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Zusammenfassung

Die Glykosylierung ist eine wichtige posttranslationale Modifikation von 16slichen-
und membrangebundenen Proteinen. N-Glykane nehmen eine bedeutende Rolle in der
Proteinfaltung, Proteinstabilitat und -funktionen ein und haben entscheidenden Einfluss
auf Prozesse wie Zellerkennung, Zell-Zell-Wechselwirkungen, Zell-Zell-Kommunikation
und Adhesion. Anderungen in der Glykosylierung wurde in vielen pathologischen
Prozessen, wie Entziindungen und Malignomen beobachtet, was zu Studien der N-
Glykananalyse als potentiell diagnostische oder prognostische Biomarker gefiihrt hat.
Obwohl in diesem Zusammenhang mehrere Biomarker vorgeschlagen wurden, wurde der
Einfluss pra-analytischer Bedingungen beziiglich der Ergebnisse unzureichend betrachtet.
Ein Ziel dieser Arbeit war zu untersuchen, wie pra-analytische Variablen, beispielsweise
die Gerinnungszeit, Ergebnisse beeinflussen kénnen und zu falschen Schlussfolgerungen
fiihren. Wir erwarteten, dass die Aktivitdit von Exoglykosidasen, wie Sialidasen und
Mannosidasen, von der Lagerungszeit und Lagerungstemperatur bis zur Bearbeitung der
Proben abhangig ist. Weiterhin wurde untersucht, ob sich die Komposition des Serum-
und Plasmaglykoms, nach lytischer Freisetzung der Glykoproteine aus leukozytischen
intrazellularen Organellen, dndert. Eine weitere potentielle Fehlerquelle konnen von der
Erythrozytenoberfliche abgeloste Glykoproteine sein. Die N-Glykane von Serum- und
Plasma-Glykoproteinen ~wurden enzymatisch mit PNGase F freigesetzt und
volumenanteilig geteilt. Ein Teil wurde permethyliert und mit MALDI-TOF-MS analysiert,
der andere Teil chemisch desialyliert, mit APTS derivatisiert und mittels CE-LIF gemessen.
Die statistische Analyse wurde mit SPSS durchgefiihrt. Die Ergebnisse dieser Studie
wurden als Empfehlung von pré-analytischen Bedingungen fiir die Glykomanalyse von
humanem Serum und Plasma publiziert. Dartiiber hinaus werden niitzliche Informationen
fiir zukiinftige Untersuchungen von glykanbasierten Biomarkern im gesunden Korper
und bei Krankheiten bereitgestellt. Unsere Untersuchungen zeigten, dass hamolysierte
Proben zu falschen Ergebnissen fithren, sodass fiir den zweiten Teil dieser Arbeit
ausschliefilich nicht-hamolysierte Proben verwendet wurden.

Die Sialylierung ist von fundamentaler Bedeutung fiir das Verstindnis der

Ursachen und den pathologischen Anderungen des Serumglykoms. In humanem Blut und



Geweben sind Sialinsdauren entweder a-2,3 oder a-2,6 mit den Galaktosen verkniipft. Da
sie die am meisten exponierten Monosaccharide gegeniiber der Umgebung sind, spielen
sie eine Schliisselrolle in vielen biologischen Prozessen, einschliefilich der Karzinogenese.
Bisherige Untersuchungen zeigten, dass eine Zunahme der Sialinsduren im Serum-N-
Glykom mit dem Ovarialkarzinom korreliert, jedoch wurden die Bindungstypen der
Sialinsduren von Serum-Glykoproteinen nicht untersucht. Die Arbeitsgruppe von Prof.
Blanchard identifizierte kiirzlich charakteristische Anderungen im Serumglykom, welche
zu einem Wert (GLYCOV) kombiniert wurden und eine bessere diagnostische Leistung,
fiir das epitheliale Ovarialkarzinom gegeniiber dem routinemafSiigen Serummarker CA125,
selbst filir Patientinnen im Friihstadium, zeigte. Der GLYCOV beinhaltet sieben sialylierte
N-Glykane, jedoch wurden deren Bindungstypen beziiglich der Sialinsauren bis jetzt nicht
untersucht. In diesem Zusammenhang sollten aus einem Patienteninnenkollektiv mit
epithelialen Ovarialkarzinom weitere Informationen hinsichtlich der Sialylierungsmuster
generiert werden. Zunachst musste aus einer Vielzahl bislang veroffentlichter Methoden,
eine geeignete Derivatisierung ausgewahlt werden. Dazu wurden mehrere Methoden fiir
ihre Verwendung der Ovarialkarzinom-Proben getestet und ausgewertet. Im Anschluss
wurde die ausgewdhlte Methode verwendet, um die Sialylierung im Serum von
Ovarialkarzinom-Patientinnen zu untersuchen.

