, Asn983, Asn1368, Asn1377, Asn1523, Asn2239, Asn2560,
Asn2779, Asn2982, Asn3101, Asn3224, Asn3336, Asn3358, Asn3411, Asn3465,
Asn3895, Asn4237 and Asn4431. Of these, 17 are reported occupied by diantennary
complex type glycans, as well as by high mannose and hybrid type structures®' 142,
LC-fluorescence with exoglycosidase digestion has revealed the major glycans to be
A2G2S1(6) (29.2%), A2G2S2(6) (23.6%), A2G2 (7.2%), Man9 (8.6%) and Man5
(6.9%)'*2. In addition, low levels of the Man6-8 have been reported. Most of the sialic
acids were a2,6-linked (91%)%42.

A site specific analysis of the glycosylation has been performed by LC-ESI-MS(/MS)
on tryptic and chymotryptic glycopeptides'!. It was shown that the high mannose
type glycans were mainly present on sites Asn185, Asn1368, Asn1377, Asn3336 and
Asn3358, while the complex type (mono- and disialylated diantennary) glycans were
located at Asn983, Asn2239, Asn2779, Asn2982, Asn3101, Asn3224, Asn3465,
Asn3895, Asn4237 and Asn4431. Ans3895 is exceptional in this regard, as
triantennary compositions have been observed as well. The largest variation is
present on sites Asn1523 and Asn3411, as these display oligomannose, hybrid and
complex structures. Asn3411, the nearest N-glycosylation site to the receptor of the
LDL-binding site shows degrees of fucosylation. Asn34 and Asn2560 are not reported
to be glycosylated*?.

The role of the glycans structures in LDL and/or Apo B-100 has been examined in
several studies but their exact function is still unknown, although its degree of
sialylation might serve the atherogenic properties of LDLs4? 147149,

Apolipoprotein D (P05090)

Apolipoprotein D (Apo D), also referred to as thin line polypeptide, is a small
glycoprotein of 189 amino acids (with a signal peptide of 20 amino acids), with a
molecular weight varying between 19 and 32 kDa depending on its glycosylation>®
151 'While it shares their name, it does in fact not resemble other apolipoproteins,
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and shares more homology with the lipocalin protein family!®2. It was originally
assimilated to the apolipoprotein family due to its early association with lipid
transport. Apo D is mainly synthetized in fibroblasts and to a lesser extend in the liver
and intestine, where the other apolipoproteins are usually produced®>. Its plasma
levels are approximately 0.1 mg/mL'*% 155, The common form of Apo D in plasmaiis a
monomer, although it can also exist as a heterodimer linked to apolipoprotein A-2
via a disulfide bridge.

Apo D can form complexes with lecithin cholesterol acyltransferase and is implicated
in the transport and transformation of lipids!>> 156-158 |t has been reported to have a
potential role in colorectal cancer. In addition, the protein is present at high
concentrations in the cyst fluid where its concentration can be 500 times higher,
which can be associated with an increased risk of breast cancer'> 169161 Apo D has
a tendency to accumulate in CSF and peripheral nerves of patients with Alzheimer’s
disease and other neurodegenerative conditions!®> 1©3, A positive correlation
between age and Apo D levels has been reported in females, but not in men6% 165,

Glycosylation

Two glycosylation sites have been reported and confirmed for Apo D, namely Asn65
and Asn98%% 84 166 These are mainly occupied by complex type N-glycans ranging
from diantennary to tetraantennary structures, with potential elongation of the
antennae in the form of N-acetyllactosamine (LacNAc) repeats'®®. LC-MS with
exoglycosidase digestion has revealed the most abundant glycoforms per site as well.
Asn65 mainly contains nonfucosylated triantennary structures with full sialylation
(A3G3S3), less abundant signals including di- and tetraantennary species with high
degrees of sialylation (A2G2S2; A4G4S4). Contrarily, Asn98 predominantly contains
fucosylated species, also ranging from di- to tetraantennary, here the main signal
being diantennary (A2FG2S2)36 100, 166, 167 Treatment with B-galactosidase failed to
trim one antenna of its galactosylation, strongly suggesting the presence of the
antennary fucosylation, known to prevent this digestion6® 68 Studies have shown
the implication of Apo D in conditions like Alzheimer’s disease but no information
about the role of glycosylation has been reported yet.

Apolipoprotein F (Q13790)

Apolipoprotein F (Apo F), also called lipid transfer inhibitor protein (LTIP), is a
glycoprotein with an apparent mass of 29 kDa. The polypeptide chain of 326 amino
acids is processed, with the first 165 amino acids being the signal peptide and the
propeptide, resulting in a theoretical mass of 17.4 kDa for the peptide backbone of
the mature protein!®®. Apo F is expressed in the liver and is secreted in plasma to
concentrations of 0.07 mg/mL in females and of 0.10 mg/mL in males!®®7! The
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protein regulates cholesterol transport, inhibits cholesteryl ester transfer protein
(CETP), and is found in combination with lipoproteins of all subclasses (high density,
low density and very low density lipoproteins (HDL, LDL, VLDL)) as well as with
apolipoproteins Al and A2 172,

Glycosylation

Three potential N-glycosylation sites of Apo F are located at Asn118, Asn139 and
Asn267, as well as one O-glycosylation site at Thr2917% 173, Asn118 and Asn139 are
glycosylated with high-mannose structures, as proven by exoglycosidase treatment,
but will not contribute to plasma glycosylation as they are part of the proprotein'’3,
Asn267, on the other hand, is not sensitive to this treatment, suggesting that it would
contain complex-type N-glycans'’3. The presence of sialic acids on the protein has
been indicated by sialidase treatment with western blotting as readout'’°. However,
as O-glycanase has also shown the presence of O-glycans on the protein, it is unclear
whether the sialylation arises from the N- or O-glycosylation®’°. In CSF, the O-glycans
on Thr291 are reported to be of core 1 or 8 type!”. No disease-related information
is available with regard to the glycosylation of Apo F.

Beta-2-glycoprotein 1 (P02749)

Beta-2-glycoprotein 1 (B2GPI) is also called apolipoprotein H, APC inhibitor, activated
protein C-binding protein, and anticardiolipin cofactor. It is a 50 kDa (including
around 19% carbohydrate content) 345 amino acid single polypeptide chain (with a
signal peptide of 19 amino acid) belonging to the complement control protein (CCP)
superfamily’®. It consists of five similar CCP domains of approximately 60 amino
acids'’®. B2GPI is mostly synthetized in hepatocytes and is found in blood at around
0.2 mg/mLY7. The main function of B2GPI is the scavenging of negatively charged
compounds such as DNA, sialylated glycoproteins, and (phospho)lipids, which may
otherwise induce unwanted coagulation and platelet aggregation'’®1®, The precise
binding properties of the protein depend on the conformation, i.e. open or closed,
which is proposed to be dependent on the glycosylation8-183,

The serum level of B2GPI increases with age, and is reduced during pregnancy and
for patients suffering from stroke and myocardial infarctions!®% 18, Additionally, it is
the major antigen in antiphospholipid syndrome?8 182,

Glycosylation

B2GPI possesses four theoretical N-glycosylation sites at Asn162, Asn183, Asn193
and Asn253, as well as an O-glycosylation site at Thr149%75 181, 18, 18 The N-
glycosylation sites have been confirmed by crystallography (finding attached N-
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acetylglucosamines and mannoses) as well as by deglycosylated Lys-C peptide
reverse phase (RP)-LC-MS after lectin capture® 186, Generally the glycosylation of
B2GPI is of the di- and triantennary type containing high levels of sialylation, with
minor amounts of fucosylation %2, Site-specific information is available only for
Asn162 and Asn193182,

Glycopeptide LC-ESI-quadrupole (Q)-TOF-MS revealed the glycosylation of Asn162 to
be 67% diantennary disialylated (A2G2S2) and 22% triantennary trisialylated
(A3G3S3), minor species including the di- and triantennary species lacking one sialic
acid (5% and 3% respectively)'®2. The Asn193 site showed the same compositions,
but with a higher level of triantennary species (35%) and a corresponding lower
percentage of diantennary species (49%). Minor species again include the
incompletely sialylated variants (8% and 7% for the di- and triantennary species
respectively)'®. The findings were confirmed by MALDI-QTOF-MS, although a lower
degree of sialylation was observed. This difference is likely due to the tendency of
MALDI ionization to induce in-source and metastable decay of sialylated glycan
species'® 17 For the two noncharacterized N-glycosylation sites (Asn183 and
Asn253) di- and triantennary glycans are expected as well, given the 19% of the total
protein weight being attributed to the carbohydrate content'®®,

Patients suffering from antiphospholipid syndrome (APS) showed a decrease in the
amount triantennary sialylated glycans, and thus a relative increase in diantennary
fully sialylated ones. This effect was particularly pronounced for Asn16282,

Ceruloplasmin (P00450)

Ceruloplasmin (CP), also called ferroxidase, is a 132 kDa (120 kDa without
glycosylation) 1065 amino acid (19 of which are signal peptide) glycoprotein
synthesized by the liver®, It consists of a single polypeptide chain, and belongs to
the multicopper oxidase family!®8. Concentrations for CP range from 0.15 to 0.96
mg/mL with a mean of 0.36 mg/mL, while elevated levels have been reported upon
inflammatory stimulation3% 8% 1% CP can bind six to seven atoms of copper, in this
manner containing and transporting 95% of the copper found in plasma. The main
function of the protein, however, is in iron metabolism. CP has ferroxidase activity
oxidizing Fe?* to Fe®* without releasing radical oxygen species, while also facilitating
iron transport across the cell membrane!®®,

Glycosylation

Of the seven potential CP N-glycosylation sites Asn138, Asn227, Asn358, Asn397,
Asn588, Asn762 and Asn926, four (Asn138, Asn358, Asn397, and Asn762) are
confirmed to be glycosylated®. The remaining sites (Asn227, Asn588, and Asn926)
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are all in a B-strand within a hydrophobic region, potentially preventing site
occupation®®, NMR spectroscopy has revealed the overall CP glycan species to be
sialylated diantennary  A2(2)G2(4)S2(6) and sialylated  triantennary
A2(2,2,4)G4(4)S3(6,6,3/6). Partial core fucosylation has been found for the
diantennary species, while of the triantennary species the a2,3-linked sialic acid-
containing arm can be a1,3-fucosylated to form sialyl-Lewis X*°?.

For the confirmed N-glycosylation sites, tryptic glycopeptide LC-ESI-MS(/MS) was
used to study the site-specific glycosylation on a compositional level, and relatively
similar ratios of di- and triantennary glycan species were found across the sites!®2.
Asn138is mainly occupied by the diantennary structures A2G2S2 (49%) and FA2G2S2
(26%), followed by the triantennary structures A3G3S3 (12%) and A3FG3S3 (10%).
Small amounts of difucosylated species have been detected as well (FA3FG3S3, 3%).
Asn358 contains a higher abundance of diantennary species (A2G2S2 83%, and
FA2G2S2 12%), the triantennary species A3G3S3 only accounting for 5%. For Asn397
the main glycan is A2G2S2 (73%), followed by A3G3S3 (17%), A3FG3S3 (6%) and
FA2G2S2 (4%). Analysis of Asn762 showed the main glycan to be A2G2S2 as well
(46%), with the additional compositions A3G3S3 (20%), FA2G2S2 (16%), A3FG3S3
(13%), FA3FG3S3 (2%), A4G4S4 (1%) and A4FGAS4 (1%)'°2. No information about the
glycosylation of human ceruloplasmin in disease was found with the preparation of
this review.

Fibrinogen (P02671; P02675; P02679)

Fibrinogen is a 340 kDa glycoprotein that is synthesized in the liver by hepatocytes,
and plays a key role in blood clotting!®® **4. The protein consists of two sets of three
different polypeptide chains named the a-chain (610 amino acids), B-chain (461
amino acids), and y-chain (411 amino acids), arranged in a a2y, hexamer linked by
disulfide bonds!®>1%7, In plasma, fibrinogen is typically found at concentrations of 2-
6 mg/mL with a mean of 3mg/mL, with women having slightly higher levels, and it is
also present in platelets, lymph nodes, and interstitial fluid%> 197-200,

Fibrinogen is cleaved by thrombin into fibrin, one of the essential components of
blood clots after injury®®* 19> 201 Fyrthermore, it acts as a cofactor in platelet
aggregation, assists rebuilding of epithelium, and can protect against infections in
interferon y (IFNy)-mediated hemorrhage®®> 20> 293, |n addition, the protein can
facilitate the immune response via the innate and T-cell pathways?%427

Glycosylation

The a-chain of fibrinogen is not N-glycosylated, even though it harbors two potential
N-glycosylation sites at Asn453 and Asn686. The B- and y-chain are N-glycosylated at
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Asn394 and Asn78, respectively!®> 208 209 By MALDI-TOF-MS and HPLC with
exoglycosidase digestion, the predominant glycan structures present on these chains
were found to be A2G2S1 (53%) and A2G2S2 (33%). Sialic acids are mainly a2,6-
linked, but a degree of a2-3-linkage has been reported as well depending on the
source or analytical method?'® 2! Bisecting N-acetylglucosamine and core
fucosylation are found in minor quantities?!. Comparisons between plasma and
serum N-glycan profiles revealed that fibrinogen could contribute for 22% to the
total intensity of the diantennary monosialylated structures (A2G2S51)%1,

Site-specific analysis showed diantennary glycans with zero, one or two sialic acids
on Asn394 (B-chain) and Asn78 (y-chain)?®®. The glycosylation sites have been
confirmed in studies at the level of deglycosylated glycopeptides, showing
occupancy of Asn394 of the B-chain and Asn78 of the y-chain, and surprisingly on the
a-chain Asn686 as well® 8% 107, 209 The B-chain glycosylation site has furthermore
been observed in a core-fucose targeted study'®. In addition to N-glycosylation, all
fibrinogen chains may carry O-glycans?%,

The general degree of sialylation may be influencing the solubility of fibrinogen, and
thereby play a crucial role in blood clotting processes resulting in different fiber
structures?'221%, |n the Asahi mutant of the y-chain, Asn334 has been reported to
contain an additional N-glycosylation site?!’. Patients exhibiting the Asahi variant of
fibrinogen displayed abnormally long blood clothing time, suggesting that the effect

induced by that extra glycosylation site disturbs the fibrin polymerization process?*”
218

Haptoglobin (P00738)

Haptoglobin (Hp) is a 406 amino acid (18 of signal peptide) acute-phase glycoprotein
with a peptide backbone of 45 kDa. It is synthesized in the liver by hepatocytes as a
single polypeptide chain and is also found in skin?'® 229, During its synthesis, Hp is
cleaved into a light o chain and a heavy B chain that are connected via disulfide
bonds. Two variants of the a chain originating from the sequence Val19-GIn160 and
differing by the subsequence Glu38-Pro96 can exist, a* having this subsequence once
while a? has it twice, resulting in a chains of 83 or 142 amino acids with a respective
molecular mass of 9 kDa and 16 kDa. The 40 kDa B chain is made of 245 amino acids
originating from the sequence 1le162-Asn40622% 222, The combination of different
allelic variants of the o chain (a! and a?) with B chain(s) creates the polymorphism
observed in Hp. There are three major Hp phenotypes called Hp1-1, Hp2-1 and Hp2-
2. They respectively have a configuration of (aB)s, (a*B)2+(0?B)n=0, 1, 2, .. and (0?B)n=3,
4,5,..which are observed at different ratios among ethnicities??32?%, Caucasians have
around 13% of phenotype Hpl-1, 46% of Hp2-1 and 41% of Hp2-2. Hp is typically
found at a plasma levels in the range of 0.6-2.3 mg/mL with a mean of 1.32 mg/mL?23.
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Elevated Hp levels have been reported with inflammation and malignant diseases??*
227,228 1t should be taken into account that the concentration as well as the molecular
mass including glycosylation may vary among phenotypes (86-900 kDa)??3. The half-
life of Hp is found to be on average four days.

The major function of Hp is to protect tissues from oxidative damage by capturing
hemoglobin???2%° It has been reported that Hp polymorphism has an effect on its
physiological properties, for instance Hp1-1 binds hemoglobin stronger than Hp2-
2230, Certain diseases seem to be dependent on the polymorphism, as individuals
with the Hpl-1 phenotype seem to have a higher concentration of induced
antibodies in their plasma after vaccination, infections or liver diseases compared to
the other phenotypes??® 226,

Glycosylation

Four N-glycosylation sites have been identified on the B-chain of Hp, located at
Asn184, Asn207, Asn211 and Asn241%31233, Analysis with (nano-)RPLC-ESI-MS/MS
and MALDI-MS/MS of Hp glycopeptides (trypsin and GIuC) revealed that all sites are
occupied by complex type N-glycans [13, Zhang, S., 2013, 14, Pompach, P., 2013].
The site occupancy for Asn184 was determined at 97.7%, Asn207 at 97.4%, Asn211
at 98.5% and Asn241 had a site occupancy of 95.8%. Treatment with a2,3-sialidase
showed that the sialic acids were mainly a2,6-linked, while B1,4-galactosidase
treatment revealed that only antenna fucosylation was present, which was in
agreement with the obtained CID fragmentation spectra?®?.

Two recent studies showed some discrepencies in the relative abundances for the
identified sites. For example, Asn184 was found to contain mainly diantennary
species with two sialic acids (A2G2S2, 88% and 46%), followed by diantennary
monosialylated (A2G2S1, 7% and 38%) and triantennary disialylated (A3G3S2, 4%
and 3%) glycans. A low percentage of fucosylation was identified (A3FG2S2, 1% and
3%; A3FG3S2, 0.3% and 1%)?3% 232,

A possible reason for this discrepancy is that the first study did not differentiate the
two N-glycosylation sites (Asn207 and Asn211) on the same peptide backbone that
showed 7 different combinations. The major combinations were 1) one diantennary
fully sialylated (A2G2S2) and one triantennary disialylated (A3G3S2, 45%), 2) two
diantennary disialylated glycans (A2G2S2, 30%), and one diantennary fully sialylated
(A2G2S2) and 3) one triantennary disialylated and fucosylated (A3FG3S2, 12%). The
combination of a diantennary monosialylated (A2G2S1) with a diantennary
disialylated glycan (A2G2S2) accounted for 6%, the diantennary and triantennary
fully sialylated species (A2G2S2 and A3G3S3) for 5%, and the remaining
combinations accounted for approximately 1% in total 23!, The second study
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reported the glycoforms for each site separately due to an additional GluC protease
treatment. Asn207 seems to contain mainly A2G2S2 (47%) and A2G2S1 (39%),
followed by A3G3S1 (7%) next to some minor tetraantennary and fucosylated
species. Interestingly, glycosylation site Asn211 appears to have a higher degree of
triantennary species, with A2G2S2 (40%), A3G3S3 (29%), A3FG3S3 (21%), and
A3G3S2 (10%)%*2.

The two studies report that Asn241 carries mainly diantennary glycans, A2G2S2
being the most abundant variant with 87% and 47% (values reported in the two
separate studies), followed by A2G2S1 (4% and 26%), A3G3S1 (n.d. and 10%),
A3G3S2 (6% and 8%), A3G3S3 (n.d. and 4%) and A2FG2S1 (<1% and 2%). Low levels
of tetraantennary species have been detected as well, with and without fucosylation
varying from mono- to tetrasialylated?3% 232,

Both studies evaluated the glycosylation of Hp in patients with liver cirrhosis (LCH)
and hepatocellular carcinoma (HCC). No difference in site occupancy could be
observed between healthy and disease, but the number of detected glycoforms was
increased (healthy 34 glycoforms, LCH 56 glycoforms, HCC 62 glycoforms)?32.,
Increased branching and fucosylation were reported, with species carrying up to five
fucoses?3™ 233, Furthermore an increase in sialylation was noticeable for the
glycopeptide containing N-glycosylation sites Asn207 and Asn211?%l. Those
carbohydrate structures have been reported in another study along with some new
ones but they were not quantified®.

Furthermore, core-fucosylation was identified on the N-glycosylation site Asn184%34,
Diantennary disialylated structures contained core-fucosylation (FA2G2S2) instead
of antennary fucosylation. Several reports reveal that fucosylation plays an
important role in many diseases such as pancreatic cancer, LCH and HCC?3% 236,
Another recent study examined the galectin-1 binding ability of Hp in the sera of
metastatic breast cancer patients, where the binding was twice as strong, possibly
due to a difference in glycoforms?37, 238,

It is interesting to see that two studies from the same year report different
glycosylation patterns for Hp?3" 232, This might be caused by a different ethnicity of
the sample donors, as one study has been performed in China and the other in the
United States, two geographical regions that have been reported to have different
phenotype distributions??3. That difference has not yet been taken into account in
glycomics studies.

Hemopexin (P02790)

Hemopexin (HPX), also known as beta-1B-glycoprotein, is a 462 amino acid (23 are
part of the signal peptide) single polypeptide chain plasma glycoprotein with a
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peptide backbone of 51 kDa and an apparent mass ranging from 57 to 80 kDa
depending on its glycosylation?3241, The protein is mainly expressed by the liver and
found in serum at levels of 0.8 mg/mL in adults while levels in newborns have been
measured around 20% of that value?*> 243, It is also expressed in the central nervous
system, in the retina and in the peripheral nerves. The protein structure is controlled
by six disulfide bridges next to its glycosylation?*°. HPX is an acute phase response
glycoprotein, capable of binding heme with the highest known affinity of all plasma
proteins. When a heme is captured, the complex can be recovered from plasma by
the HPX receptor (such as found on the membrane of liver parenchymal cells) leading
to internalization, catabolization of the heme and recycling of the proteins involved.
After the process, HPX is free to return to the circulation. HPX is found to be
expressed in large quantities in case of inflammation, a state in which heme is highly
abundant in plasma. As heme would otherwise induce oxidative stress, the function
of HPX can be described as antioxidant?4°,

Glycosylation

HPX contains five confirmed N-glycosylation sites located at Asn64, Asn187, Asn240,
Asn246 and Asn4538% 84 107, 244247 |0 general, plasma HPX N-glycosylation consists
mainly of diantennary structures with high levels of galactosylation, while low levels
of triantennary and fucosylated structures have also been reported?® 233 248250 The
degree of sialylation of the protein remains to be fully investigated, but lectin
capturing of a2,6-sialylated HPX glycopeptides followed by LC-MS(/MS) analysis has
revealed the presence of fully sialylated antennae and only low levels of
monosialylated diantennary glycans!®?. Combining the information, the main glycan
composition on HPX is expected to be A2G2S2. Site-specific characterization has
been achieved on a compositional level for N-glycosylation sites Asn64, Asn187 and
Asn453, each of them showing similar ratios of glycoforms (85-94% diantennary
nonfucosylated, 4-7% diantennary fucosylated, as well as low levels of triantennary
structures)® 233, Asn240 and Asn246 remain uncharacterized, likely due to their
close proximity. The antennarity and the degree of fucosylation (core and antennary)
have been reported to increase with LCH and HCC?>?. Notably, HPX also contains two
O-glycosylation sites (Thr24 and Thr29) one of which is located on the N-terminal
threonine (after removal of the signal peptide), and a potential minor O-
glycosylation in the Ser30-Thr40 region8® 234 247,

Histidine-rich glycoprotein (P04196)

Histidine-rich glycoprotein (HRG), also called histidine-proline-rich glycoprotein
(HPRG), has an apparent molecular mass of 72 kDa (peptide backbone of 60 kDa) and
consists of 525 amino acid (507 without the signal peptide)?>%2°3, The protein occurs
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in plasma in concentrations of 0.1-0.15 mg/mL, and is mainly produced by the liver
parenchymal cells although some reports suggest synthesis in immune cells as
well?>*#257 Levels in newborns are only approximately 20% of those in adults?%. HRG
is known to regulate immunity, coagulation and angiogenesis?>°. To achieve this, it
interacts with many different ligands including heme, heparin, plasminogen,
fibrinogen, thrombospondin and immunoglobulin G, as well as many cell surface
receptors and divalent cations such as Zn?* 2°’. It is a negative acute phase protein,
showing decreased plasma levels during inflammation, injury or pregnancy?®°.

Glycosylation

HRG is expected to have a large degree of glycosylation, as 14% of the protein weight
(around 10 kDa) has been attributed to the oligosaccharide portion®. Three N-
glycosylation sites have been confirmed by glycoproteomic analysis, located at
Asn63, Asn125 and Asn3448%+ 197 Another glycosylation site is theoretically present
at Asn345, but the direct vicinity with the site Asn344 may sterically hinder its
occupation and additionally complicates its analysis. Interestingly, a common
polymorphisms can induce a new glycosylation site at Asn202 by replacing a proline
by a serine at position 204, creating the motif Asn-X-Ser, and N-glycanase treatment
revealed a mass difference of 2 kDa attributed to the new Asn202 carbohydrate
compared to the unmodified form of HRG?%. The sequence Asn87-Asp-Cys found in
HRG has been reported to contain glycosylation (in bovine protein C) but no clear
evidence of its presence has yet been made for human HRG?%2 263 With regard to the
classical sites, little is known, and to the best of our knowledge, neither site
occupancy nor relative abundance of glycan structures have been studied. However,
if a carbohydrate mass of 10 kDa needs to be distributed across three glycosylation
sites, the average site would contain glycans of over 3300 Da (putting them into the
tri- and tetraantennary range with high levels of galactosylation, sialylation and/or
fucosylation). No reports about changes in glycosylation under disease conditions
were found for HRG.

Kininogen-1 (P01042)

Kininogen-1, also called alpha-2-thiol proteinase inhibitor, Fitzgerald factor, high-
molecular-weight kininogen (HMWK) or Williams-Fitzgerald-Flaujeac factor, has a
single polypeptide chain of 644 amino acid (18 belonging to the signal peptide) and
approximates 114 kDa apparent molecular mass (while its theoretical mass without
glycosylation is 70 kDa)?%4. Kininogen can be cleaved into six different subchains
called kininogen-1 heavy chain, T-kinin (lle-Ser-bradykinin), bradykinin (kallidin 1),
lysyl-bradykinin (kallidin 1), kininogen-1 light chain, and low molecular weight
growth-promoting factor. In its intact form, the protein is a cysteine proteinase
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inhibitor, implicated in blood coagulation and inflammatory response and it can bind
calcium, while the individual subchains can have many other functions?>268,
Kininogen is mainly synthetized in the liver to plasma concentrations of 55-100
ug/mL, where it is mostly found in complex with prekallikrein or factor XI to position
the coagulation factors near factor X|1267: 269272,

Glycosylation

Kininogen has four N-linked glycosylation sites at Asn48, Asn169, Asn205, Asn294 (all
of which remain on the kininogen-1 heavy chain after cleavage) and eight O-linked
glycans at sites Thr401, Thr533, Thr542, Thr546, Thr557, Thr571, Ser577 and
Thr62883% 84 86,107,264 \While no overall or site-specific glycosylation analysis has been
performed yet, core-fucosylation has been reported for sites Asn48, Asn205 and
Asn294 on the basis of RP LC-MS" after capturing with L. culinaris lectin'®. In
addition, two-dimensional gel electrophoresis, with staining for triantennary
structures carrying sialyl-Lewis X has demonstrated the natural presence of this
epitope on the protein, as well as its upregulation in patients with stomach cancer?”3.
Kininogen is expected to be highly glycosylated by large N- and O-glycan structures,
as the observed protein mass is more than 40 kDa higher than the mass calculated
from the amino acid sequence. Kininogen glycosylation changes due to diseases have
not yet been described.

Serotransferrin (P02787)

Serotransferrin (STF), also known as transferrin, 1 metal binding globulin or
siderophilin, is a 698 amino acid protein (19 amino acids of which are signal peptide)
with a molecular mass of approximately 77 kDa (without glycosylation)® 274, The
protein consists of two globular domains, the N-lobe and the C-lobe which divided
into two subdomains each (N1, N2, C1 and C2). The two main domains are connected
by a short linker peptide?’427¢, The N-lobe is 336 amino acids in size and spans from
Val25 to Glu347, while the C-lobe is 343 amino acids long and ranges from Val361 to
Lys683274. The lobes can interact to form a hydrophilic metal ion binding site?’4. STF
is mostly produced by hepatocytes, although other tissues have also shown
expression, albeit at significantly lower amounts?’4. The plasma concentration is
highly stable from the age of 2 years on, with a range between 2 and 3 mg/mL?"4 277,
Levels may increase during pregnancy up to 5 mg/mL?’,

STF is an iron binding protein and it regulates iron levels in biological fluids. It can
bind two Fe3*ions and transport those throughout the body, avoiding the toxicity of
free radical formation that may be caused by free Fe3*ions?’4. Iron is essential for
DNA replication as it is a co-factor of ribonucleotide reductase?”. Several studies
have shown that the number of transferrin receptors at the surface of cells was
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closely correlated with their proliferation state and their iron status®®® 28!, |n
addition, STF has been associated with several diseases like atransferrinemia and
cardiovascular diseases?’*. In inflammation and allergic reactions, the STF levels are
found to be significantly reduced in plasma?’4. The protein has also shown potential
as a therapeutic agent. For instance, oxidative damage caused by radiotherapy can
be reduced by infusion with apo-transferrin®®2. The proprieties of STF and its
receptor can be exploited to deliver drugs specifically into the brain and cancer
cells?83, Additionally, conjugates consisting of the protein and a drug have been
shown to yield high specific cytotoxicity (e.g. Tf-ADR versus Hela, HL-60 and H-
MESO-1 cell lines)?83 284,

Glycosylation

STF has two N-glycosylation sites located at Asn432 and Asn630 and a potential
minor site at Asn491 (Asn-X-Cys)® 83 278,285,285 Around 6% of the total weight of the
protein is due to the carbohydrate content?®!. Lectin mobility (ConA — Sepharose
column) followed by sequential exoglycosidase treatments on two STF samples of
healthy patients showed that, overall, the main glycans are A2G2S2 (96-97%),
FA2G2S2 (2-3%) and A3G3S2 (1%)%¥’. The glycosylation per site has been studied
using nano-LC-ESI-MS combined with exoglycosidase treatment?®> 2%, The sites at
Asn432 and Asn630 proved to be the main contributors to the total glycome, while
the non-standard glycosylation site at Asn491 was glycosylated at a level of
approximately 2%28> 286,

The glycans present on Asn432 are A2G2S2 (93.5%), A3G3S2 (2.5%), A2G2S1 (2.4%)
and A2FG2S2 (1.6%), while Asn630 contains A2G2S2 (85.9%), FA2G2S2 (6.9%),
A2FG2S2 (2.8%), A2G2S1 (2.2%), A3G3S2 (1.0%), as well as some lower abundant
species with increased fucosylation?®> 286, The fucosylated antenna is most likely of
sialyl-Lewis X type (at the a1,3-linked arm, B1,4-linked antenna) as it was shown by
NMR spectroscopy of material purified from the amniotic fluid of pregnant
women?8, A single type of glycosylation was detected on the minor glycosylation
site at Asn491, namely A2G2522%>. STF N-glycosylation has been investigated in other
biologic fluids like CSF, where similar structures have been found along with some
disease-related ones® 2°,

The glycosylation of STF has shown to be different across fluids and phenotypes with
the abundance of A2G2S2 being significantly reduced in human amniotic fluid (55%)
or in the plasma of hepatoma patients (37-63%)%” 28, The percentage of
triantennary structures is largely increased in amniotic fluid to 32%, while the
abundance of triantennary structures in the serum of hepatoma patients ranges
from 21 to 63%2%7 288, Abnormal isoforms of serotransferrin, especially variation in
the sialic acid content, are a very sensitive and reliable biomarkers of many CDGs,
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and potentially for idiopathic normal pressure hydrocephalus (iNPH) patients?3% 2%,
Isoelectric focusing (IEF) of serotransferrin is the first test used to rapidly reveal N-
glycosylation related CDGs while apolipoprotein C-lll is the protein of choice for the
test of O-glycosylation related CDGs?°" 2°2, Interestingly, carbohydrate deficient STF
levels can also be used as indicator of heavy alcohol usage, even post mortem?® 2%,

Vitronectin (P04004)

Vitronectin (VN), also called S-protein, serum spreading factor, or V75, is a 459 amino
acid 52.4 kDa member of the pexin family and of the adhesive glycoproteins group?®*
297 The apparent molecular mass of 75 kDa is due to post translational modifications
including glycosylation. VN is mainly produced in the liver and it is found in plasma
at concentration of 0.2-0.4 mg/mL, where it is mostly present in monomeric or
dimeric form3* 2%, VN is also found in other body fluids such as seminal plasma,
urine, amniotic fluid, CSF, bronchoalveolar lavage fluid and in platelets??®.

VN is an adhesive glycoprotein, and shows a role in blood coagulation, extracellular
matrix binding, regulation of cell adhesion and spreading, and innate immunity?®*
2% |t also protects the membrane from the damages caused by the terminal cytolytic
complement pathway. Underexpression of the protein has been correlated with liver
conditions like fibrosis, while elevated levels have been reported in inflammatory
states??®3% VN is also found to be implicated in HCC where specific glycoforms have
been identified3%!.,

Glycosylation

Three N-glycosylation sites have been identified in VN at Asn86, Asn169 and Asn242
by LC-MS(/MS)8 197 Without site specificity, the major VN carbohydrate forms
reported by LC-fluorescence are diantennary and triantennary complex type glycans,
with a low percentage of hybrid structures32. Sialic acids are mainly found a2,6-
linked, as determined by sialidase and acid treatments, and NMR. About 19% a2,3-
linkage has been detected on the al,6-arm of the diantennary structures and on the
B1,6-linked N-acetyllactosamine of the al,3-arm of triantennary structures. Core
fucosylation of vitronectin accounts for 7.9%3%2,

When looking at the glycosylation in a site-specific manner by trypsin digestion and
LC-ESI-MS(/MS) analysis, Asn86 shows mainly A2G2S2 species (45%), as well as
A3G353 (33%) and A3FG3S3 (20%)°. At Asn169, a higher variety of glycan structures
are observed. Next to the fully sialylated diantennary structures (A2G2S2, 76%) and
its monosialylated variant (6%), around 18% sialylated hybrid structures have been
detected (ranging from 3 to 5 mannoses). Asn242 bears diantennary di- and
monosialylated N-glycans (A2G2S2, 50%; A2G2S1, 20%), with possible core fucose
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on the fully sialylated variant (FA2G2S2, 10%). In addition, triantennary fully
sialylated structures have been detected with and without fucose (A3G3S3, 10%;
FA3G3S3, 10%)3°2.

Core fucosylation of VN has been reported at Asn242 in healthy individuals and on
Asn86 in HCC patients!®. Hybrid type and fucosylated glycans of VN have been
reported to increase in patients suffering from HCC and other cancers, and thus
shows potential as biomarker3°% 393, A possible explanation for the increase of hybrid
type glycans is that the alpha mannosidase in the Golgi apparatus is suppressed in
HCCY.

Zinc-alpha-2-glycoprotein (P25311)
Zinc-alpha-2-glycoprotein (ZAG, not to be confused with ZAG which is the short name
of its AZGP1 gene), also abbreviated Zn-alpha-2-glycoprotein or Zn-alpha-2-GP, is a
41 kDa glycoprotein (15% of the mass being carbohydrate) comprising a single 298
amino acid chain (20 amino acid signal peptide), with two intra-chain disulfide
bridges3°43%, The protein is produced by the liver and occurs in plasma at
concentrations around 0.03-0.11 mg/mL with a mean at 0.05 mg/mL. As with many
plasma glycoproteins, the functions of ZAG are diverse. The protein has been shown
to interact with the beta-3-adrenoreceptor on adipocyte cells, inducing the
depletion of fatty acids3%”. While its serum variant originates from hepatocytes, ZAG
is expressed in many cell types including adipose tissue, buccal cells and prostate
epithelial cells, and occurs in many body fluids like seminal fluid where its
concentration is six time higher than in serum3”. Functions of the on-site produced
ZAG include fertilization, melanin production, regulation of the immune response,
and many others. In addition, the serum concentration of ZAG shows a large increase
in various types of cancer, making it a particularly good biomarker for female breast
and male prostatic carcinomas3®’.

Glycosylation

Four N-glycosylation sites have been detected on ZAG at Asn109, Asn112, Asn128
and Asn25983 84 107,246,308, 303 Fqr three of the sites (Asn112, Asn128 and Asn259)
proton nuclear magnetic resonance (*H-NMR) spectroscopy has revealed the major
N-glycan structure to be diantennary and disialylated A2(2)G2(4)S2(6)3%. For Asn259
specifically, partial sialylation (90%) of the al,6-linked antenna has been reported.
The general presence of diantennary N-glycans, and the sialylation thereof, has been
verified by proteomic experiments, but to date no extensive study has been made
on its glycan microheterogeneity’* 319, Asn109 and Asn128 have for instance been
suggested to carry in part core fucosylated N-glycans, but this has hitherto remained
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unconfirmed!®. No information about the effect of diseases on ZAG glycosylation
was found in literature.

Immunoglobulins

Immunoglobulins (Igs) are a major component of the adaptive immune system3'%.
There are five distinct classes in humans (IgA, IgD, IgE, 1gG and IgM), which all share
common components. Generally, immunoglobulins consist of two heavy chains and
two light chains. These chains contain one variable part (H, or V|, respectively) and
three or more constant domains on the heavy chain (Cuyn), or one on the light chain
(C.). Furthermore, immunoglobulins can be subdivided into a fragment antigen-
binding (Fab) and a fragment crystallizable (Fc) portion. The Fab domain consists of
the Vy and V| domains and the adjacent N-terminal constant C41/C. domain. The Fc
domain is built up of the remainder of the heavy chains. Immunoglobulins thus
contain two Fab domains per Fc domain. Each immunoglobulin has its own specific
heavy chains (a, §, €, y or p) which are joined by one or more disulfide bridges. The
light chain can occur in two variants (A and k) that are shared by all immunoglobulins.
Some immunoglobulins additionally contain a flexible hinge region between the Cy1
and C42 domains (IgA, IgD and IgG). The remaining immunoglobulins (IgE and IgM)
have a rigid Ig domain instead of a hinge region. Immunoglobulin N-linked
glycosylation occurs mostly on the heavy chains, accounting for between 2% and
14% of the protein weight. However, the light chain can also contain N- and O-linked
glycans 3%,

Immunoglobulin A (P01876; P01877)

Immunoglobulin alpha (IgA) is an antibody that exists in two subclasses (IgA1 and
1gA2), and in both mono- and dimeric form. Compared to IgA2, IgAl contains a 13
amino acid extended hinge region, which is heavily O-glycosylated3'? 313, Serum IgA
consists mostly of the 160 kDa IgA monomer (mlIgA), has a concentration of 2.62
mg/mL (of which approximately 90% is IgAl), and is produced by the bone
marrow3'% 314 Secretory IgA (slgA) is observed at mucosal surfaces and produced
locally, mainly occurring as a dimer of two migA units and a set of two connecting
peptides, the J-chain and the secretory component3!? 314, Secretory IgA is a key
player in the immune defense at mucosal surfaces. Pathogenic microorganisms are
prevented from attaching to the mucosal surface by slgA surrounding the pathogen,
which is then repelled by the mucosal surface due to the high abundance of
hydrophilic amino acids and glycosylation®!2. The precise role of IgA in the circulation
is not clear.
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Glycosylation

IgA is N-glycosylated at Asn144 (IgA1) and Asn131 (IgA2) in the C42 domain as well
as at Asn340 (IgA1) and Asn327 (IgA2) and in the tail piece domain3'°. IgA2 contains
2 additional N-glycosylation sites at Asn47 of the Cy1 domain and at Asn205 of the
Cy2 domain3'®. While glycosylation studies have been performed for IgAl, the
glycosylation of IgA2 remains to be characterized.

The main N-glycans present on IgAl as detected by hydrophilic interaction liquid
chromatography (HILIC)-HPLC with exoglycosidase digestion are diantennary
disialylated (A2G2S2, 24%), diantennary monosialylated (A2G2S1, 20%) and
fucosylated diantennary bisected disialylated (FA2BG2S2, 14%)36. The amount of
nonsialylated glycans detected was marginal, being at levels for total IgA of 6% for
the Fc region and 2% for the Fab region3!®. A site-specific study showed that the
fucosylated glycans are mostly present on the Asn340 site3Y’. Furthermore it was
shown that the main glycoform on the IgA1 Asn144 containing glycopeptide was
A2G2S1, while the Asn340 containing glycopeptide carried mainly the FA2G252318,

The role of N-glycosylation of IgA in diseases is not well understood. The glycan might
have an influence on the binding of IgA to the FcaR receptor, although this finding
was not validated in a later study3'® 31°, Binding to the FcaR receptor can induce a
pro- or anti-inflammatory response3?°. In addition, the presence or absence of sialic
acids on the glycans may influence the clearance of IgA from the circulation by the
asialoglycoprotein receptor3!?,

Immunoglobulin D (P01880)

Immunoglobulin delta (IgD) has, compared to the other immunoglobulins, a rather
long hinge region of 64 amino acids resulting in a total apparent mass of 175 kDa.
The average concentration of IgD in plasma is 0.03 mg/mL, but it can range from
<0.003 mg/mL to 0.4 mg/mL without any clear sex or age dependence3?1-323,
Compared to the other immunoglobulins, it has a short half-life of 2.8 days3?*. IgD
can be found in a secreted isoform (slgD), as well as membrane bound on immature
B cells3?®. The protein is involved in immunity and inflammation, by binding to
respiratory bacteria, resulting in clearance®2.

Glycosylation

Three N-glycosylation sites have been identified on the heavy chain of IgD, located
at Asn225, Asn316 and Asn367, as well as seven O-glycosylation sites at Ser109,
Ser110, Thr113, Thr126, Thr127, Thr131 and Thr132326328 H|LIC-HPLC analysis with
exoglycosidase digestion on released IgD N-glycans revealed a mixture of high
mannose and complex type glycosylation. The total pool contained 35% core
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fucosylation, <1% terminal N-acetylglucosamine, 33% bisection, 20% terminal
galactosylation and 31.5% monosialylation and 21.5% disialylation (sialic acids being
a2,6-linked). The most abundant glycoforms detected were Man8 (14.4%), Man9
(13.5%), FA2G2S2 (7.6%), FA2G2S1 (7.3%), FA2BG2S2 (6.5%) and A2G2S1 (6.1%).
Interestingly, monoglucosylated Man8 and Man9 (Man8Glc, Man9Glc; 2.4%, 3.3%)
were observed as well*?°. The high mannose glycans were preferably found at the
Asn225 site, while the complex type glycans were abundant at Asn316 and
Asn367328, The absence of glycans at Asn225 has been shown to completely inhibit
the secretion of IgD3%.

Immunoglobulin E (P01854)

Immunoglobulin epsilon (IgE) is a 188 kDa antibody lacking a hinge region, but that
instead contains an extra C domain in its heavy chain33!. The protein exists as a
membrane-bound receptor form and in a soluble form332. IgE has a serum
concentration of around 0.3 pg/mL, making it the lowest abundant
immunoglobulin®33. No in-depth study has yet been performed to elucidate where
IgE is synthesized33!. The primary function of IgE is the induction of an anti-parasitic
immune response by activation of mast cells and basophils through the FceRl
receptor®*, This mechanism is also proposed to play a role in the formation of
allergic responses333 335,

Glycosylation

Carbohydrates form 12% of the IgE molecular mass, making it the most glycosylated
antibody in plasma33. The protein contains six N-glycosylation sites, located at
Asn21, Asn49, Asn99, Asn146, Asn252 and Asn275%%. An additional potential site at
Asn264 was not found to be glycosylated33®. HILIC-HPLC with exoglycosidase
digestion of 2-aminobenzamide-labeled glycans showed the overall species to be
mainly core-fucosylated diantennary with either one sialic acid (FA2G2S1) or two
(FA2G2S2) (18% and 25% respectively)3?°. These glycans have, to lesser extent, been
found in non-fucosylated form (A2G2S1, 11%; A2G2S2, 11%), and with bisecting N-
acetylglucosamine (FA2BG2S1, 8.2%). In addition, 14.2% of the glycan pool proved
to be high-mannose type (mainly Man5)32°,

By performing site-specific analysis by LC-MS/MS of tryptic glycopeptides, it was
found that Asn21 mainly contains FA2G2S1 (30%), FA2BG2S1 (30%), FA2G2S2 (15%)
and FA2BG2S2 (10%), while Asn49 is occupied by FA2G2S2 (30%), FA2G2S1 (18%),
FA2BG2S2 (15%), and FA2BG2S1 (15%)338. Asn99 contains FA2G2S2 (40%), FA2G2S1
(20%) and bisected species in lower relative abundance (<10%). Asn146 is
glycosylated by FA2G2S2 (50%), FA2BG2S2 (30%), and around 10% of FA2G2S1, while
Asn252 is highly bisected, mainly containing FA2BG2S1 (35%) and FA2BG2S2 (25%),
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as well as a lesser amount of the nonbisected species FA2G2S2 (15%) and FA2G2S1
(10%)338. Interestingly, the Asn275 site almost exclusively shows oligomannosidic
structures, the main species being Man5 (50%), but higher numbers of mannoses are
found as well (Man6, 15%; Man7, 10%; Man8, 10%; Man9, 5%)33¢ 338,

In the same study, IgE from hyperimmune donors was seen to be similarly
glycosylated as normal Igg, while IgE derived from monoclonal myelomas showed
the loss of bisection and a drastic appearance of triantennary structures (up to 50%
per site)33, There is evidence that IgE glycosylation is important in binding to the
FceRIl receptor and can be implicated in the initiation of anaphylaxis33% 34, In
contrast, other sources indicate that the glycans in the Fc region are only minor
contributors to the binding of IgE to the FceRl receptor®#..

Immunoglobulin G (P01857; P01859; P01860; P01861)

Immunoglobulin gamma (IgG) is a glycoprotein with a total molecular mass of
approximately 150 kDa3!" 342, The light chain consists of a domain covering the
variable region (V.) as well as a constant (C.) domain. The heavy chain contains four
domains with one domain which comprises the variable region (H,) followed by three
constant domains: Cy1, C42 and Cy3. Each light chain is paired with the H, and Cx1
domain of the heavy chain to form a Fab portion, whilst C42 and C43 domains of the
two heavy chains together form the Fc portion. Between the two Fab portions and
the Fc portion a flexible hinge region is positioned, which makes it possible for the
two Fab arms to move individually®*"-33, The antibody is highly stable with a half-life
of approximately 12 days3** 3%, Based on the amino acid sequence of the constant
regions of the heavy chains, IgGs can be divided into four subclasses namely, 1gG1
(P01857), IgG2 (P01859), IgG3 (P01860) and IgG4 (P01861)34% 346, Notably, IgG3 has
a larger hinge region (62 amino acids) compared to the other subclasses (12 amino
acids).

During a secondary immune response IgG is secreted in high amounts by B cells3*’.
In healthy individuals the concentration of IgG in serum is between 7 and 18
mg/mL3%8. The average subclass-specific concentrations in plasma are reported as
5.03 mg/mL for 1gG1, 3.42 mg/mL for 1gG2, 0.58 mg/mL for IgG3 and 0.38 mg/mL for
1gG43%. 1gG molecules are important for activating the complement system through
the classical pathway (antibody-triggered) as well as binding to specific receptors on
macrophages and neutrophils®3? 347, The IgG subclasses differ in their ability to
activate the complement system. The primary activators of the complement system
are 1gG1 and IgG3, whereas 1gG2 can also activate it at a lower level. IgG4, on the
other hand, is not capable of activating the complement system33!. Furthermore, IgG
molecules are the only antibodies that can pass from a mother to her child via the
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placenta, and maternal IgG has been shown to gradually decrease throughout
pregnancy331,350,351.

The majority of therapeutic antibodies is derived from IgG1, where the glycosylation
plays an important role for their function3> 331351354,

Glycosylation

Glycosylation can occur on both the Fc and Fab portions of the IgG molecules3*. The
Fc region has been extensively studied with a highly conserved N-glycosylation site
in the C2H domain at Asn297. Notably, this site may have a different number for
different IgG subclasses and variants3*.

Another possible N-glycosylation site may be found at Asn322 of 1gG3 although no
occupation has yet been described®°. The Fab portion is known to be N-glycosylated
in 15-25% of the cases®>®.

The overall glycosylation of I1gG has been the subject of many studies using a variety
of different methods?*. In a recent glycosylation MALDI-TOF-MS study on a released
glycan level, the most abundant glycans were complex types, i.e. FA2G1 (31%),
FA2G2 (23%), FA2G251(6) (13%), FA2 (10%) and FA2BG1 (5%)%’. Only a small portion
of the glycans were found to be high mannose (0.21%), of which Man8 (0.06%) was
the most abundant, followed by Man9 (0.05%). Overall, 92% of the total 1gG pool
was core-fucosylated, 13% bisected, 18% monosialylated and 3% disialylated. 12%
of the glycans contained a2,6-linked sialic acids, against 0.2% a2,3-sialylated
species®’. These findings are in agreement with previously reported sialylation
values obtained by lectin interaction3>8. Next to the study of overall IgG glycosylation,
differences between the Fab and Fc have also been studied by MALDI-TOF-MS after
affinity capturing of the different regions’. The Fc region shows a similar profile as
the total IgG profile, albeit with a lesser degree of sialylation. FA2G1 (32%) was again
the most pronounced glycan, followed by FA2G2 (27%), FA2G2S1(6) (15%), FA2 (9%)
and FA2BG1 (5%), while the amount of high mannose type species was found to be
very low (0.1%). In contrast to Fc, the Fab region showed a significantly higher degree
of sialylation, with 40% of the species being monosialylated, and 52% being
disialylated. Also bisection and high mannose species were seen to be higher (45%
and 4% respectively). Specific compositions included FA2BG2S1(6) as most abundant
with 21%, followed by A2G2S2(6) (17%), FA2BG2S2(6) (16%), FA2G2S2(6) (16%) and
FA2G2S1(6) (10%). For the high mannose types Man6 was the most abundant with
1.2% followed by Man8 (1.0%) and M5 (0.7%)3’.