Die Studie umfasste mehr als 100 Patientinnen mit allen FIGO Stadien (I, II, IIT und
IV) sowie alterskorrelierten gesunden Kontrollen. Die N-Glykane von Serum-
Glykoproteinen wurden mit PNGase F freigesetzt und mit 1-Hydroxybenzotriazol sowie
1-Ethyl-3-(3-(dimethylaminopropyl)carbodiimid als Aktivatoren der Amidierung
derivatisiert. a-2,6-verkniipfte Sialinsauren wurden mit Dimethylamin zu einen pH-
stabilen Produkt amidiert, wohingegen «-2,3-verkniipfte Sialinsduren mit der
benachbarten Galaktose laktonisiert und anschlieffend mit Ammonium amidiert wurden.
Die Analyse erfolgte mittels MALDI-TOF-MS und die statistische Auswertung wurde mit
SPSS und MedCalc durchgefiihrt. Dabei sollten die Ergebnisse hinsichtlich der
Verkniipfung von Sialinsduren fiir eine verbesserte Diagnostik des Ovarialkarzinoms
abgeschdtzt und evaluiert werden. Die beobachteten Unterschiede des
Sialylierungsverhaltnisses von a-2,3/a-2,6-Sialylierung ermoglichte, in Kombination mit

dem routinemaflig verwendeten Ovarialkarzinom Biomarker CA125, eine verbesserte



Diagnostik mit einer Sensitivitdt von 89.6 % und Spezifitit von 100%. Unter alleiniger
Verwendung von CA125 konnte eine Sensitivitat von 84.4% und Spezifitat von 97% erzielt

warden.



Abstract

Glycosylation is an important post-translational modification of both soluble and
membrane-bound proteins. N-Glycans have a significant role in in protein folding, protein
stability and functions, as well as cell recognition, cell-cell interactions, cell-cell
communication and adhesion. Changes in glycosylation were observed in many
pathological processes, for example inflammation and malignancies, which had led to
studies of N-glycans as potential diagnostic or prognostic biomarkers. While several
biomarkers have been suggested, there has been a lack of studies on how preanalytical
conditions influence the results of glycomic studies. One aim of this thesis was to
investigate how preanalytical variables such as time of coagulation can influence the
results and bring to inaccurate conclusions. I expected that the activity of exoglycosidases
such as sialidases and mannosidases depend on the time and temperature at which the
samples are stored before being processed. In addition, it was investigated how the
composition of the serum/plasma glycome is modified when glycoproteins from
intracellular cell organelles are released from leukocytes that are undergoing lysis.
Another potential source of errors could be the shedding of cell surface glycoproteins from
erythrocytes. Glycoproteins from serum/plasma released by PNGase F digestion and part
of the N-glycan pool was permethylated and analyzed by MALDI-TOF-MS and the rest of
the pool was chemically desialylated, derivatized with APTS and measured by CE-LIF.
Statistical analysis was performed with SPSS. The results of experiments were published
as recommendations for the preanalytical conditions for glycome analysis in human serum
and plasma. This study provided useful information to the future use of glycan-based
biomarkers in health and disease and for the second part of this study. The investigation
showed that samples, which are hemolysed, might provide inaccurate results, thus only
non-hemolysed samples were used for the second part of this thesis.

Sialylation is of fundamental importance for understanding the causes and
pathological alterations of the serum glycome. In human blood and tissues, sialic acids are
either a-2,3- or a-2,6-linked to galactoses. As they are the most exposed monosaccharides
to the outer environment, they play a key role in many biological processes including

cancerogenesis. To date, although increases of sialic acids in the serum glycome have been



correlated with ovarian cancer, the type of sialic acid linkage on serum glycoproteins has
not been investigated. The group of Prof. Dr. rer. nat. Blanchard recently identified
characteristic changes of the serum glycome that were combined in a score named
GLYCOV that could diagnose primary epithelial ovarian cancer in a better way than
CA125 the routine serum marker even for early stage patients. GLYCOV contains seven
sialylated N-glycans but the type of sialic acid linkage has not been investigated yet. The
second aim of this thesis was to obtain information about sialylation patterns from a
cohort of more than 100 ovarian cancer patients regarding sialic acid linkages. Firstly, a
suitable derivatisation had to be selected from a wide range of previously published
methods. Multiple methods were tested and evaluated for their use with ovarian cancer
samples. Secondly, the selected method was applied to investigate the type of sialylation
in the serum of epithelial ovarian cancer.