Affinity capturing followed by LC-MS with CID and electron-transfer dissociation
(ETD) fragmentation of tryptic 1gG glycopeptides revealed that the various IgG
subclasses are similarly glycosylated, but with some notable differences3>® 3%, |gG1
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tends to show higher galactosylation than the other subclasses, whereas 1gG2 shows
the highest degree of core-fucosylation and 1gG3 the least. 1gG4 was found more
difficult to study due to its relatively low abundance3>°. Another study examined the
O-glycosylation of 1gG3 in the hinge region, revealing that the threonine sites (T) in
the three repeated peptide sequences (CPRCPEPKSCDTPPP) are partially occupied
with core 1-type O-glycans3®L.

A vast body of literature exists describing disease-associated changes of IgG
glycosylation, as well as the regulation and immunological effects of such
glycosylation changes. In the following, only a very concise view of this field will be
given, and we would like to refer the interested reader to more specialized
reviews342 362,363

1gG glycosylation has been strongly associated with age, with a negative correlation
between age and galactosylation®® 20: 364355 |gG FA2 seems to have a strong pro-
inflammatory effect through various mechanisms, e.g. the lectin pathway of the
complement system?®® 355 3% |ncreased levels of FA2 glycans and/or lowered levels
of FA2G2 glycans is found in many diseases, including rheumatoid arthritis, Crohn’s
disease, granulomatosis with polyangiitis, tuberculosis, HIV and myositis3¢¢370,
Several studies revealed that core-fucosylation is an important factor in the binding
capacity of the Fc region to the FcyRllla receptor®”* 372, The lack of core-fucosylation
suggests improvement in the binding extensively resulting in a higher degree of
antibody-dependent cell mediated cytotoxicity (ADCC) receptor3’*372, The presence
of sialic acids is able to reduce the binding capacity of the antibody to the FcyRllla
receptor, as a consequence the activity of ADCC is decreased and anti-inflammatory
effects are enhanced, although this only appears to be the case for a2,6-linked
sialylation33 35373374 |nterestingly, during pregnancy the glycosylation also appears
to change, especially in the Fc region where the levels of galactosylation and
sialylation increase?® 37>377 | This might be to suppress the immune response of the
mother against her child®’®. Alterations in glycosylation have also been reported to
occur in a subclass specific level, for example in patient suffering from hepatocellular
carcinoma, cirrhosis, or myositis3®’.

Immunoglobulin M (P01871)

Immunoglobulin mu (IgM) is a 970 kDa (in pentameric form) antibody, consisting of
five 190 kDa subunits (of 452 amino acids)3'% 331378 The protein can be membrane-
bound on the B1- and B2-cells where they are produced®”?, or secreted into blood at
plasma concentrations of 0.5-2.5 mg/mL3*. In circulation, IgM exists either as a
pentamer with coupling J-chain, or occasionally as hexamer lacking the J-chain3¥°. No
hinge region has been reported for the immunoglobulin, but it contains an extra C
domain instead33!. In total, pentameric IgM consists of 10 heavy chains, 10 light
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chains and 1 J-chain, arranged in a mushroom-shaped molecule, leading up to being
the largest antibody in human plasma by far®Z,

IgM antibodies are an early and main activator of the classical complement
pathway®!, but also play a role in homeostasis, inflammation, infection,
atherosclerosis and autoimmunity®’®. The protein is additionally involved in
apoptosis®’®, as absence of IgM shows a three- to four-fold decrease in apoptotic cell
uptake by macrophages®®. Furthermore, IgM has been described in several studies
regarding acute coronary syndromes and cardiovascular diseases, where an elevated
urine excretion of IgM has been reported3?® 384, The presence of glycans on non-
antigen bound IgM may also assist the agglutination of virus particles present in
serum via viral lectin hemagglutinins3?,

Glycosylation

IgM contains N-glycosylation sites at Asn46, Asn209, Asn272, Asn279 and Asn439, of
which Asn439 is only 17% occupied3!! 385 386 H|LIC-HPLC-MS has shown the overall
N-glycosylation to be mainly diantennary with core fucosylation, either with- or
without bisecting N-acetylglucosamine (FA2BG2S1, 26%; FA2G2S1, 19%), followed
by the oligomannose compositions Man6 and Man5 (10% and 6%, respectively)32®,
By lectin capturing, the high-mannose compositions have been attributed to Asn297
and Asn439, leaving the complex type glycosylation to be found at Asn209 and
Asn2723% 387 |nterestingly, the partially occupied Asn439 shows larger high-
mannose structures (Man6-8) than site Asn297 (Man5-6), suggesting that the former
is difficult to access by both the dolichol precursor and the mannosidases required
for trimming of the structure. Depending on the source, Asn46 can be occupied by
either oligomannose or complex type N-glycans3% 387,

Discussion

Here we present an overview of the N-glycosylation of 24 major plasma
glycoproteins. It has been shown for many of these proteins that glycosylation
changes are implicated in serious pathological states such as cancers, autoimmune
diseases and CDG and that their glycosylation pattern could be used as biomarkers,
prognostic tools or even as anchor points for targeted treatments®® 35 290 388, 389,
These findings have resulted in an increasing interest in the glycosylation analysis of
easily accessible biofluids such as plasma, and many correlations have been
established between disease (states) and the abundance of specific glycosylation
traits. Recent advances in sample preparation methods, separation techniques, mass
spectrometry, and the development of robotized platforms are easing routine
analysis of the total plasma N-glycome and allow the screening of large cohorts in
reasonable times, thus enhancing the possibilities to search for putative biomarkers
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and predictions tools3® 210 390392 This however, requires that the observed
differences in glycosylation can be interpreted in a biologically meaningful manner,
and traced back to changes in the levels of glycosylated proteins, and to possible
glycosylation changes of specific proteins.

The information contained in this review stems from many sources and
methodologies. When exploring protein glycosylation to its full complexity, this
comprises the occupancy per site and the relative abundances of glycoforms present
per site, as well as information on linkages and isomer distribution. No single analysis
method is capable of providing all this information in a comprehensive manner, let
alone on a complex sample such as human plasma. Consequently, different levels of
detail are available with respect to the glycosylation of the major glycoproteins that
make up human plasma. Analysis methods encountered in this review are very
diverse, including NMR, lectin capturing, LC-fluorescence, as well as several mass
spectrometric methods!% 3%:3%3 NMR has proven definitive for providing structural
features of a glycan, but is limited by sample throughput and amount of material
needed, as well as by its inability to characterize multiple species present in a
complex sample3®°, Mass spectrometric methods applied in bottom-up studies of
glycopeptides generally only provide glycosylation information on a compositional
level, but may in addition provide site-specific glycosylation information by revealing
the amino acid sequence as well as glycan attachment site®*®. As such, high-
throughput mass spectrometric screening methods have been used to identify and
confirm many of the glycosylation sites in human plasma, although the use of
deglycosylated peptides has prevented characterization of the glycans themselves®
84,100 A particularly successful combination of methodologies for in-depth study of
glycosylation has proven to be LC-MS(/MS) with exoglycosidase digestion and/or
lectin capturing, which has been used to study a fair number of the proteins covered
in this review?!1:329,

Well-studied proteins covered in this review include alpha-1-acid glycoprotein,
alpha-1-antitrypsin, haptoglobin, serotransferrin, vitronectin, and IgG, while others
such as histidine-rich glycoprotein and kininogen-1 still remain to be studied at the
most basic level (Table 1). Overall characterization reveals a high degree of
galactosylation and sialylation across the plasma N-glycome, the most abundant
species for most sites having full coverage of all their antennae. Next to receptor
interaction and charge induction, the terminal sialic acids are known to play a large
role in determining the half-life of proteins, and less than full sialylation would lead
to hepatic clearance via the asialoglycoprotein receptor 3%,

Specifically, the major detected glycan species are A2G2S2 and its monosialylated
variant (Figure 1, Table 1), with B1,2-linked antennary N-acetylglucosamines, B1,4-
linked galactoses, and a2,6-linked N-acetylneuraminic acids*®® 3%, These are found
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on the majority of glycoproteins, and are particularly abundant on serotransferrin,
fibrinogen, ceruloplasmin and alpha-2-macroglobulin. Potential fucosylation for
these diantennary structures mostly occurs in al,6-linkage on the core N-
acetylglucosamine.

The more truncated N-glycosylation, i.e. lack of sialic acid termini and incomplete
galactosylation, is reserved for immunoglobulin G, and to lesser extent
apolipoprotein B-100'% 3% Interestingly, immunoglobulin G is the only major plasma
protein we have found to contain core-fucosylation as well as incomplete
galactosylation/sialylation, meaning that the total plasma N-glycome species FA2,
FA2G1 and FA2G2 predominantly reflect the glycosylation of this protein3*’.
Similarly, immunoglobulin M is the major carrier of the bisected species FA2BG2S1,
with 1gG and the lowly abundant immunoglobulin E contributing to the expression
of this compositional glycan to a lesser extent32% 357,386,

The high mannose type glycosylation is also differentially distributed. Whereas the
lower size oligomannose structures Man5 and Man6 are distributed across alpha-2-
macroglobulin, apolipoprotein B-100 and immunoglobulin M, the larger structure
Man9 mainly originating from apolipoprotein B-100%" 1% 38 |n addition, the high
mannose structures have been reported on the Fab portion of 1gG3’.

Tri- and tetraantennary structures are found in lower abundance than the
diantennary structures, and have some discerning features. Whereas diantennary
glycans are mainly sialylated with an a2,6-linkage, for the triantennary species on
average one in three sialic acids is a2,3-linked’®. Furthermore, potential fucosylation
is predominantly al,3-antennary, and located at the a2,3-sialylated antenna to form
sialyl Lewis X, which itself is favored on the B1,4-linked N-acetylglucosamine of the
al,3-branch’. These fucosylated and non-fucosylated triantennary glycans are
commonly expressed in minor amounts for sites that also have diantennary
glycosylation (examples including alpha-1-antitrypsin and ceruloplasmin), but
represent the most abundant glycosylation type for alpha-1-acid glycoprotein.
Among the proteins covered in this review alpha-1-acid glycoprotein also stands out
by expressing tetraantennary N-glycan species (also with potential sialyl-Lewis X).
Other candidates likely to contain the larger tri- and tetraantennary structures are
kininogen-1 and histidine-rich glycoprotein (judged by the difference between
apparent and calculated mass), but this has not been confirmed yet, possibly due to
the technical difficulty associated with the analysis of these glycosylations.

When combining the contributions of the 24 major glycoproteins covered in this
review to calculate a theoretical total plasma N-glycome, a remarkable congruence
is observed with a TPNG profile registered for N-glycans released from human
plasma (Figure 1 and Figure 2).
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Truncated fucosylated diantennary structures, mono- and disialylated diantennaries,
as well as tri- and tetraantennary structures and their relative fucosylation are
roughly in the correct ratios when compared to MALDI-TOF-MS with sialic acid-
linkage-specific stabilization. The differences between the theoretical and measured
N-glycome could be due to variations in the sample types or origins used in each
study, as we have seen that phenotypes could occur at different ratios among
ethnicities, but also due to the approximations in the protein concentrations that are
often values averaged from multiple papers, or even to the remaining low abundant
glycoproteins not covered by this review, although they should only account for a
few percent of the total plasma N-glycome.

In all, we expect the knowledge gathered in this review to facilitate the clinical
interpretation of plasma-wide glycosylation analysis. This review underlines the
necessity for further protein-specific glycosylation analysis to fill the still
considerable gaps in our understanding.

Access to supplementary material:
https://link.springer.com/article/10.1007/s10719-015-9626-2
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Abbreviations: MALDI-TOF-MS = matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry, SA = sialic acid, TPNG = total plasma N-glycome.

Abstract

Background & aims

Biomarkers are needed for early detection of Crohn’s disease (CD) and ulcerative
colitis (UC) or to predict patient outcomes. Glycosylation is a common and complex
posttranslational modification of proteins that affects their structure and activity.
We compared plasma N-glycosylation profiles between patients with CD or UC and
healthy individuals (controls).

Methods

We analyzed the total plasma N-glycomes of 2635 patients with inflammatory bowel
diseases and 996 controls by mass spectrometry with a linkage-specific sialic acid
derivatization technique. Plasma samples were acquired from 2 hospitals in Italy
(discovery cohort, 1989 patients with inflammatory bowel disease [IBD] and 570
controls) and 1 medical center in the United States (validation cohort, 646 cases of
IBD and 426 controls). Sixty-three glycoforms met our criteria for relative
quantification and were extracted from the raw data with the software MassyTools.
Common features shared by the glycan compositions were combined in 78 derived
traits, including the number of antennae of complex-type glycans and levels of
fucosylation, bisection, galactosylation, and sialylation. Associations of plasma N-
glycomes with age, sex, CD, UC, and IBD-related parameters such as disease location,
surgery and medication, level of C-reactive protein, and sedimentation rate were
tested by linear and logistic regression.

Results

Plasma samples from patients with IBD had a higher abundance of large-size glycans
compared with controls, a decreased relative abundance of hybrid and high-
mannose structures, lower fucosylation, lower galactosylation, and higher sialylation
(a2,3- and a2,6-linked). We could discriminate plasma from patients with CD from
that of patients with UC based on higher bisection, lower galactosylation, and higher
sialylation (a2,3-linked). Glycosylation patterns were associated with disease
location and progression, the need for a more potent medication, and surgery. These
results were replicated in a large independent cohort.
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Conclusions

We performed high-throughput analysis to compare total plasma N-glycomes of
individuals with vs without IBD and to identify patterns associated with disease
features and the need for treatment. These profiles might be used in diagnosis and
for predicting patients’ responses to treatment.

Keywords: Crohn’s Disease; ulcerative colitis; glycosylation; mass spectrometry

Background and context

The etiology of inflammatory bowel diseases is poorly understood and improved
non-invasive diagnostic and prognostic tools are needed. Protein-linked
carbohydrates (glycans) represent promising biomarker and therapeutic
candidates.

New findings

This study found replicated associations of disease status and different clinical
parameters with multiple glycosylation features of plasma proteins, including
structures known to be crucial in immunological processes.

Limitations

Several dozens of different glycoproteins mainly derived from liver or immune cells
contribute to the plasma glycan profile. Further studies assessing the glycosylation
of specific proteins are needed to elucidate the mechanisms behind these
glycosylation changes.

Impact

Multiple novel potential targets for diagnostic and prognostic approaches in
inflammatory bowel disease management have been presented here.

Introduction

Inflammatory bowel diseases (IBDs), which include Crohn’s disease (CD) and
ulcerative colitis (UC), are chronic relapsing inflammatory conditions of the digestive
tract. Approximately 1% of the population in developed countries is affected, and
the prevalence in developing countries is rising rapidly®. Genetic variation,
environmental risk factors, and a dysregulation of the mucosal immune system are
associated with an increased risk of IBD, although the exact etiology of the disease
remains unknown?*. The diagnosis of IBD is not always straightforward, lacks a
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criterion standard test, and usually relies on a combination of medical history,
laboratory investigations, and diagnostic procedures® *. Established markers such as
C-reactive protein (CRP), erythrocyte sedimentation rate, or fecal calprotectin have
neither the sensitivity nor specificity to reliably distinguish inflammation from
functional symptoms and can reflect various autoimmune diseases, cancer,
inflammation, or infections™ ®. Endoscopic investigations are the most reliable way
to confirm the presence of IBD, differentiate CD from UC, and evaluate the efficacy
of therapy at the mucosal level, but they are invasive and carry risks linked to the
procedure and sedation of the patients’. Recent data suggest that serologic markers,
such as anti-Saccharomyces cerevisiae antibodies (ASCA) or anti-neutrophilic
cytoplasmic antibodies (ANCA), may be promising, but their use is controversial, and
they have not been widely adopted in the management of IBD®. Consequently, there
is an urgent need for noninvasive prognostic tests that will allow clinicians to predict
the natural course of disease and target expensive therapies to those most likely to
benefit® 10,

Glycosylation is recognized to be a complex and highly abundant posttranslational
modification of proteins that can significantly affect the structural and functional
properties of the conjugate!™ 2, The modification is involved in the regulation of
biological processes ranging from protein secretion and transport to receptor
interaction and modulation of the immune response'? '3, Protein glycoforms found
in healthy individuals are quite stable over time but can dramatically change because
of a pathologic condition, especially upon inflammation!* 5. Furthermore, protein
glycosylation is involved in the pathophysiology of major diseases such as cancer,
diabetes, and rheumatoid arthritis'® %, and has previously been associated with
IBDY7-2°, A particular glycosylation phenotype, that is, the linkage of sialic acids (SAs),
which can be of a2,3- or a2,6-type, is reported to affect various biological processes,
for example, protein-receptor interactions and the immune response in tumor
cells?> 22, Sialyl-Lewis X structures are formed exclusively with a2,3-linked SA, and
we envision that the evaluation of SA linkages in the context of IBD can provide
insights into disease mechanisms and help the development of targeted treatment
strategies!> 2224,

To this end, we evaluated the total plasma N-glycome (TPNG) of 2635 IBD patients
and 996 healthy control individuals (HCs) distributed over 2 independent cohorts.
The glycans were released from the plasma proteins, and their SAs were derivatized
with our recently developed linkage-specific derivatization method and analyzed
using high-throughput matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS)?> 26,
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Materials and methods

Clinical samples

Plasma samples were acquired from 3 repositories in Italy and the United States. The
Italian sample set was combined from the University Hospital Careggi (Florence,
Italy) and IRCCS-CSS Hospital S. Giovanni (Rotondo, Italy)?’. The American sample set
was collected at the Pediatric and Adult IBD Centers at Cedars-Sinai Medical Center
(Los Angeles, CA). Informed written consent was obtained from the participants, and
ethical approval was provided by the Ethics Review Board of the University Hospital
Careggi and Casa Sollievo della Sofferenza. Hospital (Italy) and by the Cedars-Sinai
Institutional Review Board (United States), respectively. The patients were
categorized according to the Montreal classification of IBD?%. Because of its larger
number of patient samples, the Italian sample set (1989 IBD patients and 570 HCs)
was chosen as the discovery cohort and the American cohort (646 IBD patients and
426 HCs) for replication. The demographics of the individuals retained for statistical
analysis are presented in Table 1.

Table 1: Demographics of the individuals included for cross-sectional statistical
analysis

Italian cohort (discovery)

Sample numbers HC CcD ucC All
Total (males) 570(355) 905 (524) 1084 (648) 2559 (1527)
Age, mean + SD
Males 50.5+174 37.1+140 43.4+ 155 42.9+16.2
Females 55.4+182 38.5+15.1 39.9+15.5 42.6+17.2
All 523+179 37.7+145 42.0+15.6 42.8+16.7

American cohort (replication)

Sample numbers HC CcD ucC All
Total (males) 426 (180) 389 (220) 257 (124) 1072 (524)
Age, mean * SD
Males 46.3+14.8 36.4+145 423 +17.0 41.2+15.8
Females 44,5+ 13.7 399+15.7 41.4+15.1 42.3+14.8
All 452+142 379zx15.1 41.8+16.0 41.8+ 153
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Italian
Disease group (counts) CD
Disease Location (CD)
lleum+UpperGl (L1+L4) 306+19
Colon+UpperGl (L2+L4) 158+6
lleum+Colon+UpperGl

(L3+L4) 333422

Upper Gl (L4) 60
Disease Location (UC)

Rectum (E1)

Sigmoid + Left colon (E2)
Entire colon (E3)
Disease behaviour (CD)

Inflammatory (B1) 519

Stenosing (B2) 249

Fistulizing (B3) 128
Perianal disease modifier

Yes 187

No 667
Surgery

No 557

Before sample collection 250
After sample collection 33
Medication

Mesalazine 186

Steroids 242

Azathioprine/6-

mercaptopurine 198

Anti-TNFa 186
Inflammation markers

CRP levels

Sedimentation rate

Patient information

uc

124
507
447

27
982

939
39

329
371

220
89

American
CcD uc
81+8
55+3
197+35
46
7
64
183
139
109
136
133
216
146 120
119 85
44 14
all all
69 87
310 148
125 74
140 77

Mass spectrometric glycomics and data analysis

The Italian plasma samples were prepared as previously described?® and analyzed by
MALDI-TOF-MS at the Max Planck Institute for Dynamics of Complex Technical
Systems in Magdeburg, Germany. The American samples were prepared and
measured on a robotized platform at the Leiden University Medical Center in Leiden,
The Netherlands?®. For this, the samples were randomly distributed in equal
proportions of cases and controls on 96-well plates. The glycans were enzymatically
released from the plasma proteins using peptide-N-glycosidase F, and the SAs were
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derivatized by linkage-specific esterification. The derivatized glycans were then
purified by hydrophilic interaction liquid chromatography solid-phase extraction and
were analyzed by MALDI-TOF-MS in reflectron-positive mode on Bruker
ultrafleXtreme instruments (Bruker Daltonics, Bremen, Germany)?> 2¢. A detailed
description of the material and methods can be found in the Supplementary
Material.

Data processing

In total, 63 glycoforms passed our quality criteria for relative quantification and were
extracted from the raw data with the software MassyTools?° (Supplementary Table
1). Common features shared by the glycan compositions were combined in 78
derived traits, including the number of antennae of complex-type glycans (CA), and
the levels of fucosylation (F), bisection (B), galactosylation (G), and sialylation (S)
(Supplementary Table 2)*°. The relative glycan intensities and calculated derived
traits were corrected for batch effects. Data points deviating more than 5 standard
deviations (SDs) from their respective means were considered outliers and were
excluded from further analysis.

Statistical analysis

The associations of the TPNG with age-, sex-, CD-, UC-, and IBD-related parameters
such as disease location, surgery, medication, CRP levels, and sedimentation rate
were tested by linear and logistic regression (for continuous and binary outcome
variables, respectively) on standardized data (subtraction of the mean and division
by the SD) using R, version 3.3.2 (R Foundation for Statistical Computing, Vienna,
Austria) and RStudio, version 1.0.136 (RStudio, Boston, MA) (see Supplementary
Material). Age, sex, and their interaction were included as covariates in the models
for the disease-related tests. The odds ratios (ORs) were calculated with their 95%
confidence intervals (Cls) assuming a Student’s t distribution and are referring to an
increase of 1 SD in the tested traits. A meta-analysis of the associations with IBD
found in the discovery and replication cohort was performed using a fixed effects
model.

For the receiver operating characteristic analysis, 1 derived glycan trait was first
selected from each of the derived trait classes (complex-type glycans, fucosylation,
bisection, galactosylation, sialylation, E/L) based on having the strongest effect sizes
in the meta-analysis and tested for significance in their prediction of diagnosis. Those
found not to be significant were removed step-by-step from the equation until all
remaining traits were deemed significant, thus achieving maximal prediction
performance with a minimal set of traits. The model was trained on a random
selection of 75% of the samples from the discovery cohort, and prediction was
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validated on all available cases in the replication cohort. An internal prediction
validation was also performed on the remaining cases of the discovery cohort (25%)
to control for overfitting. The power of the prediction (area under the curve) was
calculated on 10 repetitions of the random sampling in both cohorts.

In CD, we tested for association of the TPNG with localization of disease by
comparing patients with ileal (L1) or colonic disease (L2) and associations with the
disease severity by comparing concise CD (L1 or L2) to extended CD (ileocolon +
upper gastrointestinal tract, L3 + L4), that is, L1 vs L2 vs L3 + L4 (see Supplementary
Material). With respect to disease behavior in CD, we compared inflammatory (B1),
stenosing (B2), and internal fistulizing behavior (B3) (B1 vs B2 vs B3), and
furthermore compared patients with and without perianal disease. In UC, we
compared distal disease (E1 + E2) and extensive disease (E3), that is, E1 + E2 vs E3,
as indicated in Table 1. We also compared the TPNG profiles of colonic CD (L2) vs UC
patients.

According to the clinical practices of the medical centers, patients were treated with
mesalazine (mesalamine), steroids, azathioprine/6-mercaptopurine or anti—tumor
necrosis factor (TNF)-a in the discovery (Italian) cohort, whereas all patients of the
replication (US) cohort had been exposed to corticosteroid treatment accompanied
by either azathioprine or anti—- TNFo3. In the Italian cohort, patients were stratified
into 4 groups according to the most potent drug class used at the time of sample
collection. Patients exposed to both thiopurines and anti—-TNF-a agents were
classified as being exposed to anti—-TNF-a agents for both cohorts. The TPNG profiles
respective to each resulting drug class were compared with each other. Because the
medication strategies differed between cohorts, we could not directly test for
replication, but we looked for similarities instead.

Furthermore, we compared selected glycan traits of a small group of the replication
cohort in paired samples (same individuals before and after surgery) using a
Wilcoxon signed-rank test. Because cross-sectional surgery data were available in a
larger patient group (Table 1), we tested for associations of the TPNG with the status
of sample collection before (reference category) and after surgery in cross-sectional
manner. We also tested the association of TPNG profiles with surgery by comparing
patients requiring surgery with those who did not undergo surgery throughout the
study period, thus testing for associations of the TPNG with the need of surgical
intervention (see Supplementary Material).

Multiple testing correction was performed based on a false discovery rate of 5% (see
Supplementary Material).
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Results

The TPNG was analyzed by MALDI-TOF-MS for a total of 2635 IBD patients and 996
HCs from 2 independent cohorts. Sixty-three of the detected glycan compositions
passed our quality criteria for relative quantification and were grouped into 78
derived traits based on their number of antennae, their bisection, galactosylation,
fucosylation, and (linkage-specific) sialylation (Figure 1, Supplementary Table 1,
Supplementary Table 2). Our primary objective was to find associations of the TPNG
with UC or CD, compared with HCs, and CD vs UC. Additional secondary analyses
were performed to evaluate the associations between the TPNG in patients and IBD-
specific parameters, such as disease location, medication, and surgery. For the
logistic models, we expressed the effect sizes as ORs, representing the odds of
belonging to a group (eg, CD vs HC) in relation to an increase of 1 SD in the tested
traits (eg, A2FS0G).
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Figure 1. Glycan features and averaged spectrum of CD patients. A) Schematic
representation of glycan types and derived traits based on the common structural
features of different individual glycans. B) Averaged MALDI-TOF-MS spectrum of CD
patients from two 96-well plates of the discovery cohort (see Supporting information
for details on the averaging of spectra). Major glycan peaks are assigned to
compositions and structural schemes. The peaks marked with an asterisk (*) are
satellites of the main peak.
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TPNG is associated with inflammatory bowel disease

The associations of the TPNG with IBD were tested by logistic regression on
standardized data with age, sex, and their interaction as covariates in the model. In
total, 45, 43, and 23 meta-analyzed associations were found in the 2 cohorts when
comparing CD patients vs HCs, UC patients vs HCs, and UC vs CD patients,
respectively (Table 2, Supplementary Table 3).
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CHAPTER 3: PLASMA N-GLYCAN SIGNATURES IN IBD

The TPNG-derived traits with the largest effect sizes between patients and HCs were
found to be the lower levels of galactosylation in CD (metaOR [95% Cl]azrsoG co/He,
0.37 [0.33-0.43]), the lower levels of fucosylation of diantennary species in UC
(metaORaair ucme, [95% Cl], 0.51 [0.45-0.57]), the higher levels of sialylation of
diantennary fucosylated glycans in CD (metaORazrcs cosnc [95% Cl], 2.38 [2.12-2.68]),
and specifically the o2,3-sialylation of fucosylated triantennary species in CD
(metaORasreL cosmc [95% ClI], 2.25 [1.99-2.53]). When comparing UC vs CD, the
strongest associations were observed in the sialylation of diantennary fucosylated
glycans (metaORarss uc/co [95% Cl], 0.60 [0.55-0.65]) and in fucosylation of
triantennary glycans with a2,6-sialylation (metaORaser uc/co [95% Cl] , 0.67 [0.62—
0.72]), next to a higher level of galactosylation in UC (metaORazrsoc uc/co [95% Cl,
1.63 [1.51-1.76]) (Table 2).

Compared with HC, both CD and UC patients showed lower levels of diantennary
glycans (CA2), higher levels of triantennary and tetra-antennary glycans (CA3 and
CAA4, respectively) and of complex glycans in general (TC), and lower levels of hybrid
(THy) and high-mannose structures (TM). Compared with HCs, IBD patients had
lower levels of diantennary fucosylated nonsialylated glycans (TA2FSO) that are
mainly representative of IgG glycans3? (Table 2, Supplementary Table 3).

IBD patients showed lower levels of fucosylation than HCs, especially for diantennary
(sialylated) species (A2(S)F) with either a2,3- or a2,6-linked SAs (A2LF, A2EF) (Figure
2, Table 2). The fucosylation of triantennary glycans with a2,3- or a2,6-linked SAs
(A3F, A3LF, A3EF) was lower in CD compared with UC patients.
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Figure 2: Main replicated associations between plasma N-glycan traits and IBD. The
25th, 50th and 75th percentiles and whiskers at 1st quartile — 1.5 x IQR (Q1 — 1.5 x
IQR) and Q3 + 1.5 x IQR based on the residuals after correction for age, sex, and age x
sex are shown for data from the discovery cohort. P values, ORs and the 95% Cls are
reported in Supplementary Table 3. Statistically significant and replicated
associations are marked with an asterisk. IQR, interquartile range; Q, quartile.

CD and UC patients displayed a higher bisection of diantennary fucosylated and
sialylated glycans (A2FSB) compared with HCs, and CD patients had a higher bisection
of nonfucosylated nonsialylated diantennary glycans (A2FOSOB) compared with UC
patients (Table 2, Figure 2).

In IBD, the galactosylation of diantennary fucosylated glycans (A2FG) was lower than
in HCs, whereas the galactosylation of nonfucosylated structures (A2FOG) was higher
than in HCs. The galactosylation of diantennary structures without SA gradually
decreased from HCs to UC patients to CD patients (A2(F)SOG and A2F0S0G), but in
sialylated glycans (A2F0SG) it was higher in IBD patients compared with HCs (Table

2, Figure 2).
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General sialylation was significantly increased in UC, and even more in CD, patients
compared with HCs. CD and UC patients had higher relative levels of both a2,3- and
a2,6-linked SA compared with HCs in all traits except for the a2,6-sialylation of tetra-
antennary structures (A4FOGE), which was lower in IBD than HC. The strongest
association distinguishing UC from CD was found in the sialylation per galactose in
diantennary fucosylated glycans (A2FGS) (Table 2, Figure 2)

To explore the effect of known confounders of the TPNG3® 33 also in IBD, we tested
its associations with age and sex, stratified by disease group. Several traits of
galactosylation, bisection, fucosylation, and sialylation showed associations with age
(Supplementary Table 4). Some traits followed a nonlinear trend with age, for
example A2FSOG in CD and UC patients but not in HCs (Supplementary Figure 1). We
found previously unreported associations of SA linkage with sex. For instance, males
had significantly higher fucosylation of diantennary glycans with a2,3-linked SA
(A2LF) than the females in all 3 groups (Supplementary Table 4). For those patients
in whom CRP levels and sedimentation rate were assessed (Table 1), we tested for
associations with the TPNG. Multiple traits of sialylation, in particular a2,6-linked, as
well as the fucosylation of triantennary glycans, were positively associated with both
inflammation markers in CD, whereas IgG galactosylation showed a negative
association. In UC patients, we observed similar associations, with additional
negative associations with bisection (Supplementary Table 4).

Based on the associations found by logistic regression, we assessed receiver
operating characteristic curves for the 3 groups. We found a good, fair, and poor
discrimination for CD patients vs HCs, UC patients vs HCs, and UC vs CD patients,
respectively, and this was replicated in the US cohort (Figure 3).

CDvs HC UC vs HC UCvs CD

—— AUCUSA =0813(0.008)
- = AUCITA =0849(0.015

True positive rate (sensitivity)
True positive rate (sensitivity)
True positive rate (sensitivity)

[ — aucusa =070: 0010)

A2FSOG + A2LF + A2FSB + A2FGS + A3FGL A2FS0G + A3EF + A2FOSOB + A2FGL

A2FSOG + A2LF + A2FSB + A2FGS + A3FGL

U ety U ety A
Figure 3: Receiver operating characteristic curves illustrating the power of selected
glycan traits to predict CD and UC. The means (and SDs) of 10 predictions are
reported for the respective AUC for the 2 cohorts (Italy, discovery and United States,
replication). In addition to the glycan traits listed in the respective panels, the
interaction age x sex x glycan was included in the model. AUC, area under the curve.
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TPNG is associated with treatment

In CD patients, the need for increased drug potency was associated with elevated
bisection (A2FSB) and sialylation (A2FGS, A2FGE, A3F(0)GE), as well as elevated
fucosylation of triantennary structures with a2,3- and a2,6-linked SAs (A3F, A3LF,
A3EF), whereas galactosylation (A2FSG, A2FS0G) was negatively associated with the
need for more potent drugs (Figure 4, Supplementary Table 5). In UC patients of
the discovery cohort, drug potency need was associated with higher antennarity,
longer mannose branches (MM) and higher high-mannose—to—hybrid structures
ratio (MHy), lower fucosylation (patients treated with mesalazine having higher
levels than those taking other drugs), elevated bisection (especially anti-TNF-a
users), lower galactosylation of diantennary glycans, and elevated sialylation (A2FGL,
A3GL, A3FGL, A4FOGL), except for a2,3-linked sialylation in diantennary and
afucosylated triantennary structures (A2L, A2FOL, A2GL, A2FOGL, A3FOGL) (Figure 4,
Supplementary Table 5). In UC, only the associations with galactosylation of
diantennary glycans were replicated.

5} (50 ma- Clret te >, cEomm.

A2F A3F A2FSB
N
a co ° g ° o 7 °
a uc S o 8 H
o : . . . S
o o o oS ° o o
o T S T o T ° L8 T T
3 o - ' 18 - [ ' g— HE i '
A 37 BT da| md ie Tr i SR
4 T o
H

0.1

Residuals

0.0
S
o )
[
()
[ o
[ )
i
=)
00 0.1
o —
i
0.0
i
o
i
fim
i
[
N
T

A IR RSN
J i i H N 'l
] s i+l H .
- R S F 5 & T 2 & &
N O i RS N RS
é»&) 0}@\ v’l'}é& '\\"\\AQ égp %‘0@\ ?’1§§ \\«V\Q 6&69 6‘2}0\ Y{,&\‘\ '\\"(\g(
W L ¢ a Ny ¥

147



CHAPTER 3: PLASMA N-GLYCAN SIGNATURES IN IBD

A2FS0G A3FGE
N
PR S -
o~ - = 0 =
ST % Ti ot 81 77 1% i1 i1
s b it oiif e - I: ' l I
' e ' 3
w H : = H H H
S 37 S ! e
3 ! o T
o .. ' ) 8 R I
© S1 T ' : =2 T R =
X g O = T Liode el
AT R 8 °
o~ I ° °
. ] "o N [ o
o R T S ’
o T 0w = o . . .
0] T T T ?_ @l T T T Q,' T T T
. & . » S . S
\/59(\ @\b Q:‘éz /\eQ \,‘;D(\ «0\6 Q§2 eQ \'b'DQ «06 Q?‘g «V\((
&L o £ N &L o Y'j} & & ¥ v’ﬁ\ N
W~ © A\ © N ¥

Figure 4: Main associations between plasma N-glycan traits and medication. CD is
colored red and UC is colored blue. The 25th, 50th, and 75th percentiles and whiskers
at Q1 -1.5x1QR and Q3 + 1.5 x IQR based on the residuals after correction for age,
sex, and the interaction thereof are shown for data from the discovery cohort. P
values, ORs, and their 95% Cls are reported in Supplementary Table 5. IQR,
interquartile range; Q, quartile Supplementary Table 5. IQR, interquartile range; Q,
quartile.

In the paired analysis of the TPNG from 9 UC patients of the replication cohort before
and after surgery, we observed an increase in A2EF and IgG galactosylation and a
decrease in A3FGL (Figure 5, and Supplementary Table 6). For CD patients (n = 19)
we did not find any significant differences (Supplementary Table 6). Moreover, we
performed a cross-sectional logistic regression analysis of the TPNG from patients
whose plasma samples were collected before vs after surgery and did not find any
replicated associations (Supplementary Table 7).
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Figure 5: Postoperative N-glycosylation changes in UC patients. P-values and
relative intensities with 25th, 50th and 75th percentiles are shown with individual
values for the 9 UC patients before and after surgery for the glycan traits significant
after correction with false discovery rate of 10% (see Supplementary Table 6 for the
full list of tests performed, including CD data).

Disease location and disease behavior

In both cohorts, UC patients in whom the colitis extended to the entire colon (E3)
were found to have lower levels of galactosylation of the fucosylated and
nonfucosylated diantennary nonsialylated glycans (A2(F)SOG) than distal colitis
patients (E1 + E2) (Supplementary Table 8). Several fucosylation traits were higher
in colonic CD than inileal CD of the discovery cohort (L2 vs L1), but these associations
were not replicated (Supplementary Table 9). Furthermore, no replicable
associations of the TPNG were found with disease behavior, nor with the presence
of perianal disease (Supplementary Tables 10 and 11). In the discovery cohort, the
colonic CD subgroup (L2) vs UC showed similar associations as total CD vs UC, but
those associations were not replicated (Supplementary Table 12).
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Discussion

In this study we evaluated the differences in TPNG between 2635 IBD patients and
996 HCs by MALDI-TOF-MS. Glycosylation was found to differ between patients and
HCs in all main glycosylation features, that is, complexity, fucosylation, bisection,
galactosylation, and sialylation with discrimination of functionally distinct a2,3- and
a2,6-linkage types. Novel associations of SA linkages with age and sex were found
for both HCs and IBD patients. The availability of 2 distinct cohorts allowed the
replication of the main findings and ensured the validity of the results.

One of the strongest and most robust associations with both CD and UC in our data
appeared to be IgG galactosylation (A2FS0G)32. It was not only an important
predictor for IBD in our receiver operating characteristic analyses but was also
associated with the extent of disease and the need for surgery and more potent
drugs. Moreover, it increased in UC patients after surgery. This is consistent with our
recent findings on isolated 1gG?°, and seems to mostly reflect the grade of
inflammation, as is also evidenced by its strong negative association with CRP and
sedimentation rate in our data and is in line with literature for IBD and other
inflammatory conditions3* 35, In contrast, the galactosylation of afucosylated,
sialylated diantennary glycans (A2F0(S)G) was higher in IBD. In healthy individuals,
these glycans are mainly derived from hemopexin, serotransferrin, al-antitrypsin,
haptoglobin, fibrinogen, IgA, al1B-glycoprotein, and other acute-phase proteins from
the liver32. Some of these proteins (e.g., al-antitrypsin and haptoglobin) have been
proposed as markers for IBD3® 37, At the same time, the per-galactose sialylation of
related glycan traits (A2(F)GS) was also increased, contrary to 1gG Fc sialylation,
which was reported to decrease in CD, measured in the same cohort®.

Although non-bisected A2FS-glycans are mostly attributable to a mixture of
glycoproteins released by the liver, bisected A2FS-glycans are mostly derived from
IgA, 1gM, and the fragment antigen-binding portion of 1gG.3% 38, Thus, the observed
increase in diantennary sialylation might reflect acute-phase protein glycosylation
and abundance changes, whereas the increased bisection of diantennary structures
(A2FSB) in IBD may be attributed to increased bisection and/or levels of IgA or IgM3%
3941 We reported on decreased 1gG Fc bisection in UC in the same cohort as is
analyzed here?. IgG bisection has been reported to enhance antibody-dependent
cytotoxicity in vitro®2. However, the role of bisection in IgA and IgM has not yet been
established. Moreover, it needs to be taken into account that the applied analytical
approach does not allow us to distinguish a bisecting GIcNAc from a
nongalactosylated third antenna, because these result in exactly the same mass.
Therefore, assighment is based on knowledge of the glycan biosynthetic pathways
and literature on plasma protein glycosylation!? 133241,
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Contrary to our results, no changes in fucosylation were found in the TPNG of UC
patients in a previous study®. We found a decreased fucosylation of diantennary
structures in IBD vs HCs, in colonic (L2) vs ileal (L1) or ileocolonic (L3) CD patients,
and in UC with extensive (E3) compared with distal disease (E1 + E2). This likely
reflects an increase of the mostly afucosylated liver-derived diantennary glycans
compared with the mostly fucosylated 1gG glycans (TA2FS0)3% 3%, An increase of
afucosylated 1gG glycans as reported for UC?, known to enhance antibody-
dependent cellular cytotoxicity* may likewise contribute. Accordingly, we found a
lower A2E fucosylation in UC before surgery compared with after surgery. Future
studies are warranted to elucidate possible functional differences of IgG fucosylation
between UC and CD. The fact that we found fewer or no replicated associations with
disease location or disease behavior in CD may partly be due to the relatively small
group sizes of the subcategories, which limited the power of our analyses.

The general relative increase of higher branched structures (CA3 and CA4) in IBD
patients compared with HCs goes along with a general decrease of smaller structures
(CA2 including IgG-derived TA2FSO; TM and THy). A decrease in TM could also be
attributed to lower (relative) levels of proteins rich in high-mannose glycans (eg, a-
2-macroglobulin, apolipoprotein B-100, and IgD, IgE, and IgM)3% 434546 This is in line
with our finding of a decreased A2F0SOG in IBD, which could possibly be linked to
decreased levels of apolipoprotein B-100 in CD**. Higher branching, next to increased
sialylation, has previously been reported for IBD, other autoimmune diseases, and
acute inflammation” 4> 47, 48 Similar N-glycome associations with disease and
disease activity were found in a longitudinal study on rheumatoid arthritis, in which
the serum N-glycome was measured with the same method as used here®. This was
linked to an increase in the levels of acute phase proteins containing large, highly
sialylated glycans, such as al-acid glycoprotein and al-antitrypsin®® >,

Plasma glycoproteins can contain SAs in 2 major linkage variants, that is, linked in
the a2,3- or a2,6-position to an antenna galactose®®. Because our novel method
enabled us to discriminate between SA linkages, we were able to show some
divergent, linkage-specific trends in our data. Although a2,3-sialylation was higher in
IBD in various glycan traits, including both fucosylated and afucosylated structures,
the a2,6-sialylation of afucosylated highly branched glycans (A3-4FOGE) was lower
compared with HCs. These traits were strongly associated with inflammation
markers in our data. Moreover, the expression of the enzyme generating a2,6-SAs
was shown to be induced by inflammatory cytokines and to inhibit adhesion of B
cells to endothelial cells®2. Thus, although both a2,6- and a2,3-sialylation seem to
increase during inflammation, our data suggest that in both CD and UC, the increased
sialylation of highly branched structures is mainly driven by a2,3-sialyltransferases
and, to a lesser extent, by a2,6-sialyltransferase. This may have consequences on the
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immunologic pathways, because the ligands of SA-containing glycoproteins are
mostly specific to the SA linkage type in humans. For instance, Siglecs on immune
and epithelial cells recognize afucosylated a2,6-SA epitopes, whereas selectins
specifically bind ligands carrying sialyl-Lewis X structures containing a2,3-SA and
antennary fucose?!. Correspondingly, the ORs of the a2,3-sialylation of fucosylated
triantennary glycans (A3FGL) were considerably larger than those of the a2,6-
sialylated variant (A3FGE). A3FGL decreased after surgery in UC patients only, which
is in line with our meta-analysis finding of a lower A3FGL in HCs and indicates
improvement in UC patients after surgical intervention. In a study of the serum
glycome in rheumatoid arthritis, this trait did not differ between HCs and patients®’,
which might point at a possible disease-specificity of A3FGL in IBD. The lack of
significance in postoperative glycan changes in CD despite a higher sample size (n =
19 in CD vs n = 9 in UC) could be related to the fact that relapses occur more
frequently in CD, whereas in UC surgery is able to cure the disease®’.

We observed a strongly reduced fucosylation of diantennary a2,3-sialylated (A2LF)
glycans in IBD patients compared with HCs, which may be largely interpreted as an
increase of nonfucosylated a2,3-sialylated diantennary structures (A2GL). These
glycans are most likely liver derived, because immunoglobulins are known to mostly
carry 02,6-linked SA and a core fucose®® >*. Moreover, as expected, the fucosylation
of triantennary glycans (A3F) was strongly associated with inflammatory markers
and, accordingly, was lower in UC compared with CD patients. This was furthermore
true for both a2,6- and, a2,3-sialylated structures (A3EF, A3LF) and antennary
fucosylation (A3Fa). The latter is most likely reflecting an overall increase of
fucosylation of 2,3-sialylated antennae, resulting in increased sialyl-Lewis X
structures on acute phase proteins known to occur during inflammation®®. However,
it was surprising that our findings of the various triantennary fucosylation traits were
contradictory between the 2 cohorts when comparing UC and CD patients with HCs,
which might be due to the different medication strategies between the cohorts, as
further described in the following section.

We observed a decrease of IgG-related galactosylation (A2FSOG) with increasing
drug potency in IBD. We assume that patients receiving more potent medication,
such as anti-TNF-a, are likely to have a more severe disease3" ¢ 57 and,
consequently, TPNG profiles, reflecting a stronger inflammation than, for example,
mesalazine users. However, several other glycan traits showed rather unexpected
association behavior, such as the fucosylation of triantennary glycans (A3F), which
was higher in CD anti—-TNF-a users compared with mesalazine-treated patients,
whereas in Italian UC patients this was the case only for antennary fucosylation
(A3Fa) (Supplementary Table 5). Surprisingly, A3Fa was lower in the Italian UC
patients when compared with HCs (Supplementary Table 3). a2,3-sialylation in
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diantennary, mainly afucosylated, structures was negatively associated with drug
potency in Italian UC patients (eg, A2(FO)GL in anti-TNF vs mesalazine), whereas the
fucosylated variant, A2FGL, showed a positive association (i.e., increased in
azathioprine/6-mercaptopurine compared with mesalazine). Moreover, this very
same trait was distinguishing UC from CD in our meta-analysis and was not
associated with inflammatory markers. When we compared UC patients with HCs,
a2,3-sialylation in diantennary glycans including A2FOGL was positively associated
with disease (Table 2). Thus, there seem to be underlying effects of interactions
between CD or UC, medication, and various glycan traits, in particular, a2,3-
sialylation and antennary fucosylation. This should be explored in more detail in
future studies, preferably by taking into account disease scores.

Conclusion

To our knowledge, this study is the largest analysis of the TPNG in IBD patients to
date and includes novel SA linkage-specific information. Here, we report on multiple
associations of the TPNG with CD and UC in a case-control study, which were, in large
part, replicated in an independent cohort. Glycan complexity, fucosylation,
bisection, galactosylation, and sialylation were proven to differ in IBD patients
compared with HCs. The novel information about SA linkages revealed vyet
unreported associations with age, sex, and IBD. Our high-throughput method
allowed us to find differences within the groups of CD and UC patients regarding
response to surgery and medication and disease localization. Established markers of
inflammation, such as low galactosylation attributed to IgG and a higher sialylation
and abundance of large structures typical of certain acute-phase proteins, were
apparent in the TPNGs of CD and UC patients. Based on our data and knowledge of
plasma protein glycosylation, we proposed protein scaffolds that might be affected
in IBD. These specific proteins, for instance, IgA, haptoglobin, or al-acid-
glycoprotein, might be promising targets for future (glyco)proteomic investigations
to gain insights into disease pathophysiology and to develop therapeutic targets.
Future investigations, preferably in a longitudinal manner, are warranted to further
elucidate the impact of the different treatments on the TPNG of IBD patients.

Overall, this study expands the knowledge about protein glycosylation and
contributes to the further characterization of IBD by reporting multiple new
associations and potential targets for further investigation.
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Significance statement

IgA nephropathy (IgAN) is the most common primary glomerular disease worldwide,
with galactose-deficient IgA (gd-IgA) considered to play a key role in its pathogenesis.
Although this association is widely reported, it is unclear how IgA glycosylation
changes with the disease. A novel mass spectrometry—based approach provided a
more complete picture of IgA glycosylation changes in IgAN and of the relationship
between IgA glycosylation and kidney function. Multiple structural features of both
O- and N-linked glycans were associated with the presence and severity of IgAN and
kidney function. Our high-resolution data suggests that IgA O- and N-glycopeptides
are promising targets for future studies on the pathophysiology of IgAN and as
potential noninvasive biomarkers for disease prediction.

Abstract

Background

IgA nephropathy (IgAN) is the most common primary glomerular disease worldwide
and is a leading cause of renal failure. The disease mechanisms are not completely
understood, but a higher abundance of galactose-deficient IgA is recognized to play
a crucial role in IgAN pathogenesis. Although both types of human IgA (IgAl and
IgA2) have several N-glycans as post-translational modification, only IgA1 features
extensive hinge-region O-glycosylation. IgA1 galactose deficiency on the O-glycans is
commonly detected by a lectin-based method. To date, limited detail is known about
IgA O- and N-glycosylation in IgAN.

Methods

To gain insights into the complex O- and N-glycosylation of serum IgAl and IgA2 in
IgAN, we used liquid chromatography-mass spectrometry (LC-MS) for the analysis of
tryptic glycopeptides of serum IgA from 83 patients with IgAN and 244 age- and sex-
matched healthy controls.

Results

Multiple structural features of N-glycosylation of IgA1 and IgA2 were associated with
IgAN and glomerular function in our cross-sectional study. These features included
differences in galactosylation, sialylation, bisection, fucosylation, and N-glycan
complexity. Moreover, IgA1l O-glycan sialylation was associated with both the
disease and glomerular function. Finally, glycopeptides were a better predictor of
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IgAN and glomerular function than galactose-deficient IgAl levels measured by
lectin-based ELISA.

Conclusions

Our high-resolution data suggest that IgA O- and N-glycopeptides are promising
targets for future investigations on the pathophysiology of IgAN and as potential
noninvasive biomarkers for disease prediction and deteriorating kidney function.

Keywords: IgA nephropathy, glycosylation, immunoglobulin, mass spectrometry,
posttranslational modification
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Introduction

IgA nephropathy (IgAN), or Berger disease, is the most common Glomerulonephritis
(GN) worldwide®. The disease course is complex, varying from a mild form to a
progressive disease leading to renal failure in up to 40% of patients within 20 years®
2, Clinical presentation also differs greatly with sex, ethnicity, and age’. IgAN is
diagnosed by the presence of IgA dominant or codominant mesangial deposits on
renal biopsy3. Improved noninvasive biomarkers of disease severity and progression
to CKD are needed to appropriately stratify patient treatment and develop novel,
effective therapies.