A cohort of more than 100 patients including FIGO stages I, II, IIT and IV as well as
age-matched controls was enrolled in this study. Glycoproteins from serum were released
by PNGase F digestion and the N-glycan pool was derivatized using 1-
hydroxybenzotriazole and 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide as activators
for amidation. a-2,6-Linked sialic acids were amidated with dimethylamine forming pH
stable products, while the a-2,3-linked sialic acids were lactonized with the neighboring
galactose and subsequently amidated with ammonia and measured by MALDI-TOF-MS.
Statistical analysis was performed with SPSS and MedCalc to evaluate if the information
regarding sialylation linkage enables improvement in ovarian cancer diagnostic. The
observed differences in a-2,3/a-2,6-sialylation ratio in combination with routinely used
ovarian cancer biomarker CA125 enabled improved ovarian cancer diagnostic with
sensitivity and specificity of 89.6% and 100%, respectively. CA125 alone showed

sensitivity of 84.4% and specificity of 97%.
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Chapter 1

General introduction
Glycosylation

Glycosylation is one of the many observed co- and post-translational modifications
(PTM) of proteins and lipids, such as phosphorylation, sulfation, acetylation and others,
however, due to the number of enzymes involved in glycan production and lack of
templates, glycosylation is the among the more complicated PTMs [1, 2]. On the protein
level, glycosylation plays important role in protein folding, protein stability and functions
[2]. For example, a large glycan content protects proteins from protease activity due to steric
hindrance or gain of negative charge [3]. On the cellular level, glycans are densely coating
the cell surface forming “glycocalyx”, which is involved in processes such as cell
recognition, cell-cell interactions, cell-cell communication and adhesion [3]. These glycans
are involved in immune processes [4-9], such as T-cells interactions with an infected cell [10].

N-Linked glycosylation occurs at Asn residues of a sequon Asn-X-Ser/Thr via a N-
glycosidic bond, where X is any amino acid except from Pro [11]. However, various amino
acids at the X position result in various efficiencies of core glycosylation [12]. Additionally, it
was reported that the amino acid following this sequence (sometimes referred to as Y) plays
also a role in the efficiency of core glycosylation [13, 14].

Only one acidic monosaccharide N-acetylneuraminic acid (NeubAc) and six neutral
monosaccharides: hexoses glucose (Glc), galactose (Gal), and mannose (Man); N-
acetylhexoses N-acetylglucosamine (GIcNAc) and N-acetylgalactosamine (GalNAc); and
deoxyhexose fucose (Fuc) are used in humans to synthesise diverse N-glycans and O-
Glycans. A second acidic monosaccharide N-glycolylneuraminic acid (Neu5Gc) is observed
in mammalian N-glycans and in some cancers [15]. Monosaccharides commonly observed in
mammalian N-glycans together with their notations as proposed by Consortium for

Functional Glycomics (CFG) are shown in Figure 1 [16].
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Glucose Galactose Mannose
(Glc) (Gal) (Man)
OH OHOH OH
) o) ko)
HO HO
HO HO HO
OH ™oy OH ™ on OH
o O [
N-Acetylglucosamine N-Acetylgalactosamine Fucose
(GIcNACc) (GalNAc) (Fuc)
OH OHOH OH
HaC,
o) o) 0
HO
HO HO HO
NHAC “OH NHAC “'OH OH ™ oH

H

N-Acetylneuraminic
acid
(Neu5Ac)

OH

Figure 1 Monosaccharides and their corresponding CFG notations.

All glycans have the same core structure, consisting of two GIcNAc residues and
three mannose residues (MansGIcNAc2). Additional residues are attached to this core
structure, forming three N-glycan types (Figure 2). When only mannose residues are added
to the core, high-mannose glycans are formed. Complex-type N-glycans result from the
addition of GlcNAc residues, giving antennae. And finally, hybrid N-glycans are formed
when one arm contains only mannose residues and the second arm contains one or two

antenna(e) [11].
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complex-type hybrid-type high-mannose-type

13 S PR}

core structure

Figure 2 N-glycan types.