IgAN pathogenesis is generally considered to follow the “four-hit hypothesis.”* In
this hypothesis, the pathogenesis is initiated by increased levels of circulating
galactose-deficient IgA1 (gd-IgA; hit 1). gd-IgA is then recognized by antiglycan
autoantibodies (hit 2), leading to the formation of immune complexes (hit 3) that
may deposit in the kidney (hit 4) and cause glomerular inflammation, complement
activation, and kidney injury®.

IgA1, unlike 1gA2, has a unique hinge region located between conserved regions 1
and 2 of the heavy chain®. The hinge region has nine potential sites for O-
glycosylation, of which three to six are reported to be consistently glycosylated®®.
O-glycans located in the hinge region of IgA1 are typically core 1 glycans with the
structure galactose 81-3N-acetylgalactosamine (GalNAc), which may be extended
with up to two sialic acid residues® (Figure 1). The IgA1 hinge region of patients with
IgAN is characterised by an increased presence of aberrantly glycosylated O-glycans,
which terminate with GalNAc or sialylated GalNAc rather than galactose®®3. The
levels of degalactosylated IgA (gd-IgA) are elevated in patients with progressive IgAN
compared with stable patients, and a negative correlation between gd-IgA level and
eGFR has been found*?.
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Figure 1: Schematic representation of IgA1 and IgA2 with examples for O- and N-
glycan structures. Schematic representation of IgA1 and IgA2 with examples for O-
and N-glycan structures. (A) Each IgA1 heavy chain contains two N-glycosylation sites
(i.e., at N144 and N340), which are occupied by complex-type N-glycans, next to six
O-glycosylation sites (i.e., at T106, T109, S111, S113, T114, and T117). All six O-
glycosylation sites in the hinge region of IgA1 are present on a single tryptic peptide
(HYT)6-8. (B) With our MS-based approach, we observed three different N-
glycosylation sites on IgA2 (i.e., at N131, N205, and N327), which were occupied with
complex-type N-glycans. Glycopeptides indicating glycosylation on the two other
potential N-glycosylation sites were not detected in our study. (C) Symbols and
example structures of O- and N-glycans. In this work, we refer to the first three letters
of the tryptic peptide sequence of the detected glycopeptides: HYT for the multiply O-
glycosylated hinge-region peptide; LSL for the glycopeptide with the N-glycosylation
site N144 or N131 on IgA1 or IgA2, respectively; TPL for the glycopeptide with the
IgA2 N-glycosylation site N205; and LAG for the glycopeptide with the N-
glycosylation site N340/N327 on IgA1/IgA2, which was detected with either a
terminal tyrosine (LAGY) or as the truncated form (LAGC). Glycosylation site
numbering was according to UniProtKB.

Measurement of gd-IgA in blood samples is typically achieved by ELISA incorporating
the use of a lectin, Helix aspersa agglutinin (HAA), which recognizes terminal GalNAc
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residues on O-glycans. Another lectin, Jacalin, is often used to isolate IgA from
samples for further analysis. Although lectin-based approaches are useful tools in
this aspect, variability in their specificities and interferences, especially by the
copresence of sialic acids, limits their robustness!*16.

Although aberrant O-glycosylation of gd-IgA in IgAN has been widely reported, not
much is known about the role of N-glycans. Both IgA1 and IgA2 are N-glycosylated.
IgA1 contains two N-linked glycosylation sites on each heavy chain (Asn263/Asn459),
and IgA2 contains an additional two or three N-glycans (Figure 1). The N-glycans on
IgA are reported to be mainly complex-type, digalactosylated diantennary
structures®®. Elevated levels of sialylation'” and mannosylation?® of serum IgA1 N-
glycans from patients with IgAN have been identified. Moreover, mice with a gene
knockout (84GalT) leading to agalactosylated N-glycans developed IgAN-like
glomerular lesions upon IgA deposition®®.

Despite the involvement of IgA glycosylation in the pathogenesis of IgAN, it is still
largely unclear how IgA glycosylation changes with the disease. The molecular nature
of IgA O- and N-glycosylation in IgAN has hitherto been incompletely explored. Here,
we used our new mass spectrometry (MS)-based approach for IgA O-and N-
glycosylation analysis in a sizable patient-control cohort to obtain a more complete
picture on the IgA glycosylation changes in IgAN at an unprecedented level of detail
and resolution and to further investigate the relationship of IgA glycosylation and
kidney function.

Methods
Study populations

Samples from patients with IgAN were collected as part of the Causes and Predictors
of Outcome in IgA Nephropathy Study, a retrospective cohort study ethically
approved by the U.K. National Research Ethics Service Committee. All individuals
provided informed written consent (14/LO/0155). Here, we investigated 83
unrelated patients from the United Kingdom with serum samples available and
complete clinical follow-up at the time of recruitment (Supplemental Table 1). eGFR,
estimated by the Chronic Kidney Disease Epidemiology Collaboration equation, and
corrected for body surface area, was used as a biomarker of renal function®2,

The control samples were randomly ascertained among healthy British twins from
the TwinsUK adult twin registry?® and age- and sex-matched with the patients with
IgAN (Supplemental Figure 1). The sample included 244 individuals (49 monozygotic
and 64 dizygotic twin pairs and 18 singletons) (Supplemental Table 1). St. Thomas’
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Hospital Research Ethics Committee approved this study, and all twins provided
informed written consent.

Measurement of serum IgA and gd-IgA levels

Serum IgA levels were measured using ELISA as previously described?!. The capture
antibody was the F(ab’)2 fragment goat anti-human IgA (Jackson Immuno-Research,
West Grove, PA), and the detection antibody was the F(ab’)2 fragment biotinylated
goat anti-human IgA1 (invitrogen, CA, USA).

Serum gd-IgAl levels were measured using a lectin-based ELISA as previously
described?!. The capture antibody was a polyclonal rabbit antihuman IgA (Dako,
Glostrup, Denmark). The detection involved HAA-biotin (Sigma, Darmstadt,
Germany), followed by polystreptavidin horseradish peroxidase (Pierce, Waltham,
MA).

The intraclass correlation coefficient for the IgA assay was 0.74 (95% confidence
interval, 0.63 to 0.83), and that for the gd-IgAl assay was 0.89 (95% confidence
interval, 0.73 to 0.95).

IgA glycopeptide analysis by MS

A detailed description of the material and methods can be found in Supplemental
Material. Briefly, serum samples from patients and controls together with 22 pooled
plasma standards were pipetted onto 96-well plates in a randomized manner. IgA
was captured from 10 ul of serum using CaptureSelectTM IgA affinity beads
(ThermoFisher). (Glyco-)peptides were generated by reduction, alkylation, and
digestion of the protein with trypsin. Tryptic digests were separated by reversed-
phase nanoliquid chromatography (nano-LC) on a C18 column (75 um x 100 mm,
particle size 1.7 um) and analyzed by MS using an Impact HD quadrupole time-of-
flight MS system (Bruker Daltonics, Bremen, Germany) equipped with a
nanoBooster, as described previously?? and in the Supplemental Material.

Raw LC-MS data were converted to mzXML using MSConvert. LaCyTools?? (version
1.0.1) was used to align the LC runs, to calibrate (Supplemental Table 2) the mass
spectra, and to extract glycopeptide signal intensities. For the extraction step, a
previously reported list of potential IgA glycopeptide analytes was used?*25, in
addition to manual identification of glycoforms in the averaged spectra of 20
samples of both healthy individuals and patients.

Quality control was performed on the basis of signal to noise, exact mass deviation,
and isotopic pattern as described previously?® and in the Supplemental Material.
Sixty-nine glycopeptides were retained and quantified. Their absolute signal
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intensities were normalized to the intensity sum of all glycopeptide species sharing
the same tryptic peptide sequence, resulting in relative intensities. In this
manuscript, IgAl and IgA2 glycopeptide names are composed of the letter codes of
the first three amino acids of the peptide sequence: HYT, LSL, TPL, and LAG, the last
detected in two variants (i.e., as LAGC and LAGY) (Figure 1). The peptide name is
followed by the glycan composition indicating the number of hexoses (H), N-
acetylhexosamines (N), fucoses (F), and sialic acids (S) (Supplemental Table 2).

Structurally similar glycopeptides were summarized into 52 derived traits calculated
from the relative intensities, as illustrated in Supplemental Table 3. For example, the
derived trait TPL_A2FB, bisection of fucosylated diantennary glycans, was calculated
as the sum of all bisected diantennary structures within the TPL glycopeptide cluster
divided by the sum of the abundances of all structures within the TPL cluster, i.e.,
A2FB = (H4N5F1S0 + H5N5F1S0 + HAN5F1S1 + H5N5F1S1 + HSN5F1S2)/(HANSF1S0 +
H5N5F1S0 + HSN4F1S1 + H4N5F1S1 + HSN5F1S1 + H5SN4F1S2 + H5N5F1S2). Because
each measured glycopeptide structure carries different types of monosaccharides,
derived traits can give a more composite and robust measure of the different
glycosylation features (i.e., for N-glycans?’, complexity/branching [diantennary
versus triantennary], bisection, and fucosylation and for both O- and N-glycans,
galactosylation and sialylation).

Statistical analyses

The relative intensities of the detected glycopeptides and the derived trait values
were corrected for batch effects (plate, plate row, and column) in R (version 3.3.3)
using the function ComBat from the R package sva (release 3.2) on log-transformed
data. Outliers, defined as measurements deviating more than three SDs from the
mean of each trait, were removed. To ensure the normality of their distribution, the
relative intensities of the detected glycopeptides as well as of the derived traits were
quantile normalized.

gd-IgA level and IgAN status (patients versus control) were tested for association
with glycopeptides and derived traits using a linear mixed model using the function
Imer from the R package ImerTest (version 3.1), including age, sex, and their
interaction term as fixed effects and family structure as a random effect to correct
for the nonindependence of the twin observations. To avoid potential spurious
associations due to differences in glycan composition between patients and controls,
association with gd-IgA levels was assessed using healthy individuals only. eGFR
(assessed in patients with IgAN only) was tested for association using a linear
regression model (function Im, from the stats R package, version 3.6.1). Age, sex, and
their interaction term were included as covariates.
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We considered an association significant when its P value passed a Bonferroni-
derived threshold of 0.05/N., where N is the effective number of independent
tests taking into account the strong correlation among glycan relative
intensities. Nes was calculated using the approach proposed by Li and Ji?® and
multiplied by the number of phenotypes analyzed in this study. Nes was 23(x3) for
measured glycopeptides and 16(x3) for derived traits.

Power calculation was performed using the pwr R package (version 1.3) and asking
for the power to detect, in a sample of 83 patients and 244 controls, a Cohen
conventional medium effect size?® of 05 of an SD ata-levels of
0.05/(23 x3)=7.3x 1074 and 0.05/(16 x3)=1.0x 1073 for measured and derived
traits, respectively.

We further evaluated, for both IgAN and glomerular function, the predictive power
of a model including only the gd-IgA serum levels and a model including either the
glycopeptides or derived traits significantly associated with IgAN/glomerular
function. In this second model, because of the high correlation among traits, if two
traits had a Pearson correlation larger than 0.9, only the most significantly associated
was used. Predictive powers were evaluated using the McFadden adjusted pseudo-
R? 30 (evaluated via the function PseudoR2, from the DescTools R package, version
0.99.39) for the binary trait IgAN and adjusted R? for the continuous trait eGFR
(evaluated via the Im function). The adjusted values allow for penalizing for the
number of predictors in the model (k=1 when only gd-IgA levels are used and k>1
when the glycopeptides or derived traits are used).

Results

Glycosylation features are associated with the level
of gd-IgA in healthy individuals

As a first comparison of the traditional lectin-based method and our MS-based
approach for measuring IgA glycosylation, we assessed the cross-sectional
associations between gd-IgA values and MS-detected glycosylation traits. Using data
from 236 healthy individuals, we found associations between gd-IgA, 26 of 30
detected O-glycopeptides (HYT cluster), and all seven derived O-glycan traits
(Supplemental Table 4). The strongest associations were observed with decreased
sialylation  (HYT_nS, HYT_nS > nG, HYT_SperG) and galactosylation
(HYT_GalperGalNAc and HYT_nGal), along with a relative increase of GalNAcylation
(HYT_nGalNAc > nG and HYT_nGalNAc) (Figure 2), which showed a similar trend in
patients with IgAN (Supplemental Figure 2). N-glycosylation traits from the LAGC
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cluster were also associated with gd-IgA, although to a lesser extent than O-
glycosylation (Supplemental Table 4).
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Figure 2 : Main associations between derived glycosylation traits and gd-IgA1 levels
detected by HAA lectin in 236 healthy individuals. Quantile-normalized age- and
sex-corrected values are plotted, and each scatterplot reports effect size (8), SE, and
P value (P) of the linear regression analysis. Derived traits HYT_nS, HYT _nGal, and
HYT_nGalNAc correspond to average numbers of sialic acids, galactoses, and N-
acetylgalactosamines, respectively. Monosaccharide symbols are depicted, in black
and white, according with the nomenclature of the Consortium for Functional
Glycomics and were generated using GlycoWorkbench55. AU, arbitrary units; *
indicates derived traits.

Moreover, we compared the associations between gd-IgA and glycopeptides with
and without correction for IgA1 titer in a subset of 156 healthy individuals for whom
IgAl titer was available. IgAl titer correction had negligible effects on the
associations (Supplemental Table 5).

O- and N-Glycosylation of IgA Is associated with IgA
Nephropathy

We used a patient-control study design, including 83 patients with IgAN and 244
healthy controls, to investigate cross-sectional associations between IgAN and
IgA O- and N-glycosylation features detected by MS. This sample has >70% power to
detect a difference of 0.5 of an SD between groups at Bonferroni-derived P values of
0.05/(23 x3)=7.3x 1074 and 0.05/(16 x3)=1.0x 1073 for measured and derived
traits, respectively.

We found that galactosylation of the N-glycopeptides in the TPL and LSL clusters,
next to sialylation in TPL and sialylation of the HYT O-glycopeptides, was lower in
patients with IgAN compared with controls, whereas bisection and sialylation in LSL;
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diantennary glycans in LAGCa, TPL, and LAGCb; and fucosylation in LAGCb were
higher in patients (Figure 3, Supplemental Table 6).
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Figure 3: Main associations between derived glycosylation traits in serum IgA from
healthy controls and individuals with IgAN (n=327). Quantile-normalized age- and
sex-corrected values are plotted, and each box plot reports effect size (6), SE,
and P value (P) of the regression analysis. Glycopeptide-derived trait nomenclature
refers to the first three letters of the tryptic amino acid sequence followed by the
glycosylation features as calculated from detected glycopeptides (Supplemental
Table 3). Glycosylation traits: A2FSOG, galactosylation of nonsialylated fucosylated
diantennary glycans; CS, sialylation within complex glycans; nS > nG, relative
intensity sum of structures in which the number of sialic acids exceeds the number of
galactoses; A2F0SOB, bisection of nonfucosylated nonsialylated diantennary;
A2F0GS, sialic acid per galactose in nonfucosylated diantennary; and A2SF,
fucosylation of sialylated diantennary. Monosaccharide symbols are depicted, in
black and white, according with the nomenclature of the Consortium for Functional
Glycomics and were generated using GlycoWorkbench.>* indicates derived traits.
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O- and N-Glycosylation of IgA is associated with renal
function

Using data from patients with IgAN, we sought association between glycan traits and
eGFR, a marker of renal function. N-glycosylation features from all detected IgA
glycopeptide clusters were associated with eGFR: bisection of LAGY, LSL, LAGC, and
TPL was lower, whereas galactosylation and sialylation of TPL and LSL were higher in
patients with higher eGFR (Figure 4, Supplemental Table 7). Regarding O-
glycosylation, only sialylation showed significant, positive associations with eGFR
(HYT_nS, HYT SperG, and HYT_nS > nG), reflected in low levels of mono- or
disialylated glycopeptides (e.g., HYT_H4N4F0S1) and high levels of multisialylated
ones (e.g., HYT_HANA4FQS4) (Figure 4, Supplemental Table 7).
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Figure 4: Main associations between IgA glycosylation traits and eGFR in 75
patients with IgAN. Quantile-normalized age- and sex-corrected values are plotted,
and each scatterplot reports effect size (8), SE, and P value (P) for the linear
regression analysis. Glycopeptide-derived trait nomenclature refers to the first three
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letters of the tryptic amino acid sequence followed by the glycosylation features as
calculated from detected glycopeptides (Supplemental Table 3). Glycosylation traits:
A2FB, bisection of fucosylated diantennary glycans; A2SB, bisection of sialylated
diantennary; A2F0B, bisection of nonfucosylated diantennary; A2FSG,
galactosylation of sialylated fucosylated diantennary; CS, sialylation within complex
glycans; and nS, average number of sialic acids. Glycan structures are reported below
each panel. Monosaccharide symbols are depicted, in black and white, according to
the nomenclature of the Consortium for Functional Glycomics and were generated
using GlycoWorkbench®s. * Indicates derived traits.

Glycopeptides and derived traits are better
predictors of IgAN status and renal function than gd-
IgA levels

Using McFadden adjusted pseudo-R? 3, we found that glycopeptides and derived
traits that were associated with IgAN from our analyses were better predictors of
the disease than gd-IgA levels, with pseudo-R? values of 0.14, 0.12 and 0.02 for
glycopeptides, derived traits, and gd-IgA levels, respectively. Analogously,
glycopeptides and derived traits associated with eGFR showed pseudo-R? values of
0.23 and 0.22, respectively, versus 0.07 of gd-IgA levels. These results suggest that
MS glycosylation data may not only give insights into the pathophysiology of IgAN
but can also provide leads for noninvasive biomarkers for disease and deteriorating
kidney function.

A summary of the major associations with gd-IgA, IgAN, and glomerular function is
visualized in Figure 5 for derived traits and Supplemental Figure 3 for measured
glycopeptides.
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Figure 5: Summary of the associations of derived IgA glycan traits with gd-IgA
levels, IgAN, and glomerular function. Line thickness represents effect size (the
thicker the line, the stronger the effect’s absolute value). Solid lines indicate positive
associations; dotted lines indicate negative associations. Derived traits are grouped
by glycosylation features along with their structural representations.
Monosaccharide symbols are depicted, in black and white, according to the
nomenclature of the Consortium for Functional Glycomics and were generated using
GlycoWorkbench®. * Indicates derived traits. Complete summary statistics are
reported in Supplemental Tables 4, 6, and 7.

Discussion

This study is the first detailed report on site-specific O- and N-glycosylation
signatures of serum IgA1 and IgA2 in IgAN. We analyzed a reasonably large cohort of
83 patients and 244 age- and sex-matched controls. Our high-resolution MS-based
method features the relative quantitation of, in total, 69 O- and N-glycopeptide
species, further summarized in 52 derived traits. Our data revealed disease
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associations with O-glycan sialylation and with all main N-glycosylation features,
which include complexity, bisection, galactosylation, fucosylation, and sialylation.

Altered glycosylation of I1gA1 O-glycans in IgAN is widely reported. Our MS data
reflect relative shifts of different glycosylation features due to total area
normalization within a glycopeptide cluster. This is different to terminal GalNAc
abundance detected by the lectin-based gd-IgA assay. Nevertheless, our MS data on
relative O-glycan galactosylation and on the relative abundance of GalNAc on O-
glycopeptides can be related to the traditional lectin-based detection of truncated O-
glycans with terminal GalNAc (GalNAcal-Ser/Thr; Tn antigen). Both gd-IgA and IgA
titers represent absolute concentrations but become more comparable with our
relative quantitation of MS data when gd-IgA is adjusted for IgA titers. Accordingly,
we found a strong positive association of HAA lectin binding with the glycosylation
trait HYT_nGalNAc > nG, which reflects the presence of terminal GalNAc, and
consequently, a negative association with hinge-region galactosylation
(HYT_GalperGalNAc, HYT_nGal) that is supposed to cap the HAA binding motif.
Similarly, sialylation (HYT_nS > nG) was also inversely associated with the gd-IgA
level. This can partly be explained by the fact that terminal a2,3-linked sialic acids
can only be present when a galactose has been attached to the core GalNAc. This
could also be explained by virtue of the lectin-based assay simply detecting gd-IgA
as exposed GalNAc. In 2017, the first GWAS for aberrant O-glycosylation of I1gAl
identified variants in the CIGALT1 and C1GALT1C1 genes that had large effects on
gd-IgAl levels3!. These genes encode, respectively, the enzyme core 1 681-3-
galactosyltransferase (C1GalT1) and COSMC, its molecular chaperone—molecular
partners that are essential for the galactosylation of IgAl O-glycans®2. Decreased
expression and activity of C1GalT1 have been demonstrated in the B cells of patients
with IgAN333%, Further studies have also demonstrated that genetic variation
at CIGALT1 influences gd-IgA levels3® 37, A recent study has also shown that
decreased expression of Golgi matrix protein GM130, which is involved in
glycosyltransferase tethering, is associated with reduced C1GalT1 protein level and
increased galactose deficiency of IgA138. It is therefore likely that downregulated
expression of CIGALT1 in patients with IgAN leads to reduced levels of
galactosylation and subsequent reduced levels of sialylation and increased levels of
exposed GalNAc, as detected in the lectin ELISA and reflected in our results.

The relative abundance of sialic acids was the only derived O-glycosylation trait that
associated with IgAN and renal decline in patients with IgAN. Our data suggest that
decreased sialylation may also lead to increased presentation of terminal GalNAc, as
lower sialylation significantly correlates with higher gd-IgA levels. It is unclear from
our study if decreased sialylation is an alteration of IgA glycosylation in itself or a
product of reduced galactosylation. Data on O-linked sialylation in IgAN are
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conflicting. In agreement with our findings two small-scale MS-based studies without
guantitation reported decreased numbers of galactose, GalNAc, and especially, sialic
acid residues in both glomerular and serum IgA1l in pooled samples from patients
with IgAN as compared with control serum pools3® %, Conversely, increased
expression of STEGALNAC2, a gene encoding an enzyme that mediates sialylation
of O-glycans, has been reported to be positively correlated with IgAN*!. Interestingly,
increased expression of another enzyme, ST6Gall, correlates with gd-IgA
levels®?. Further studies are required to disentangle the relationship between
sialylation and IgAN.

Regarding serum IgA N-glycosylation in IgAN, only a few small studies exist, and the
possible implication of N-glycosylation in pathogenesis or renal decline is unknown.
Here, we present the first detailed report on associations between serum IgA N-
glycan galactosylation, sialylation, bisection, and fucosylation with IgAN and related
clinical parameters. Previously, lower IgAl Fc-region galactosylation and lower IgA2
sialylation in patients with IgAN were detected by lectin-based assays*. Intriguingly,
our findings of decreased N-linked sialylation and galactosylation and increased
bisection in IgAN and with worsening renal function are similar to the N-glycosylation
differences reported for human salivary versus plasma IgA?°. With this in mind, it is
possible that our findings might partly reflect a disease-related increase of IgA
molecular species connected to mucosal immune response, which has previously
been suggested for IgAN*4,

It is also feasible that our results could reflect a causal relationship of IgA N-
glycosylation and IgAN pathogenesis via increased formation of polymeric IgA. In
comparison with monomeric, polymeric IgA is increased in patients with IgAN, and it
has been implicated in higher immune complex formation and glomerular
deposition®. Strikingly, mice with impaired terminal N-glycan galactosylation due to
a knockout of the 84-galactosyltransferase | gene were shown to develop human
IgAN-like glomerular lesions, with an increased serum IgA, especially the polymeric
form®®. Our finding of decreased sialylation in IgAN and with worsening renal
function might also reflect a higher abundance of polymeric IgA, which was reported
to exhibit a lower degree of sialylation compared with its monomeric form and
thereby, enhance binding to mannose-binding lectin as well as to mesangial cells*®
8, Similarly, a higher abundance of fucose and terminal GIcNAc (e.g., bisecting
GIcNAc or ungalactosylated antenna GIcNAc) might also be involved in enhanced
binding to mannose-binding lectin and subsequent complement activation via the
lectin pathway®. Desialylation and to a lesser extent, additional degalactosylation
have been shown to enhance the binding of polymeric IgA1l to human mesangial
cells, as compared with untreated IgA1l in vitro®. Of note, it is unclear to which
extent this effect was attributed to O- or N-glycosylation or a combination thereof.
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Notably, the ST6GALI gene, coding for an enzyme responsible for the terminal
sialylation of N-glycans on different proteins including IgA, was associated with IgAN
in Han Chinese®°.

Large-scale O-glycomic studies, other than the one reported here and a site-
specific O- and N-glycosylation associations study with rheumatoid arthritis?*, are
hitherto lacking due to the technologically challenging nature of these studies.
Although a few reports do exist that associate N-glycosylation of IgG with kidney
disease or glomerular function®*3, none are available for IgAN, hampering our
ability to compare IgAN glycosylation signatures displayed by different molecules.
Analogously, linking phenotypic associations of the total plasma N-glycome with
those found here for IgA glycosylation is complicated as many different glycoproteins
contribute to the total plasma N-glycome, with mostly overlapping structures®. An
analysis of total serum glycans in kidney disease showed eGFR to be associated with
higher absolute levels of biantennary digalactosylated disialylated glycans with and
without bisection®, yet information on the glycoproteins and glycosylation sites
contributing to this signature is lacking. In comparison, our novel approach for
specific IgA glycosylation analysis presented here provides these extra layers of
information by covering all main glycosylation features present on 69 measured
glycopeptides of IgA>*,

We have made a first attempt to elucidate the complex O- and N-glycosylation of
human serum IgA in relation to IgAN in a comprehensive fashion with direct
detection using high-resolution MS. Because of the small sample size, we could not
build and validate a predictive model for IgAN pathogenesis and renal decline.
However, we have shown that directly measured glycopeptide-level IgA
glycosylations are better predictors of both IgAN status and renal function than gd-
IgA levels alone. Our results widen the current view on the potential role of IgA
glycosylation in IgAN pathogenesis and in renal decline and open new opportunities
for investigations on glycopeptides as potential biomarkers for disease onset and
progression. We envisage that these results, together with the increasing interest in
the use of glycomics in clinical settings, will encourage increased inclusion of IgA
glycomics in studies, which will promote the development of targeted analysis panels
and of absolute quantification approaches, currently hindered by the lack of stable
isotope-labeled glycopeptide standards.

In summary, we provide the first evidence of a possible role for IgA N-glycosylation
in IgAN pathogenesis, which should be taken forward in mechanistic studies and
could result in novel therapeutic and preventive approaches in the future.
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Abstract

Inflammatory bowel diseases (IBD), such as Crohn’s disease (CD) and ulcerative
colitis (UC) are chronic and relapsing inflammations of the digestive tract with
increasing prevalence, yet unknown origins or cure. CD and UC have similar
symptoms but respond differently to surgery and medication. Current diagnostic
tools often involve invasive procedures, while laboratory markers for patient
stratification are lacking. Large glycomic studies of immunoglobulin G and total
plasma glycosylation have shown biomarker potential in IBD and could help
determine disease mechanisms and therapeutic treatment choice. Hitherto, the
glycosylation signatures of plasma immunoglobulin A, an important immunoglobulin
secreted into the intestinal mucin, have remained undetermined in the context of
IBD.

Our study investigated the associations of immunoglobulin A1 and A2 glycosylation
with IBD in 442 IBD cases (188 CD and 254 UC) and 120 healthy controls by reverse-
phase liquid chromatography electrospray-ionization mass spectrometry of tryptic
glycopeptides. Differences of IgA O- and N-glycosylation (including galactosylation,
bisection, sialylation and antennarity) between patients groups were associated with
the diseases and these findings led to the construction of a statistical model to
predict the disease group of the patients without the need of invasive procedures.
This study expands the current knowledge about CD and UC and could help the
development of noninvasive biomarkers and better patient care.

Keywords: Inflammatory bowel disease, Crohn’s Disease, ulceratives colitis, 1gA1,
glycosylation, biomarker
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Introduction

Interest in large glycomics studies is rapidly increasing and associations of plasma
protein glycosylation with disease have been demonstrated for cancers,
autoimmune diseases and inflammatory bowel disease (IBD)*>.

IBD, comprising Crohn’s disease (CD) and ulcerative colitis (UC) are lifelong, chronic
and include relapsing inflammatory conditions of the digestive tract with yet
unknown etiology . CD and UC have similar symptoms but respond differently to
medication and surgical treatments and the distinction between the two often
requires invasive procedures which might include intestinal tissue sampling ”. Early
and non-invasive patient stratification from readily available body fluids is needed to
best target therapy.

Immunoglobulin G (IgG) is of particular interest as an inflammatory marker in IBD
because it is widely involved in autoimmunity. Having established the biomarker
potential of the IgG glycosylation and total plasma N-glycome (TPNG) in IBD, IgAl
seemed to be an ideal additional candidate to receive attention due to its presence
in mucosal fluids of the intestinal tract and its established role in immunological
responses and mucosal protection against microorganisms such as bacteria and
viruses. The latter happens by binding or agglutinating them, thus promoting
clearance and preventing infections and inflammations®* 212, However, the function
of IgA glycosylation in health and disease is still an active area of research.

The O- and N-glycosylation of IgA1 and IgA2 have previously been monitored for 29
women during pregnancy and in the post-partum period using matrix-assisted laser
desorption/ionization-Fourier-transform ion-cyclotron resonance (MALDI-FTICR)®.
The same MALDI-FTICR method has again been used for the analysis of plasma IgA
from 284 individuals comprising both rheumatoid arthritis (RA) patients and
controls*. However, the complex and technically challenging sample handling used
in these studies is an obstacle in large-scale clinical studies. Recently, an alternative
LC-MS(/MS) approach with reduced benchwork sample preparation and a more
streamlined workflow has been successfully applied to analyze IgA glycopeptides in
a cohort of IgA nephropathy patients and healthy controls®®. The same method was
selected for this research.

Next to its important functions in intestine immunity, IgA was also implicated as
potential target glycoprotein based on previous TPNG analysis. Specifically, the IgA
glycans expectedly contribute to a large extent to specific plasma glycoforms
affected by IBD, including elevated bisection levels of the diantennary fucosylated
sialylated glycans®1®. IgA1 and IgA2 glycoforms have previously been associated with
CD, UC and IgA nephropathy (IgAN) where the general glycan size was reduced
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(lower levels of sialylation, galactosylation and antennarity of N-glycans, and
reduced sialylation and galactosylation of O-glycans) as well as with secondary IgA
nephropathy where nephropathy follows CD, indicating the potential involvement of
IgA in these diseases'™ 21, Small-scale studies have also demonstrated changes in
the O-glycosylation traits of IgA such as reduced levels of GalNAc in IBD?% 23, Still, the
overall role of IgA glycosylation in disease remains largely unclear. It is mostly
unexplored to which extent IgA glycosylation affects FcaR receptor binding triggering
pro- or anti-inflammatory responses, or clearance from the circulation by the
asialoglycoprotein receptor'® 242>,

In this study, the IgA glycosylation profiles of 442 IBD patients and 120 healthy
controls were analyzed by LC-MS/MS with glycosylation site-specificity. The main
goal was to find associations between IgA glycosylation and IBD characteristics to
discriminate CD, UC and HC, and subsequently, in a secondary analysis, to find
associations with disease behavior, and surgical and medical treatments, for
improved patient care.

Materials and methods

Clinical samples

The plasma samples used for this analysis were received from the University Hospital
Careggi (Florence, Italy) and consisted of 442 IBD cases (188 CD and 254 UC) and 120
healthy controls (HC) as previously described* 26. Written informed consent was
obtained from the study participants and the ethical approval was obtained from the
Ethics Review Board of the Casa Sollievo della Sofferenza Hospital (Italy). The clinical
information of CD and UC patients was collected following the rules of the Montreal
classification of inflammatory bowel disease?’. The demographics of the individuals
included in the statistical analysis are detailed in Table 1.
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Table 1: Demographics of the individuals included for statistical analysis.

Sample numbers HC CcD uc
Total (males) 120 (72) 188 (110) 254 (159)
Age, mean * SD
Males 48.6+16.1 36.0+13.6 42.2+16.1
Females 60.0+17.8 37.3x15.6 42.1+16.7
All 53.2+17.7 36.5t14.4 42.1+16.3
Patient information
Disease group (counts
(males)) CcD uc
Disease Location (CD)
IlleumzUpperGI* (L1tL4) 65(39)+1 (1)
ColontzUpperGI (L2+L4) 67 (44) £ 6 (4)
Illeum+ColontUpperGl
(L3£L4) 47 (20) £ 1 (1)
Upper Gl (L4) 8(6)
Disease Location (UC)
Rectum (E1) 29 (15)
Sigmoid + Left colon (E2) 127 (79)
Entire colon (E3) 93 (61)
Disease behaviour (CD)
Inflammatory (B1) 106 (64)
Stenosing (B2) 55 (27)
Fistulizing (B3) 26 (18)
Surgery
No 127 (74) 243 (151)
Before sample collection 49 (28) 8(5)
After sample collection 8 (5) 2(2)
Drugs
Mesalazine 38 (19) 75 (46)
Steroids 42 (25) 79 (49)
Azathioprine/6-
mercaptopurine 43 (26) 58 (38)
Anti-TNFa 51 (31) 22 (14)

*Gl = Gastro-Intestinal (tract)
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Glycoproteomics analysis

Capture of IgA

IgA1 and IgA2 were captured from five L of plasma (containing approx. 350 g total
protein and 13ug IgA) with camelid antibodies domains immobilized on agarose
beads (CaptureSelect IgA Affinity Matrix, Thermo Fisher Scientific, Waltham, MA ) as
previously described®. Ten pL of bead slurry were pipetted into each well of a 96-
well Orochem filter plate (AcroPrep, Pall Corporation, Ann Arbor, MI, USA). The
beads were washed three times with 200 pL ultrapure water (prepared at 18.2 MQ
with a Purelab Ultra, Veolia Water Technologies Netherlands B.V., Ede, The
Netherlands). and three times with PBS 1x solution on vacuum manifold. Five uL of
sample were added to 100 pL of PBS in each well and incubated with shaking for one
hour at room temperature (RT). The beads were washed on vacuum manifold with
3x200 pL PBS 1x and three times 200 pL water. The captured IgA was released from
the beads with 100 pL of 100 mM formic acid, eluted in PP V-bottom plates by
centrifugation (1 min, 100 g), and dried at 50 °C in a vacuum centrifuge.

Trypsin digestion

The samples were reconstituted in 100 pL 20 mM ammonium bicarbonate buffer and
reduced with 2 uL dithiothreitol (DTT) 125 mM for 30 min at 60 °C. 4L of 125 mM
of iodoacetamide (IAA) was added for alkylation and the samples incubated with
shaking for 30 min at RT wrapped in aluminum foil. The alkylation was quenched by
adding 2 pL 100 mM DTT. The digestion was performed overnight at 37 °C with 210
ng of TPCK-treated trypsin and the samples were frozen at -20°C until measurement.

RP-LC-ESI-MS(/MS)

Reverse-phase liquid chromatography electrospray-ionization mass spectrometry
(RP-LC-ESI-MS) experiments were performed with an Ultimate 3000 RSLCnhano
system (Thermo Fisher Scientific) fitted with a Pepmap100 C18, 5 pm 0.3x5 mm
precolumn and a custom-made Acquity BEH130 C18 75 um x 100 mm UPLC M-Class
analytical column. This was coupled to a Maxis Impact HD quadrupole-time-of-flight
(qTOF) mass spectrometer fitted with a captive spray nanoBooster (Capillary voltage:
1200V; nanoBooster pressure 0.2 bar; dry gas flow: 3.0 L/min; dry gas temperature:
180 °C) (Bruker Daltonics, Bremen, Germany). One uL of digested sample was
injected, with a flow rate of 500 pL/min, eluted with the following gradient: 3%
solvent B at 0 min, 30% B at 6.5 min, 95% B at 10 min, hold for two min, back to 3%
B at 13 min, hold for eight min. Solvent A consisted of 0.1% TFA (v/v), solvent B of
95% ACN (v/v)). Mass spectra were recorded from 550 to 1800 Th with a frequency
of 1 Hz.
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To confirm the structures of certain analytes, high-resolution fragmentation spectra
of selected glycopeptides were recorded on a different instrument. The material
used for the MS/MS glycopeptide identification was a pooled sample of captured IgA
taken from the first 96-well plate of the prepared samples including material from
HC, CD, UC and control plasma (VisuconF, Affinity Biologicals, Canada). For this, a
nanolLC (Thermo Fisher Scientific) was equipped with an Acclaim PepMap 100 trap
column (100 um x 20 mm, particle size 5 um, Thermo Fisher Scientific) and an
Acclaim PepMap RSLC C18 nano-column (75 um x 150 mm, particle size 2 um,
Thermo Fisher Scientific). The separation gradient started from 97% solvent A (0.1%
formic acid in water) and 3% solvent B (95% ACN) to 53% solvent B over 30 min, with
a flow rate of 700 nL/min. The system was coupled to a maXis quadrupole time-of-
flight-MS (q-TOF-MS; Bruker Daltonics) equipped with a nanoBooster (Bruker
Daltonics). lonization was enhanced by applying acetonitrile-enriched gas at 0.2 bar
used as a dopant. The source parameters were set to a flow of nitrogen drying gas
of 3.0 L/min at 180°C and a capillary voltage of 1200 V. The MS was operated in
stepping-energy CID mode and acquired from m/z 50-2800 with the precursor
selection above m/z value 680 as previously described?®.

Data processing

Raw LC-MS data were converted to mzXML with MSConvert. LacyTools?® was used
to align the retention time, calibrate the mass spectra, define time windows around
each glycopeptide cluster extraction and for the integration of the sum spectra for a
list of analytes determined by manual exploration of the data of each disease group
using sum spectra and theoretical glycosylation sites based on the peptide sequence
(Uniprot # P01876 for IgA1 and P01877 for IgA2). For time alignment, the most
abundant glycopeptide of each cluster was used (search windows of 20 s) and the
maximum mass error of the highest isotope £0.15 Th. A time window of + 8 s per
cluster (10 s for the O-glycopeptide) was summed, and each extracted glycoform was
reported as relative percentage per cluster. The optimal time windows for analyte
extraction were determined for each cluster by monitoring the elution profile and
retention time of all extracted analytes per glycopeptide cluster. The average
retention time of the cluster was then calculated and the sum windows fixed to
include all analytes. The extracted glycopeptide data was curated on average signal-
to-noise ratio threshold >9, absolute error on exact mass <20 ppm, and deviation
compared to the calculated isotopic pattern <0.2. This curation was applied for all
detected charge states. Per sample, the data was kept when not more than one
peptide cluster was rejected due to low-abundance of analytes. A final list of 51
glycopeptides was retained (26 N-linked and 25 O-linked glycopeptides
(Supplementary table 1, Supplementary table 2) and from these, 45 derived traits
were calculated (Supplementary table 3).
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The identity of glycopeptides was verified by MS/MS using Byonic. The search
parameters included the protein sequences of secreted IgAl (P01876-1) and IgA2
(P01877-1) from Uniprot in FASTA format, cysteine alkylation as fixed peptide
modification, two possible missed cleavages, and a semi-specific (N-ragged)
digestion specificity. Furthermore, a list of 318 N-glycan compositions and 9 O-glycan
compositions was included based on IgA glycoforms previously identified (based on
monosaccharides HexNAc, Hex, Fuc, NeuAc and NeuGc)'> 3% 3%, The precursor mass
tolerance was set at 10 ppm, the fragment mass tolerance at 30 ppm. The results of
the Byonic search were filtered based on the identification score (Pep2D) to be below
0.001, manually expected (at least one glycoform per peptide portion) and are
reported in Supplementary table 2 and Supplementary Figure 1-4. The identity of
the IgA glycoforms that were not reported by Byonic were deduced by exact mass
differences in the high-resolution MS1 data, including retention time and isotope
pattern matching (Supplementary Figures 5-9).

Statistical analysis

The associations of the IgA glycopeptides and calculated derived traits with CD, UC,
and IBD-specific clinical traits, i.e., extent of the disease, drug intake and surgical
intervention, were tested as previously described in the software R studio for R
(Version 1.0.136)% In short, the data was batch corrected (on logarithmically
transformed data) to account for the different preparation days, position on row and
column of the randomized samples on the 96-well plates. Associations with age and
sex were determined in the three patient groups with linear and logistic regressions,
included further as covariates in the logistic regression model. The associations of
the IgA glycosylation with age, sex, Crohn’s disease, ulcerative colitis and IBD-related
parameters such as disease location, surgery and medication, were tested by linear
and logistic regression on scaled data (subtraction of the mean and division by the
SD). Age, sex and their interaction were included as covariates in the models for the
disease-related tests. The odds ratios (OR) were calculated with their 95%
confidence intervals (Cl) assuming a Student’s t-distribution, and are thus
representative of single standard deviation increases in the tested traits.

For the receiver operating characteristic (ROC) analysis, the glycopeptides most
significantly associated with IBD (p-values and effect sizes) were selected for the
initial model. The ones found to not significantly contribute to the model were
removed step-by-step considering similarities of derived traits (which can share
effects in the model and lower their individual significance while only reflect a single
biological trait) and percentage of effect on the prediction until only significant traits
were left, thus achieving maximal prediction power with only the necessary selection
of traits. The model was trained 20 times on a random selection of 75% of the
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samples and the prediction was calculated for the respective 25% remaining. The
standard error (SE) was also calculated for all predictions.

The Montreal classification of inflammatory bowel disease was followed to
categorize disease localization, extent and behavior for CD and UC patients?’. The
different localization and extent of the disease were compared in CD patients
affected either in the ileum (L1), the colon (L2), or both the ileocolon (L3) and in the
upper gastro-intestinal (Gl) tract (L4) (L1 vs L2 vs L3+L4). Association with disease
behavior was tested by comparing the inflammatory (B1), the stenosing (B2), and
the fistulizing variant (B3) (B1 vs B2 vs B3). In UC, the patients groups affected in the
rectum + sigmoid + left colon (E1+E2) were compared to the ones affected in the
entire colon (E3), (E1+E2 vs E3). The hypothesis tested here is that a more extensive
or aggressive disease behavior would associate with more extreme glycosylation
profiles compared to HC.

We also tested for association of profiles with surgery and medication. According to
the guidelines of the respective countries to treat IBD diseases, patients were given
mesalazine, steroids, azathioprine/6-mercaptopurine or anti-TNFa. Patients were
stratified according to escalation of drug class used at the time of sample collection
according to the practices of the medical center and the glycosylation profiles
respective to each drug class were compared to each other3* 33, The hypothesis
tested here is that patients suffering from more severe disease exhibit more extreme
IgA glycosylation profiles and these patients can be identified based on their need to
use more potent drugs. The groups of patients not requiring surgery were opposed
to those who received surgery after sample collection, again using surgical
intervention as a proxy for disease severity. Moreover, we compared the profiles of
patients who received surgery before or after sample collection to evaluate the
treatment effect.

The commonly accepted significance threshold of a = 0.05 was adjusted for multiple
testing with a Bonferroni correction when evaluating the associations with age, sex,
CD and UC. As the relative intensities of the glycopeptide signals are intimately
related, the number of tests performed on the derived traits was used as correction
factor.

201



CHAPTER 5: IGA GLYCOSYLATION DIFFERS BETWEEN CROHN’S DISEASE AND ULCERATIVE COLITIS

Results

Following site-specific IgA1/IgA2 glycosylation analysis by LC-MS/MS, a total of six N-
linked glycoforms was characterized on Asnias, eight on Asnjos, seven on Asnasa, five
on the two different clusters of the truncated peptide containing Asnsso, and 25 O-
linked glycoforms on the peptide portion containing Sergs.126 (Figure 1, Figure 2).
Some glycopeptides similar to those found on Asnss of IgA1 were observed on Asns;z
of IgA2 (10x less abundant than IgA1) during the manual exploration of the data but
the list of potential analytes did not pass the curation step during data extraction
due to a low S/N ratio, also impacting their isotopic pattern match compared to the
calculated pattern so they were rejected from the statistical analysis. No confident
identifications for the 1gA2 glycopeptides covering Asns,; were found starting with
amino acids MAG instead of LAG (IgA2 isoform #P01877-1) in the Byonic workflow.
No glycopeptides passing our quality criteria were observed for the theoretical
glycosylation site of Asny; of IgA2 nor for Asng, of the low abundant allotype A2M of
IgA2. Trace amounts of the what could be VFP glycopeptide (Asns;) fragments with
a different cleavage at the N-terminal of its sequence (SES) were detected, but not
further evaluated due to their low abundance. For clarity of the discussion, the
peptides will be referred to by the one-letter codes of the first three amino acids
(and last for the peptides with a truncated variant); amino acid sequences are shown
in Figure 2.
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Figure 1: Symbolic representation of IgA1 and IgA2 glycosylation. The acronyms
HYT, LSL, TPL, LAG(C/Y) and MAG(C/Y), which are referring to the different
glycopeptides, come from the first three amino acids of the corresponding tryptic
digest sequence of IgA1 and IgA2. A) IgA1 has two N-glycosylation sites at Asniss and
Asnsqo which are occupied by complex-type N-glycans. IgA1 also contains six O-
glycosylation sites in the hinge region at Thrips, Thrios, Serizi, Seriis, Thrizg and Thriz;.
The O-glycosylation of IgAl is represented as one combined monosaccharide
composition, as no information on specific glycan structures and attachment sites
was obtained. B) The observed glycosylation sites of IgA2 at Asnisi, Asnzs and Asns,;
are occupied with complex-type N-glycans. * The IgA2 glycosylation sites Asns; and
Asng; and Asnsz; did not pass quality curation criteria due the low intensity of
analytes. C) Symbols used for representing the glycans and their general antennary
structure (N-linked glycans) and example structures for the O-linked glycans.
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A Glycosylation | Peptide | Observed )
) IgA Type . Peptide sequence
site name glycoforms
Asn144 /
IgA1/2 LsL 6 LSLHRPALEDLLLGSEANLTCTLTGLR
Asn131
IgA2 Asn205 TPL 8 TPLTANITK
IgAl Asn340 LAGY 7 LAGKPTHVNVSVVMAEVDGTCY
IgAl Asn340-Y LAGCa/b |5 LAGKPTHVNVSVVMAEVDGTC
IgAl Ser89-126 HYT 25 HYTNPSQDVTVPCPVPSTPPTPSPSTPPTPSPSCCHPR
Failed data
IgA2 Asn327 MAGY . MAGKPTHVNVSVVMAEVDGTCY
curation
IgA2 Asn47 VFP Not observed | VFPLSLDSTPQDGNVVVACLVQGFFPQEPLSVTWSESGQNVTAR
IgA2 allotype
A2M(2) Asn92 HYT-2a Not observed | HYTNSSQDVTVPCRVPPPPPCCHPR
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Figure 2: Description of the glycopeptide clusters. A) IgA1 and IgA2 glycopeptides
overview. Glycosylation sites, short peptide name, number of extracted glycoforms,
and peptide sequence are given for each glycopeptide cluster. B) Extracted lon
Chromatograms (EIC) of one selected glycopeptide per cluster with representative
retention time of the whole glycopeptide cluster.

The identification of the glycoforms of the different detected peptides is depicted in
Figure 3, Figure 4 and in the supplementary figures 1-9. The peptide portion was
annotated based on MS/MS data of high abundant parent ions as shown in the
supplementary material. The supplementary material is available at
https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00260.
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Figure 3: Assignment of the major N-glycoforms of IgA1 and I1gA2. A) Peptide cluster
TPL at Asnyos of IgA2, zoom-in off the 3+ charged glycopeptides. B) Truncated peptide
cluster LAGC at Asnsqo of IgA1, zoom-in off the 4+ charged glycopeptides. The two
peaks marked with an asterisk are residues from another peptide without glycan
eluting at the same time and in charge state 2+. C) Peptide cluster LAGY at Asnsso of
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IgA1, zoom-in of the 4+ charged glycopeptides. D) Peptide cluster LSL at Asnis4/Asnzos
of IgA1 and IgA2 and zoom-in of the 4+ charged glycopeptides. All the glycoforms are
described in the supplementary material.
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Figure 4: Assignment of O-glycoforms of peptide cluster HYT. Assignment of O-
glycoforms of peptide cluster HYT at Sersg.126 of IgA1 and zoom-in of the 5* charged
glycopeptides. The pictograms represent the combined O-glycopeptide
monosaccharide composition from all sites and does not convey information on
specific glycan structures of attachment sites. Overall, the glycopeptides covered a
wide range of compositions (Hs.sNs.6S1.5) containing up to 6N. Not all glycoforms are
labeled on the figure as the complete list of the 25 IgA1 hinge region O-glycopeptide
species identified and quantified is reported in the supplementary material.

IgA glycosylation is associated with age and sex in
healthy controls and IBD patients

In HC, CD and UC, an increase of bisection, a decrease of galactosylation and
sialylation per galactose were observed with age on all N-glycosylation sites (TPL,
LAGY and the truncated LAGC glycopeptides) as reported in Supplementary table 4.
A decrease of antennarity was observed in the glycans of the TPL peptide of HC and
on the glycans of the LAGY peptide of HC and UC patients. No association between
the O-glycans of the HYT peptide and age was found significant after correction for
multiple testing.

The N-glycosylation of IgA was associated with sex, where a decrease of antennarity
was observed on the TPL peptide in CD and UC males compared to the females
Supplementary table 4. UC males had lower bisection levels than the females in all
the N-glycopeptides clusters.
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IgA glycosylation is associated with inflammatory
bowel disease

Compared to HC, CD patients were found to have lower galactosylation and lower
sialylation on LSL (Asnias)and TPL (Asnyos)(Figure 5 and Supplementary table 5). CD
patients also showed lower levels of antennarity (lower CA3) and higher bisection on
Asnsqo and its truncated versions compared to HC and UC. CD and UC patients had a
smaller amount of GalNAc on the O-glycans of the Sersg.126-containing peptide than
HC. In addition, the CD group was found to have a lower relative abundance of SA
and lower ratio of SA per galactose in the O-linked glycans than in UC.
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Figure 5: Main associations between IgA glycosylation derived traits and IBD per
patient groups (HC = healthy controls, UC = ulcerative colitis, CD = Crohn’s disease).
The derived traits were corrected age, sex and age*sex and are shown in boxplots.
The 25th, 50th and 75th percentiles are represented in the boxes and the whiskers
are at the 1st quartile — 1.5 * IQR (inter-quartile range) and at the 3rd quartile + 1.5
* IQR. P-values, ORs and confidence intervals are reported in Supplementary Table
4. Statistically significant associations (multiple testing corrected threshold 3.70-10*
as described in the supplementary tables) are marked with an asterisk.