Biosynthesis of /V-Glycans

The first seven steps of N-glycan biosynthesis (Figure 3) occur on the cytoplasmic
side of the endoplasmic reticulum (ER) membrane. Monosaccharides first need to be
activated into sugar nucleotide donors. The biosynthesis of N-glycans begins with the
synthesis of dolichol pyrophosphate N-acetylglucosamine (Dol-P-P-GlcNAc) by reaction of
UDP-GIcNAc with Dol-P catalysed by enzyme GlcNAc-1-phosphotransferase and is crucial
in early embryogenesis [17]. The second GIcNAc residue is transferred by GIcNAc-
transferase followed by five additions of mannose residues catalysed by enzymes Man-
transferases. The resulting MansGIcNAc2-P-P-Dol is then transferred to the lumen of the ER
by a Mans-GlcNAc.-P-P-Dol flippase [18].

This MansGlcNAc2-P-P-Dol is further extended in the lumen of ER by stepwise
addition of four more Man residues transferred from Man-P-Dol and three Glc residues
from Glc-P-Dol donors, producing an oligosaccharide made of 14 monosaccharides, namely
the N-glycan precursor Glc:-ManyGlcNAc:-P-P-Dol. There are three additional flippases
involved in the N-glycan biosynthetic pathway - two transferring Dol-P bound
monosaccharides to the lumen of ER (Man-P-Dol flippase and Glc-P-Dol flippase) and Dol-
P-P flippase, which returns Dol-P back to the cytosolic side, where it can further participate
in new biosynthetic cycles [18]. The Dol-bound monosaccharides are synthetized on the
cytoplasmic side of the ER from Dol-P and either GDP-Man or UDP-Clc, these are then

flipped and used in the ER lumen by their respective glycosyltransferases.
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The N-glycan precursor Glcs-MansGleNAc2-P-P-Dol can be then transferred to a Asn-
X-Ser/Thr sequon of a newly synthesised protein by the enzyme complex
oligosaccharyltransferase (OST). Subsequently, the first two Glc residues are trimmed by «a-
glucosidase I and a-glucosidase II. At this point, the lectin chaperones calnexin and
calreticulin (CRT) in complex with ERp57 interact with the nascent glycoprotein and initiate
protein folding in a “calnexin cycle”. Incompletely folded glycoproteins are re-glucosylated
and re-enter the cycle. Properly folded glycoproteins are trimmed again in the ER by a-
glucosidase II and a-mannosidase, removing the last Glc and the Man residue of the middle
arm, respectively.

This MansGIcNAc:-protein is transferred to the Golgi apparatus, where
a-mannosidases IA-IC remove three Man residues, forming MansNAc:-protein, which
serves in the medial-Golgi as a precursor structure for the synthesis of complex and hybrid
N-glycans. Thereafter, a GIcNAc residue is added to the al-3 mannose of the precursor
structure by the enzyme N-acetylglucosaminyltransferase-I —(GlcNAcT-I) and
GlcNAcMansGIcNAc: is then formed by cleavage of the remaining two Man residues at a1-3
and al-6 positions, which is catalysed by a-mannosidase II.

Hybrid N-glycans are the result of incomplete processing by this enzyme. The
production of complex-type N-glycans continues with an addition of a second GIcNAc to the
al-6-linked core Man, and further branching can be achieved by activities of GIcNAc-T-IV
and GIcNAc-T-V, resulting in tri- and tetraantennary N-glycans. Additionally, so-called
bisecting N-glycans are formed by an activity of the enzyme GIcNAc-T-III, which adds

GlcNAC to the first Man of the core.
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Figure 3 N-Glycan biosynthesis pathway occurring in the endoplasmic reticulum and in the Golgi complex. I -
GIcNAc-1-phosphotransferase, 11 — GlcNAc-transferase, IIl — Man-transferase, IV — Glc-transferase, V —
Oligosacharyl transferase, VI — a-Glucosidase I, VII — a-Glucosidase 11, VIII — ER a-Mannosidase, IX — Golgi a-
Mannosidase I, X — GIcNAc-transferase I, XI — Golgi a-Mannosidase II, XII — Fuc-transferase, XIII — Gal-

transferase, XIV — Sia-transferase.

In the trans-Golgi, N-glycans can be further elongated and capped by activity of
galactosyltransferases and sialyltransferases, which add to the glycan heterogeneity. Specific

sialyltransferases will be addressed in more detail in the next chapter.