The ROC curves (Figure 6) that were calculated with a linear model based on the
glycopeptides most significantly associated with IBD included age, sex and their
interaction with the bisection and triantennarity of LAGC (LAGCb_CB, LAGCb_CA3),
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the bisection of sialylated diantennary LAGY glycopeptides (LAGY_A2SB) and the sum
of O-glycopeptides featuring higher number of SAs than galactoses (HYT_S>G). The
prediction power for CD vs HC was good with an AUC of 0.790 + 0.045. The power of
the model was fair for predicting UC vs HC with an area under the curve (AUC) of
0.641 £ 0.052 SE and also fair for UC vs CD with an AUC of 0.674 + 0.035.
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Figure 6: Receiver operating characteristic curves showing the power of selected
glycans traits to predict CD and UC. The mean and SE of 20 predictions are reported
for the area under the curve. The prediction model included the interactions of
age*sex *(LAGCb_CB + LAGCb_CA3 + LAGY_A2SB + HYT_S>G).

Associations of IgA glycopeptides with CD and UC disease location and behavior were
tested as previously described *# but no significant results were found in this study
(Supplementary table 6, Supplementary table 7 Supplementary table 8). No
significant associations were found between patients who received surgery vs non-
surgery patients, and no associations were found in IgA glycosylation profiles of
patients before and after surgery (Supplementary table 9).

When searching for associations of IgA glycosylation with the most potent drug
administered to the patients, UC patients using AZT/6-MP were found to have lower
galactosylation and lower sialylation of TPL and LSL peptides compared to UC
mesalazine users (Figure 7).
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Figure 7: Main associations between IgA glycosylation derived traits and
medication in CD and UC. The derived traits were corrected age, sex and age*sex
and are shown in boxplots. The 25, 50" and 75 percentiles are represented in the
boxes and the whiskers are at the 1% quartile — 1.5 * IQR (inter-quartile range) and
at the 3" quartile + 1.5 * IQR. P-values, ORs and confidence intervals are reported in
Supplementary Table 9. Statistically significant associations (multiple testing
corrected threshold 1.85-10* as described in the supplementary tables) are marked
with an asterisk.
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Discussion

With our newly developed LC-MS/MS method, we could show that CD differed from
HC in terms of IgA1 O-glycosylation as well as IgA1 and IgA2 N-glycosylation with
regard to antennarity, bisection, galactosylation, and sialylation. In UC, mostly the O-
glycosylation was altered compared to HC. Overall, for all associations of IgA
glycosylation we found between IBD and HC, CD patients seemed to have the more
extreme profile of inflammation-associated IgA glycosylation and UC is showing less
extreme profiles, similarly to what has been found for the total plasma N-glycome
and in an IgG-specific study . In the following, IgA glycosylation signatures of CD
and UC will be discussed on the background of other cohort studies covering IgA
glycosylation (Figure 8).

It is possible that with our analytical approach the changes in glycosylation observed
in the IgA captured from serum reflects more global changes in glycosylation of
immune system than what could be observed in localized tissue samples of the
inflamed areas. However, sampling serum from patients is far less invasive than
sampling tissue and is thus a more easily accessible biomarker specimen.

Antennarity and bisection

On the LAGY peptide comprising Asnsao, the glycosylation showed lower antennarity
and elevated bisection in CD patients as compared to controls, parallel to what has
been observed in other diseases such as RA and IgA nephropathy!® . In contrast,
pregnancy has been found to be associated with lower bisection as well as with a
concomitant improvement of the inflammation status in pregnant RA patients3. In
other studies, a decrease of antennarity has been observed after delivery for both
IgA and 1gG'* 3%, These two glycosylation traits were found to differ significantly
between CD and UC, however, the functional role of these differences is not clear.
These differences are also mainly IgA1 specific as IgA2 does not normally contain the
LAGC/LAGY glycopeptide, but rather has a slightly different protein backbone
MAGC/MAGY (in IgA2 isoform #P01877-1) that was not detected in our study. There
could be an exception to this in the case of a rare mutation of the IgA2 Mets19 which
causes it to have to the same glycopeptide LAG as IgAl.

Galactosylation

In this study, a lower galactosylation in CD is reported on two glycosylation sites (TPL
and LSL, Supplementary table 1), while a previous study reported no difference in
IgA galactosylation in IBD vs HC?2. This might be due to the increased performance
of our newly developed analytical workflow enabling us to handle the larger number
of cases analyzed here. Multiple studies have reported lower IgG galactosylation in
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IBD patients and other diseases as non-specific inflammation marker and this
appears to be in line with our findings for IgA, although with a less prominent effect
size® 2235 |t is known that the clearance of IgA can be affected by its terminal N-
glycosylation motifs and could thus be a factor of inflammation in IBD as well3® %7,
The changes in galactosylation on TPL are IgA2-specific, while the changes observed
on LSL are shared between IgA1 and IgA2 which could indicate a similar glycosylation
mechanism for both sites and a more pronounced pro-inflammatory profile of
IgA223,

Sialylation

The lower sialylation of N-glycans that was found on LSL and TPL glycopeptides of CD
patients has also been found to be associated with other diseases such as IgA
nephropathy and RA, and could be promoting the inflammation and, as discussed for
galactosylation, could expose more galactose-terminated glycans and impact IgA
clearance from the circulation® > 23, The opposite effect has been observed during
the late stage of pregnancy where elevated sialylation of LSL and LAGY/C
glycopeptides were found before a return to normal levels post-delivery, suggesting
an anti-inflammatory effect of higher sialylated N-glycans of IgA'® 14,

O-Glycosylation

Overall, the O-glycopeptides covered a wide range of compositions (H3.sN3.6S1:5)
containing up to 6N e.g. HAN6S2 and H4N6S2, which is in accordance with literature
data that indicates a variation in site occupancy from 3 to 6 sites with predominantly
core 1 structures®!. Our findings of lower number of GalNAcs on the IgA1 hinge-
region O-glycopeptide of IBD patients are linked to increased disease activity and are
in accordance with previous findings in IBD patients??2. These results are also
comparable to those found in IgA nephropathy and in RA (Figure 8)% 3840, The
similarities of deficient O-glycosylation in IBD and other inflammatory diseases
indicate a possible role in modulating IgA function which is however largely
unexplored**. An exception to that would be the role of agalactosylated IgA1 hinge
region O-glycans which has been reported to be a target of autoantibodies in IgA
nephropathy?®.

Intervention and medication

The low number of significant associations found between IgA and treatments,
whether surgical or medical, is most likely due to small effect size of the tested
associations and the low statistical power possible in this study with the low number
of patients in each category (Table 1) with the stringent Bonferroni correction with
270 tests performed (Supplementary table 9).
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It is interesting to note that the significant traits of IgA glycosylation associated with
medication found in this study are similar to what was previously reported with the
analysis of the TPNG where lower galactosylation in UC patients was associated with
the use of more potent drugs®. In a comparable study about IgAN, patients had lower
levels of sialylation on the TPL and LSL glycopeptide compared to the controls®.
Here, UC patients who were administered the more potent drugs similarly exhibited
lower levels of sialylation on these two glycopeptide clusters.

Methodological considerations

While sialic acids usually have a strong effect on the retention time of glycopeptides
in reverse-phase LC, as shown here for the MS2 identification data using a gradient
containing formic acid, in our high resolution MS1 method used for the high-
throughput measurements we optimized the LC conditions by adding TFA to the
eluents to prevent this effect and to allow robust data processing as previously
described®™> %7,

For the samples analyzed here, IgA concentration was not measured but it has
previously been reported that IgA concentrations do not differ between IBD and
HC*. The approach used for the sample preparation included an excess of
immunoaffinity beads for capturing and total area normalization of the extracted
glycans during data analysis enabled us to look at changes in the glycosylation profile
of IgA without correction for IgA concentration.

The LC-MS method used here is not able to provide absolute quantitative results as
no internal standard were included. However, when comparing different disease
groups on the same analytes, it is possible to estimate if a cluster, e.g., TPL (which is
specific to IgA2), is elevated compared to the other groups. In this regard, as CD had
a higher relative abundance of the TPL cluster (data not shown) compared to HC and
UC, this could indicate that the ratio IgA1/IgA2 is decreased in CD, and that the
difference in ratio could be associated with autoimmune diseases?. This could be
further investigated by quantitative assays such as isotype-specific ELISAs or by
adding isotopically labeled standards to the samples for MS analysis.

Similar studies

All the associations reported in this study were similarly reported for IgA and IgG in
IBD, IgA nephropathy, and other autoimmune disease like RA, except for the
sialylation of the O-glycans in RA and the bisection of IgG in CD vs HC (Figure 8)% '
15,22,34,38,40,45, 49 The changes in IgA glycosylation with IBD were mostly opposite of
the associations reported during pregnancy, similar to 1gG where glycosylation
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changes with inflammatory conditions were opposed to those occurring with
pregnancy®3 1434,
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Figure 8: Comparison of associations found between IgA glycosylation and IBD in
this study with IgA and IgG glycosylation associated with IBD, IgA Nephropathy, RA
and pregnancy associated changes in recent literature. A= Antennarity, B =
Bisection, G= Galactosylation, GN= GalNAc, S= Sialylation. T = Trait elevated in cases
vs HC, \/ = Trait lower in cases vs HC. In this study, the associations found between
IgA glycosylation and IBD are marked in black. In the other studies, the color green
indicates a significant association in the same direction (cases vs HC) as reported
here, red indicates association in the opposite direction, and blue indicates reported
associations that were not found in our study. The studies used for comparison are
part of the bibliography cited in this article.

Conclusion

In this study, we applied our recently developed IgA glycopeptide analytical
workflow to a large number of samples and reported novel associations of IgA
glycosylation with IBD. Our prediction model had a good performance to predict CD
versus HC whilst the discrimination power for UC was lower. The possibility to detect
IBD and discriminate CD from UC should be considered with using readily available
biofluids as a first tentative approach for the early diagnostic of IBD before
attempting invasive examination procedures for the comfort of the patients.
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Discussion and Perspectives

The work presented in this thesis has various innovative aspects. To my knowledge,
the study presented in chapter 3 is the largest analysis of the total plasma N-glycome
(TPNG) in IBD patients, considering both the discovery and replication cohorts'3. This
research is novel, including sialic acid (SA) linkage-specific information in the TPNG
and in IBD. We identified multiple associations of TPNG with Crohn's disease and
ulcerative colitis, largely replicated in the second cohort. Differences in glycan
complexity, fucosylation, bisection, galactosylation, and sialylation were found
between IBD patients and healthy controls (HCs). Novel SA linkage data showed
associations with age, sex, and IBD. Furthermore, our high-throughput method
revealed differences within the CD and UC groups regarding surgery, medication
response, and disease localization. Established inflammation markers, such as low
galactosylation in IgG and higher sialylation in acute-phase proteins, were evident in
CD and UC patients. The main findings about the glycosylation changes in
antennarity, galactosylation, bisection, fucosylation and sialic acids were reproduced
in a recent TSNG glycan study by UPLC using fluorescent procainamide labeling on
released glycans®. That study did not include sialic acids linkage specific information
like what is reported here in chapter 3, but they were able to report on a branching
difference between CD and UC due to the different retention time observed with the
al,3 and al,6-mannose arm-linked galactoses in their chromatography technique,
which was not possible with our MALDI-TOF-MS approach. Looking ahead, a method
that captures all these glycosylation features would be desirable, i.e., resolving not
only sialic acid linkage differences, but also branching differences. Combination of
ion mobility with MS detection, eventually after sialic acid derivatization, may be an
approach to achieve this goal. We also proposed specific proteins (e.g., IgA,
haptoglobin, al-acid-glycoprotein) as potential targets for future glycoproteomic
studies to better understand IBD pathophysiology and develop therapeutic targets.

In chapter 5, we applied our IgA glycopeptide analytical workflow developed for IgAN
analysis (chapter 4 to a subset of the discovery cohort of IBD patients described in
chapter 3, and report novel associations of IgA glycosylation with IBD. Our prediction
model based on IgA glycopeptides effectively distinguished CD from HCs, whilst the
model showed lower discrimination power for UC versus HCs. Plasma or serum
glycomic analyses, using readily available biofluids, could aid early IBD diagnosis and
differentiate CD from UC, reducing the need for invasive procedures. It is interesting
to see that the changes reported in the TPNG for a few glycan traits like A2FS and
A2FSB were potentially dominated by changes in IgA glycosylation as indicated by
the relative contribution of each major plasma protein to specific glycoforms* (Figure
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1). Indeed, these presumed associations between IgA glycosylation features and IBD
were confirmed in the IBD IgA targeted study presented in chapter 5.
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Figure 1: Estimated contribution of major blood glycoproteins to TPNG.

The contribution of IgA to FA2BG2S2 is highlighted with an arrow. The glycans
contributing to FA2BG2S2 appear to be largely IgA-derived, making IgA a major
contributor to the glycosylation traits A2FS and A2FSB, as postulated in the IgA
specific chapters of the thesis. The figure is taken and modified from Chapter 2.

Confirming this predicted association made from findings in the non-targeted
analysis of the TPNG with the targeted method on IgA shows the benefits of having
a global overview of the glycosylation changes in serum, and proves the potential of
TPNG analysis as starting point for biomarker research. Next to some of the IgA
glycosylation changes in IBD, the well-known alterations in the high abundant IgG
glycosylation with inflammation in general and specifically in IBD were also visible
directly in the TPNG and confirmed in another study on the same IBD samples®.
Unless specific proteins have already been proven to be the direct contributors or
targets in specific diseases, using the TPNG analysis as starting point for
investigations may be very informative.

Glycosylation's role in driving mucosal pathogenesis under chronic inflammation is
an exciting and emerging research field. Current studies have shown that
inflammation-induced changes in intestinal and immune cell glycosylation can
produce potential prognostic biomarkers and targets for developing new therapies
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to mitigate IBD-associated tissue damage. In a recent study on serum samples from
IBD patients, the main glycosylation changes about antennarity, galactosylation,
bisection, fucosylation and sialic acids were similarly to what is reported in chapter
3 of this thesis®. Their analysis goes further in the search of predictive biomarkers for
disease and treatment escalation and achieved great power in case vs controls
prediction as well as in escalation of treatment in high-risk vs low risk patients?.

The analysis of the TPNG is also aligning well with genomic studies, where the effects
of alterations in glycosylation coding genes affects glycosylation profiles drawing a
line from coding to expression®®. Overall, we observe that the insights from the
TPNG presented in chapter 2 aid in the clinical interpretation of comprehensive
plasma glycosylation analyses. This review highlights the critical need for further
protein-specific glycosylation studies to address the significant gaps in our current
understanding and is used as reference for glycosylation background in already more
than 300 research articles (scopus, July 2024).

In this thesis, the detection of rather small differences in glycosylation between CD
and UC was made possible thanks to the statistical power achieved with the large
number of samples used in the discovery cohort with findings being replicated in
another large replication cohort (chapter 3). A specific challenge addressed in this
work was the logistical complexity of performing sample randomization, which led
to the use of a robotic platform to handle the pipetting. This included optimizing the
redistribution of samples from 25 donor-specific 96-well plates, originally sorted by
disease status, into new receiver plates, while maintaining balanced distributions of
cases, healthy controls, technical and biological controls, and blanks. Furthermore,
special care was taken to limit each donor plate to a single thaw cycle and to
minimize batch effects during sample processing, ensuring to retain optimal plasma
quality. Following randomization, two batches of four 96-well plates each were
prepared daily and spotted onto MALDI target plates for subsequent MALDI-TOF-MS
analysis.

This study shows the potential and benefits of using a robotized platform for sample
randomization and sialic acid derivatization with minimum effort compared to
executing this protocol by hand, including the reduction of interday batch effects
which are important when handling such large numbers of samples. This workflow
has already been used and adapted for similar studies focused on other diseases'®
14 As described in chapter 3, it was possible to apply batch correction (performed on
logarithmically transformed data) to account for the different preparation days, as
well as position on row and column of the randomized samples on the 96-well plates
and to remove outliers from data analysis (Figure 2 and Figure 3).
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Figure 2: Batch correction applied to twenty plates of TPNG samples

Figure 2 represents the effects of batch correction (before vs. after) on all plates of
the TPNG samples analyzed in chapter 3. This batch correction considers sample
position (row, column and plate). The mean and boxplot distribution of the major
TPNG glycan H5N4E2 is represented. This batch correction method aims to model and
remove the variability associated with batch preparation due to technical variations
while retaining biologically meaningful differences.
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Figure 3: Outlier removal with a cut-off of 5x standard deviation

Figure 3 visualizes the effect of removing data outliers of one extracted analyte
(H4AN5F1E1) with a cut-off at 5x standard deviation from the mean. It is assumed that
biological differences between the groups are smaller than 5*SD and that these
outliers are due to technical artefacts during sample preparation or analysis.

A recent article expands the knowledge of blood protein N-glycosylation in a similar
manner to chapter 2, highlighting the complexity of the N-glycome, its variation
amongst different demographics, and its importance for understanding its variations
in health and disease by comparing glycosylation changes in nine different
diseases!®. They showed that the glycosylation features found in IBD patients had
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little resemblance to other diseases like breast, pancreatic and colorectal cancer or
multiple myeloma while CD and UC exhibited rather similar glycosylation signatures
(Figure 4).
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Figure 4: Forest plots visually illustrating the effect sizes of glycosylation traits
observed in various diseases.

Taken from*. The data and results from the studies on CD and UC reported in this
thesis* was used by Pongracz et.al for comparison with the glycosylation changes
generated on other diseases studied with similar methodological workflows and
reported in their respective publications. Those studies were focused on multiple
myeloma (MM)*5, colorectal cancer (CRC)*S, pancreatic cancer (PC)'Y, breast cancer
(BC)Y, type-2 diabetes (T2D)*® leishmaniasis (LM)*° and autoimmune hepatitis
(AIH)?°.

While these studies employed comparable methodologies, minor variations in
sample preparation and data analysis may have introduced slight discrepancies in
the results. Despite these differences, the most abundant glycosylation features (not
the effect size or direction) remained consistent across all studies, whereas low-
abundance analytes exhibited minor variability between individual investigations.
Importantly, the use of glycosylation traits in all analyses effectively mitigated the
impact of these inconsistencies. Importantly, glycosylation changes between healthy
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controls and disease groups were consistently observed across studies, indicating
that the cross-disease comparisons are valid and meaningful®*.

In IBD, comprising CD and UC, patients show a significant reduction in 1gG N-glycan
galactosylation and sialylation, correlating with disease severity and inflammation.
Increased core fucosylation suggests an immune-modulatory role, similar to
Rheumatoid Arthritis (RA), where 1gG shows high core fucosylation. Galactose-
deficient IgG is a key inflammatory marker linked to disease activity and often
precedes clinical symptoms?!. Compared to other inflammatory diseases, CD and UC
generally show similar glycosylation trends but rarely exhibit the most extreme
changes, except for a2,6-sialylation of tetra-antennary glycans (A4E) and a2,3-
sialylation of bi- and tri-antennary glycans (A2L, A3L). They also display a distinct
profile of multiple mannosidic structures (MM), comparable only to autoimmune
hepatitis, while most other diseases show little or no MM variation—except visceral
leishmaniasis (LM), which exhibits a marked increase. Notably, IBD has a relatively
mild inflammatory glycosylation profile, with less pronounced IgG degalactosylation
in di-antennary glycans (A2G) than e.g. LM,

IBD, including CD and UC, exhibit glycosylation changes that set it apart from other
diseases, particularly cancers, autoimmune disorders, and metabolic conditions.
Unlike Multiple Myeloma, which shows a strong skewing towards di-antennary
glycosylation due to the secretion of large amounts of monoclonal immunoglobulins,
IBD’s glycosylation appear to involve IgG and IgA, with a consistent reduction in
galactosylation and increase in sialylation. This pattern is indicative of chronic
inflammation and shared with other inflammatory and autoimmune conditions, but
distinct from cancer-related glycosylation alterations, which often involve increased
branching (tri- and tetra-antennary glycans) and more enhanced sialylation.
Pancreatic cancer (PC) and colorectal cancer (CRC) both exhibit a shift from di-
antennary to more complex tri- and tetra-antennary glycans, alongside increased
a2,6-sialylation and fucosylation, whereas IBD does not demonstrate such
pronounced branching or elevated sialylation®.

While both IBD and IgA Nephropathy (IgAN) involve altered IgA glycosylation, the
signatures are distinct. IgAN is characterized by under-galactosylation of O-glycans
in 1gA1, which is thought to promote immune complex formation and kidney
inflammation, whereas IBD shows more widespread glycosylation modifications
affecting multiple glycoproteins in the circulation, including 1gG and IgA. The
systemic nature of IBD glycosylation alterations contrasts with the kidney-specific
pathophysiology of IgAN. Similarly, autoimmune hepatitis (AIH) appeared to share
some inflammatory glycosylation features with IBD, such as decreased
galactosylation (more pronounced in AlH), but AlH also presents a marked increase
in hybrid-type glycans and core fucosylation, a trait not prominently observed in IBD.
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Moreover, AlH features a distinct reduction in di-antennary glycan sialylation and a
significant decrease in oligomannosidic structures, whereas IBD’s glycosylation
changes are less pronounced in these areas'®.

Interestingly, although IBD manifests in the gastrointestinal tract as does colorectal
cancer, their glycosylation profiles are rather different. While CRC shows a
characteristic increase in tri- and tetra-antennary glycans, unlike IBD, suggesting
distinct systemic effects. Moreover, in contrast to IBD, CRC exhibits reduced core
fucosylation of di-antennary glycans®.

Metabolic diseases such as Type 2 Diabetes (T2D) also share some glycosylation
features with PC in terms of increased a2,6-sialylation of tri- and tetra-antennary
glycans, a feature that is not prominent in IBD. This reinforces the idea that IBD’s
glycosylation changes are more aligned with chronic inflammatory processes rather
than metabolic dysregulation. Additionally, while infections such as visceral
leishmaniasis (LM) can induce strong glycosylation changes, including a marked
reduction in galactosylation of IgG, IBD presents a more moderate and chronic
version of this inflammatory glycosylation pattern rather than an acute immune
response'?,

Overall, IBD’s glycosylation signature is most similar to other inflammatory and
autoimmune diseases, particularly in its reduction in galactosylation and sialylation,
but it remains distinct from cancer-related glycosylation profiles that involve
increased branching and sialylation. The ability of IBD glycosylation to predict
treatment response, differentiates it from glycosylation signatures of other
diseases?.

In chapter 4, a new semi-automated sample preparation was developed to reduce
benchtop errors during sample preparation for IgA capturing, digestion and
glycopeptide purification and streamline glycopeptide analysis by reverse phase LC-
MS. A previously published method described a workflow for capturing, purifying,
and analyzing IgA glycopeptides using cotton-based HILIC extraction combined with
MALDI-FTICR-MS 22, Although this method provided excellent analytical
performance, it was not easily scalable beyond a small number of samples due to the
labor-intensive manual preparation of HILIC materials (cutting small cotton thread
and immobilizing it inside pipette tips), the long pipetting sequence for the capturing
and purification of the samples, and the complex data analysis required for MALDI-
FTICR-MS datasets. In the research presented here, the core elements of the original
method regarding specifically the IgA capture using camelid antibody domains
immobilized on agarose beads and protein digestion with TPCK-treated trypsin are
retained?? 23, However, significant changes were introduced for the purification and
data acquisition steps to enable high-throughput analysis of hundreds of samples. In
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this optimized workflow, IgA glycoprotein purification is performed using 96-well
filtration plates, replacing the manual HILIC pipette-tip approach. Furthermore, mass
spectrometric analysis was transitioned to an LC-MS platform, which resolved prior
challenges in simultaneously detecting high- and low-mass analytes that complicated
analysis with MALDI-FTICR-MS %2 23, To address the issue of sialic acid effects on
glycopeptide retention in reverse-phase LC, optimized LC-MS conditions were
developed by adding TFA to the eluents for the data acquisition, minimizing
retention time shifts and enabling robust, high-throughput data processing, as
described in two chapters of this thesis 2% 2>,

Our novel approach for specific IgA glycosylation analysis provides detailed
information on 69 measured IgA glycopeptides. Despite a small sample size limiting
predictive model validation for IgAN, we demonstrated that IgA glycopeptides are
better predictors of IgAN status and renal function than on lectin-based assays Gd-
IgA levels and eGFR alone. Our findings suggest new opportunities for using
glycopeptides as biomarkers for IgAN onset and progression.

After the publication of the manuscript presented in chapter 4, no other large
glycomic studies have been performed in the context of IgA nephropathy with a
similarly large number of glycans analyzed, most likely due to the technical
challenges inherent to (O-)glycopeptide analysis mentioned in the discussion. This
complicates the comparison of our findings with other research reports. A paper
published one year after the manuscript of chapter 4 was executed with a similar
setup but based on an older protocol using desialylation of the O-glycans, allowing
for simpler data analysis but lacking sialic acid information due to the neuraminidase
treatment applied to their samples®®. Nevertheless, their research confirmed the
findings reported in this thesis except the ones about SA that were out of the scope
of their research.

The sample preparation protocol that was previously used for the analysis of IgA in
our research group was executed manually, including the affinity purification, and
the samples were analyzed by MALDI-FTICR-MS (Fourier transform ion cyclotron
resonance)??. One advantage of this previous method was the high resolution
obtained from the FTICR-MS instrument used allowing for easy and highly confident
identification of the analytes, and the relatively small size of the data generated
compared to the LC-MS data presented here. Some of the drawbacks from the
previous protocol were that the sample purification had to be performed manually
with many pipetting steps for the HILIC purification, and that the analytes had to be
measured in two parts to optimize their detection with the FTICR-MS, and then
normalized together for the rest of the analysis. The very high resolution of the
analytes obtained from their research, including the MS/MS experiments performed
with direct infusion ESI-FTICR-MS allowed us to use it as a basis for the research of

231



CHAPTER 6: DISCUSSION AND PERSPECTIVES

the analytes present in the IgAN study presented here. The other approach chosen
in the study of chapter 4 and 5 with the 96-well plate sample preparation allowed
all samples to be prepared in a single campaign. For the data acquisition, the use of
exclusively LC-ESI-MS(/MS) enabled the analysis of all glycopeptides in a single run,
with the only drawback of the large size of files generated which required a
dedicated computer and a series of hard-drives to be used to process the data at
once. Overall, this approach greatly improved the workflow for the analysis of IgA
glycopeptides and allows this protocol to be used again more efficiently in future
studies.

One point that was not discussed in both the IgA papers was the comparison of the
relative intensity of the glycopeptide clusters (HYT, LSL, TPL, LAG(C/Y), and
MAG(C/Y)).The variability of ionization efficiency of each glycopeptide, the different
time windows used for the extraction of each peptide clusters, the different charge
states and different number of analytes in each peptide in addition to the differences
of glycans detected in HC vs patients renders a biologically meaningful and insightful
comparison of the sum intensities of the glycopeptide clusters level challenging due
to the many uncontrolled variables. Once the challenges are mastered, assessing the
ratios of glycopeptide clusters could for example be used for investigating if there is
a change of 1gA1/IgA2 ratio in disease. This could potentially replace additional
assays for measuring immunoglobulin isotype and subclass concentrations. While
calculating a ratio of each cluster based on the non-normalized intensity of each
individual glycopeptide is technically possible, it would be difficult to defend its use
as clinical marker due to the lack of a proper way to normalize all the intensities of
the individual glycopeptides. The perfect way to remedy this would be the use of
isotopically labeled glycopeptides for each analyte present in the samples, spiked as
reference in each sample. However, the costs in time and money spent to produce
such standards may possibly outweigh the benefits of having them. Another possible
way to still have a constant standard analyzed with each glycopeptide clusters would
be to add a single reference standard either in one of the buffers or in a very small
amount (not to disrupt too much the ionization efficiency of the sample’s analytes)
in the nano-booster solvent during the ESI to avoid gradient effects due to buffer
composition change during the elution of the analytes, and to use this as reference
to normalize the intensity of each glycopeptide cluster, then enabling their
comparison directly based on the LC-MS data.

In our study in chapter 4 and 5, we analyzed the O-glycopeptide of IgAl containing
multiple glycosylation sites as a single block. In theory, its analysis with site-specific
information would have been possible to achieve, but with much more time needed
to prepare the samples and do the multiple enzymatic digestions necessary to cleave
the peptides around the individual glycosylation sites. This would not have allowed
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the use of the robotized platform in the way we intended. A recent paper reporting
on a technique based on sequential deglycosylation of the IgA hinge region with site-
specific information about the order of most occupied Gd-IgA1 glycosylation sites,
could potentially be used on a sample set in the context of IgAN but has currently
only been tested with the plasma of ten healthy individuals?’.

When trying to explain the origin of the gd-IgA, multiple reports exist about
glycosylation ~ enzymes and altered gene coding sequences for
galactosyltransferases?® 2°. Some heterogeneity in gd-IgA has also been observed
amongst different populations although the glycosylation change with IgAN was
similar in both populations3. The reported changes in the expression of glycosylation
enzymes may explain the lower galactosylation of IgA observed in our paper.
However, if this was the main cause of gd-lgA and/or nephropathy, there should be
reports for other proteins showing deficiencies in galactosylation associated with
“IlgA”N, which is currently not the case3'3%. A study investigated together the
glycosylation changes of IgA and IgD in IgAN and while it confirmed the lower
galactosylation of IgA, the contrary was observed for IgD, leaving more questions
regarding the currently accepted explanation instead of confirming it. Although we
have reported multiple glycosylation changes in the N-glycans of IgA1 and IgA2, most
of the scientific reports seem to consider the O-glycosylation deficiency to be the
main glycosylation cause of the harmful IgA complex formation, almost completely
omitting the N-glycans from the equation3'. However, these changes in N-
glycosylation were found similarly in RA and IBD, giving hints that deregulated
glycosylation may be shared between various inflammatory and autoimmune
diseases.

The aberrant glycosylation of IgA appears central to the disease process, which leads
to the formation of IgA self-aggregates which are then recognized by various ligands,
triggering a cascade of inflammatory responses. Recent reports suggest that self-
aggregation of IgA in Nephropathy patients could involve the cysteine-471 in the
tailpiece of IgAl, although O-glycosylation deficiencies appear to promote
nonspecific self-aggregation3 3. Some other reports suggest that initial IgA
aggregates that are recognized by IgG, IgM and C3 are then later forming multi-IgA
aggregates and that these are the ones depositing in the kidneys?® 3% 37 |t has been
shown that the complement system can be triggered by multiple pathways in IgAN38
and recent studies reports that the complement protein of the complement system
plays a major role in the pathogenesis of IgAN, and that its presence in the IgA
aggregates helps the diagnosis of IgAN from other glomerular IgA deposition3® °, As
much as researchers agree that the deposition of IgA complexes in the kidneys are
an important factor for the destructive immune response occurring in IgAN, the
exact mechanisms of the disease still remain unclear®'. Researchers compared the
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serum levels of IgA and glomerular levels of secretory IgA (SIgA) in a biopsy sample
from the kidney of a nephropathy patient, and found values 120 times higher for the
SlgA, indicating a very high accumulations of SIgA, but not of monomeric IgA, in the
glomerular deposits*2. They also compared the binding affinity of monomeric and
polymeric IgA (plgA) to the mesangial cells and found a stronger binding of plgA
compared to monomeric IgA, supporting theories that abnormally glycosylated IgA,
which has a tendency to self-aggregate, and IgA complexes being involved in the
inflammatory activation chain in IgAN. Some other recent reports detail how the
aberrant glycosylation of IgA affects its binding with some of its receptors, and when
IgA receptors on cell membrane are under expressed in IgAN, can slow down the
clearance of IgA from circulation and favorize the formation of the inflammatory
complexes?. A very interesting effect is also observed when IgA1 receptors like CD71
binding preferentially polymeric IgA1 (but not the monomeric IgA1/2), or integrin
a2/B1 are found to be overexpressed in the mesangial cells of IgAN patients and
could be potential targets of new treatments?® 43 44,

In theory, any of these steps mentioned above could be the target of novel
treatments for IgAN, although most of recent developments seem to focus on the
mediation of the inflammatory reaction chain and ligands recognizing the IgA
complexes®> %6, Other current treatment candidates aim to reduce the production of
pathogenic IgA in the gut or to target B cells to reduce the production of IgA, IgG and
autoantibodies in general and to slow down the formation of the IgA-lgG-C3
complexes. There are also therapeutic strategies aimed at reducing the activation of
the complement system, while others focus more on the mitigation of the effects by
targeting a reduction of proteinuria to limit the damages to the kidneys and delay
the progression of IgAN without actually treating the cause of the disease*’>4,

Even if the perfect approach to treat and possibly cure IgAN has not yet been
proposed, it is important to see that there is a growing interest in understanding the
disease and that developing therapeutics with multiple modes of actions could be
envisaged and maybe combined for better results.

With the research presented in the different chapters of this thesis, it was
encountered that previous glycomic studies often used small sample sets and various
in-house methods, making comparisons difficult. Large-scale analyses have
previously been hampered by traditional sample preparation methods and the lack
of dedicated software. This thesis uses larger sample sets with streamlined sample
preparation, enabled by robotized platforms and new software for analyte
extraction and statistical analysis. Automated liquid handling robots improved
sample preparation consistency and reduced human error. More than a thousand
samples were included in a single glycomic study, allowing powerful statistical
corrections. In-house software was used to process large LC-MS datasets, reducing
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them from terabytes to megabytes of analyte-focused information, ready for
statistical analysis. The sample preparation techniques avoided biases associated
with glycan labeling and used protein capture based on peptide portions, reducing
analyte bias. Analyzing relative intensities per glycoprotein cluster removed
variability in protein concentration without needing an internal standard. This
approach, along with derived traits grouping similar features of analytes, provided
stronger insights into global glycosylation changes in diseases.

Overall, the analytical workflows presented in this thesis show the growing potential
of glycomic analysis in the development of non-invasive biomarkers and shines light
on the potential of robotized workflows to accelerate the research for new
biomarkers and offer clinicians alternative tools for early diagnosis, patient
stratification and personalized medicine based on easily accessible samples? 557,
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Thesis Summary

Protein glycosylation is a post-translational modification where carbohydrates
(glycans) are attached to proteins, influencing their stability, function, and immune
recognition as outlined in chapter 1 of this thesis. This process plays a crucial role in
cell signaling, inflammatory responses, and disease mechanisms. It offers great
potential for disease biomarker discovery. By studying glycomic signatures in patient
cohorts and comparing them with groups of healthy controls, the research presented
in this thesis aims to enhance disease understanding, and provide leads for
diagnostic tools and personalized treatment strategies. This thesis first provides an
overview of the glycosylation of twenty-five highly abundant human plasma
glycoproteins (chapter 2) and then investigates glycosylation changes in
inflammatory bowel disease (IBD, chapter 3 and chapter 5) and IgA nephropathy
(IgAN, chapter 4).

The two major variants of IBD are Crohn’s disease (CD) and ulcerative colitis (UC),
both chronic inflammatory conditions of the intestinal tract. The exact causes of the
diseases remain unknown, and despite available treatments, including medication
and surgery, relapses are common, and early differential diagnosis between CD and
UC remains challenging as their symptoms often overlap. The distinction between
CD and UC is essential because the therapeutic approaches differ. UC is more
localized, making surgical removal of the affected area more feasible, while CD can
affect multiple areas of the intestine at the same time, limiting surgical treatment
options. Current diagnostic techniques may take years to confirm a diagnosis,
particularly in young patients, emphasizing the need for more precise and early
biomarkers.

The research presented in this thesis focuses on plasma protein glycosylation
(chapter 3) and immunoglobulin A (IgA) glycosylation (chapter 5) as potential
biomarkers for distinguishing between these diseases and helping early patient
stratification ~ with  non-invasive procedures. Lower galactosylation of
immunoglobulin G (IgG) is a well-established marker of inflammation and has been
strongly associated with both CD and UC. Moreover, alterations in fucosylation and
sialylation patterns have been linked to disease severity and progression. Genome
studies have also identified changes in genes related to glycosylation enzymes in IBD
patients, further highlighting the connection between glycosylation and
inflammation. The glycomic studies reported here reveal changes in sialylation,
fucosylation, and branching patterns of plasma proteins in IBD patients, associating
with disease severity and treatment response. By employing advanced mass
spectrometry techniques and robust sample preparation methodology, the thesis
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provides novel insights into how glycosylation patterns relate to disease
pathophysiology, potentially leading to improved diagnostic tools.

Chapter 3 of the thesis employs high-throughput glycomic analysis using a robotic
platform and MALDI-TOF-MS to analyze total plasma N-glycosylation in over 3,500
samples, identifying numerous associations with IBD. This large-scale study provides
a robust dataset for future research and paves the way for personalized treatment
strategies. The thesis then builds upon these findings by investigating glycosylation
changes of IgA in IBD, due to its crucial role in mucosal immunity. Chapter 5 reports
new glycomic signatures that may serve as biomarkers for early disease detection
and patient stratification.

Another disease approached in chapter 4 of this thesis is IgA nephropathy. Also
called Berger’s disease, IgAN is a kidney disorder caused by abnormal glycosylation
of IgA, leading to immune complex deposition in the kidneys’ glomeruli and
progressive renal damage. The disease progresses slowly, and patients may remain
asymptomatic for years before experiencing kidney failure. Once kidney function
deteriorates significantly, treatment options are limited to dialysis or
transplantation. The underlying cause of IgAN remains poorly understood, but it is
known that the immune system produces antibodies against abnormally
glycosylated IgA, leading to immune complex formation and kidney inflammation.
Current diagnostic tools, such as kidney biopsies, are invasive and not practical for
routine screening, highlighting the need for non-invasive biomarkers. A major
challenge for the clinicians is the lack of non-invasive biomarkers for early detection.

Glycosylation abnormalities in IgAN primarily involve under-galactosylation of IgA1,
resulting in galactose-deficient IgA1 (Gd-IgA1), which promotes disease progression.
Several lectin-based assays have been used to measure Gd-IgAl levels, but they
suffer from biases due to selective glycan affinities. This thesis addresses this
limitation by developing a more precise and higher-resolution analytical method
based on mass spectrometry. Chapter 4 describes this approach, demonstrating that
it shows better association with disease severity than the existing methods. This
thesis investigates the previously reported glycosylation abnormalities in IgAN,
particularly the reported under-galactosylation of O-glycans in IgAl, and reports
novel N-glycosylation signatures of IgAN, with potential for improved IgAN diagnosis
and prognosis.

Overall, the research conducted in this thesis employs high-end analytical
techniques, including MALDI-TOF-MS (chapter 3) and LC-ESI-MS (chapter 4 and 5),
to study glycosylation patterns in great detail and at a large scale. The automation of
high-throughput glycan analysis enables the handling of thousands of patient
samples, reducing bias and increasing reproducibility and statistical power, providing
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deeper insights into disease mechanisms. A key innovation in this research is the
automation of glycan sample preparation. Using robotic platforms, the study ensures
consistent sample handling, minimizing technical variability and improving data
reliability. For plasma N-glycan analysis, a chemical derivatization technique was
applied to stabilize sialic acids, facilitating high-throughput analysis of up to 384
samples per MS run (chapter 3). For IgA glycopeptide analysis, an optimized
workflow using immobilized camelid antibody domains for IgA capture was
developed (chapter 4 and 5). This method replaces manual lectin-based approaches,
reducing bias and improving scalability.

The findings of this thesis have important biomedical and clinical implications as
discussed in chapter 6. By mapping disease-specific glycosylation changes, the
research contributes to the development of novel biomarkers for IBD and IgAN. The
identification of specific glycosylation patterns associated with disease severity and
treatment response could enable more precise patient stratification and
personalized therapeutic approaches. Moreover, the high-throughput
methodologies developed in this research set the stage for future large-scale
glycomic studies, potentially leading to new discoveries in other immune-related
diseases.

In conclusion, this thesis advances our understanding of glycosylation changes in IBD
and IgAN, providing new insights into disease processes. The research highlights the
potential of glycomic analysis for improved diagnosis and prognosis in immune-
mediated diseases.

246



CHAPTER 7: THESIS SUMMARY

Nederlandse samenvatting

Eiwitglycosylering is een post-translationele modificatie waarbij koolhydraten
(glycanen) worden gekoppeld aan eiwitten, wat hun stabiliteit, functie en
herkenning beinvloedt, zoals beschreven in hoofdstuk 1 van dit proefschrift. Dit
proces speelt een cruciale rol bij cel-cel communicatie, ontstekingsreacties en
ziekteprocessen, en biedt aanzienlijke mogelijkheden voor de ontdekking van
biomarkers voor ziekten. Door kenmerken van eiwitglycosylering in
patiéntencohorten te bestuderen en deze te vergelijken met groepen van gezonde
controles, beoogt het onderzoek in dit proefschrift het inzicht in ziekten te
verbeteren teneinde aanknopingspunten te leveren voor diagnostische
hulpmiddelen en gepersonaliseerde behandelingsstrategieén.

In dit proefschrift wordt een overzicht gegeven van de glycosylering van de
vijfentwintig belangrijkste (meest abundante) humane plasma-glycoproteinen
(hoofdstuk 2). Vervolgens wordt onderzoek beschreven naar de veranderingen in
glycosylering die worden waargenomen bij inflammatoire darmziekte
(IBD, hoofdstuk 3 en hoofdstuk 5) en IgA-nefropathie (IgAN, hoofdstuk 4). De twee
belangrijkste varianten van IBD zijn de ziekte van Crohn (CD) en colitis ulcerosa (UC),
beide chronische ontstekingsaandoeningen van het darmkanaal. De precieze
oorzaken van deze ziekten zijn nog onbekend en ondanks beschikbare
behandelingen, waaronder medicatie en chirurgie, komen terugvallen vaak voor.
Bovendien is een vroege differentiéle diagnose tussen CD en UC een uitdaging,
aangezien de symptomen deels hetzelfde zijn. Het is van essentieel belang CD en UC
te kunnen onderscheiden, omdat de therapeutische benaderingen verschillen. UC is
meer lokaal, waardoor chirurgische verwijdering van het aangetaste gebied beter
mogelijk is, terwijl CD meerdere gebieden van de darm tegelijkertijd kan aantasten,
wat chirurgische behandelingen beperkt. De huidige diagnostische technieken zijn
beperkt en het kan jaren duren voordat een diagnose is gesteld, vooral bij jonge
patiénten, wat het belang benadrukt van preciezere en vroegtijdige biomarkers.

Het onderzoek dat in dit proefschrift wordt beschreven richt zich op plasma-
eiwitglycosylering (hoofdstuk 3) en immunoglobuline A (IgA) glycosylering
(hoofdstuk 5) als mogelijke biomarkers die onderscheid kunnen maken tussen deze
ziekten en daarmee helpen bij vroege patiéntstratificatie via niet-invasieve
procedures. Lagere galactosyleringsniveaus van immunoglobuline G (IgG) worden als
marker van ontsteking toegepast bij zowel CD als UC. Bovendien zijn veranderingen
in fucosylering- en sialyleringspatronen gekoppeld aan de ernst en progressie van de
ziekte. Daarnaast zijn er in genoomstudies veranderingen geidentificeerd in genen
die coderen voor glycosyleringsenzymen bij IBD-patiénten, wat de verbinding tussen
glycosylering en ontsteking verder benadrukt.
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De eiwitglycosyleringsstudies die hier worden gerapporteerd onthullen
veranderingen in sialylering, fucosylering en complexiteit in plasma-eiwitten bij IBD-
patiénten, die verband houden met de ernst van de ziekte en de respons op
behandeling. Door gebruik te maken van geavanceerde massaspectrometrie
technologie en robuuste methoden voor monstervoorbewerking biedt dit onderzoek
nieuwe inzichten in hoe glycosyleringspatronen verband houden met
ziektefysiologie, wat kan leiden tot verbeterde diagnostische
hulpmiddelen. Hoofdstuk 3 van dit proefschrift maakt gebruik van high-throughput
eiwitglycosyleringsanalyse met een robotplatform en een zogenaamde MALDI-TOF
massaspectrometer om de totale plasma N-glycosylering in meer dan 3.500
monsters in kaart te brengen, waarbij talrijke associaties met IBD worden
geidentificeerd. Deze grootschalige studie biedt een robuuste dataset voor
toekomstig  onderzoek en effent het pad voor gepersonaliseerde
behandelingsstrategieén.

Vervolgens worden deze resultaten verder geévalueerd door
glycosyleringsveranderingen van IgA bij IBD te onderzoeken, vanwege de cruciale rol
van IgA in mucosale immuniteit. Hoofdstuk 5 rapporteert nieuwe kenmerken van
eiwitglycosylering die mogelijk kunnen dienen als biomarkers voor vroege
ziektedetectie en patiéntstratificatie.

Een andere aandoening die in hoofdstuk 4 van dit proefschrift wordt beschreven
betreft IgA-nefropathie, ook bekend als de ziekte van Berger. IgAN is een
nieraandoening die wordt veroorzaakt door abnormale glycosylering van IgA, wat
leidt tot de vorming van immuuncomplexen in de glomeruli van de nieren en
progressieve nierbeschadiging. De ziekte vordert langzaam, en patiénten kunnen
jarenlang asymptomatisch blijven voordat ze nierfalen ervaren. Echter, wanneer de
nierfunctie eenmaal verslechtert zijn de behandelingsopties beperkt tot dialyse of
transplantatie. De onderliggende oorzaak van IgAN is slecht begrepen, maar het is
bekend dat het afweersysteem antilichamen produceert tegen abnormaal
geglycosyleerd IgA, wat leidt tot immuuncomplexvorming en nierontsteking.

Huidige diagnostische hulpmiddelen, zoals nierbiopten, zijn invasief en niet praktisch
voor routinematige screening, wat de noodzaak benadrukt van niet-invasieve
biomarkers. Het gebrek aan niet-invasieve biomarkers voor vroegdetectie vormt een
belangrijke uitdaging voor clinici. Glycosyleringsafwijkingen bij IgAN betreffen
voornamelijk lagere galactosyleringsniveaus van IgAl, wat resulteert in galactose-
deficiént IgAl (Gd-IgAl), dat de ziekteprogressie bevordert. Verschillende lectine-
gebaseerde assays zijn gebruikt om Gd-IgAl-niveaus te meten, echter zulke
methoden zijn van beperkte waarde door selectieve glycaan-affiniteiten.

248



CHAPTER 7: THESIS SUMMARY

Dit proefschrift behandelt deze beperking door een nauwkeurigere en hoge-
resolutie analytische methode te ontwikkelen op basis van
massaspectrometrie. Hoofdstuk 4 beschrijft deze aanpak en toont aan dat deze een
betere associatie met de ernst van de ziekte vertoont dan de bestaande methoden.
Dit proefschrift onderzoekt de eerder gerapporteerde glycosyleringsafwijkingen bij
IgAN, met name de gerapporteerde verlaagde galactosyleringsniveaus van O-
glycanen in IgA1, en rapporteert nieuwe N-glycosyleringskenmerken van IgAN, met
mogelijkheden voor verbeterde diagnose en prognose van IgAN.

Over het algemeen wordt in het onderzoek dat in dit proefschrift wordt beschreven
gebruik gemaakt van geavanceerde analytische technieken, waaronder MALDI-TOF-
MS (hoofdstuk 3) en LC-ESI-MS (hoofdstuk 4 en hoofdstuk 5), om
glycosyleringspatronen op grote schaal te bestuderen. De automatisering van high-
throughput glycaananalyse maakt de verwerking van duizenden patiéntmonsters
mogelijk, vermindert bias, verhoogt de reproduceerbaarheid en statistische kracht,
en biedt diepere inzichten in ziekteprocessen.

Een belangrijke innovatie in dit onderzoek is de automatisering van de
voorbewerking van glycaanmonsters. De inzet van robotplatforms geeft deze studie
een consistente monstervoorbewerking, wat technische variabiliteit minimaliseert
en de betrouwbaarheid van gegevens verbetert. Voor plasma N-glycaananalyse
wordt een chemische derivatisatietechniek toegepast die siaalzuren stabiliseert,
waarmee analyse van maximaal 384 monsters per MS-run wordt vereenvoudigd
(hoofdstuk 3). Voor IgA-glycopeptidenanalyse wordt een geoptimaliseerde
workflow ontwikkeld met geimmobiliseerde kameelachtige antilichaamdomeinen
voor IgA-invang (hoofdstuk 4 en hoofdstuk 5). Deze methode vervangt handmatige
lectine-gebaseerde benaderingen, vermindert bias en verbetert schaalbaarheid.

De bevindingen beschreven in dit proefschrift hebben belangrijke biomedische en
klinische implicaties, zoals besproken in hoofdstuk 6. Door ziekte-specifieke
glycosyleringsveranderingen in kaart te brengen, draagt het onderzoek bij aan de
ontwikkeling van nieuwe biomarkers voor IBD en IgAN. De identificatie van specifieke
glycosyleringspatronen die verband houden met de ernst van de ziekte en de
respons op behandeling kan meer precieze patiéntstratificatie en gepersonaliseerde
therapeutische benaderingen mogelijk maken ("zorg op maat”).

Bovendien vormen de ontwikkelde high-throughput methoden in dit onderzoek de
basis voor toekomstige grootschalige eiwitglycosyleringsstudies, die mogelijk leiden
tot nieuwe ontdekkingen bij andere immuun-gerelateerde aandoeningen.

Kortom, door het onderzoek dat is beschreven in dit proefschrift verbetert ons
begrip van glycosyleringsveranderingen bij IBD en IgAN en worden nieuwe inzichten
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in ziekteprocessen verkregen. De resultaten laten het potentieel zien van
eiwitglycosyleringsanalyse voor verbeterde diagnostiek en prognose bij
immunologische ziekten.
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