Sialic acids

The term sialic acids covers a family of over 50 monosaccharides most commonly
found on the non-reducing termini of glycan chains, which are diverse both in structure and
linkage [19, 20]. The most common sialic acid is N-acetyl-neuraminic acid (Neu5Ac) — a 9-
carbon acidic sugar with a N-acetyl group at the C-5 position. This C-5 position can

naturally be hydroxylated instead, creating 2-keto-3-deoxynononic acid (Kdn).
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Alternatively, in N-glycolylneuraminic acid (Neu5Gc) the 5-N-acetyl group is hydroxylated

(Figure 4).
2-keto-3-deoxynononic N-Acetylneuraminic N-Glycolylneuraminic
acid acid acid
(Kdn) (Neu5Ac) (Neu5Gc)

OH
OH

Figure 4 Chemical structures and CFG notations of sialic acids.

Other modifications, such as O-acetylation, O-sulfation, O-methylation and others
are possible on positions C-4, C-7, C-8 and C-9, leading to great diversity. Most commonly,
the C-2 position forms o linkages between sialic acid and other carbohydrates in reactions
catalysed by enzymes called sialyltransferases, which will be introduced later in this

chapter.
CMP-Sialic acid biosynthesis

As briefly mentioned before, the glycan biosynthetic pathway requires all
monosaccharides to be activated to form of a sugar nucleotide. In the case of sialic acids,
cytidine triphosphate serves as activator and resulting CMP-NeuAc is used as a donor for
sialyltransferase reactions in the Golgi apparatus. The de novo production of CMP-Neu5Ac
(Figure 5), the most common sialic acid, is initiated by production of N-acetylmannosamine
(ManNAc) from UDP-N-acetylglucosamine (UDP-GIcNAc) [21]. Bacteria can convert
ManNAc to Neu5Ac in a condensation reaction with phosphoenolpyruvate, which is
catalysed by NeuNAc synthase [22].

In mammals, the produced ManNAc is firstly phosphorylated by ManNAc kinase to
give ManNAc-6-phosphate (ManNAc-6-P), which then reacts with phosphoenolpyruvate,
similarly to the bacterial pathway, to form N-acetylneuraminic acid-9-phosphate

(NeuAc-9-P), in a reaction catalysed by NeuAc-9-P synthase [23]. In the next step, NeuAc-9-
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P is dephosphorylated by NeuAc-9-P phosphatase to Neu5Ac. In the last step CMP-sialic
acid synthetase catalyses the reaction of CITP with NeubAc forming CMP-NeubAc, which
then diffuses from the nucleus to the cytoplasm, from where it is specifically transported by
CMP-sialic acid transporter (CST) into the lumen of the Golgi apparatus, where Neu5Ac is

added to nascent carbohydrate chains.
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Figure 5 Sialic acid synthesis in bacteria and mammals.

Human sialyltransferases

CMP-Sialic acid transfer to a terminal Gal (or less often GalNAc residue) is mediated
by enzymes named sialyltransferases. Mammalian sialyltransferases are Golgi membrane-
bound proteins of type II; The mammalian sialyltransferase family has more than 20
members, which are generally linkage and substrate specific [24]. The a6-sialyltransferases
(ST6Gal I, II) and a3-sialyltransferases (ST3Gal I-VI) facilitate the transfer of CMP-sialic acid
to a terminal Gal with an «-2,6-linkage and «a-2,3-linkage, respectively. Alternatively, a-2,6-
linkage of sialic acids to GalNAc by ST6GalNAc I-V was described in O-glycans and
gangliosides [24-26]. Production of polysialic acids is mediated by a8-sialyltransferases
(ST8Sia I-V), which specifically elongate the previously a-2,3-linked NeubAc to Gal (Figure
6).
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Figure 6 Chemical structures and CFG notations of A) a-2,3-linked Neu5Ac to Gal, B) a-2,6-linked Neu5Ac to
Gal and C) poly-a-2,8-Neu5Ac.

Sialic acids in immunity

Due to their universal occurrence on the surface of cells and their negative charge,
sialic acids alter cell biophysical properties, for example contributing to the hydrophilicity
and negative charge repulsion between cells [6]. Sialic acids, located at the termini of N-
glycans, are recognisable by various receptors and glycan binding proteins, such as siglecs
(sialic acid-recognising Ig-superfamily lectins), these interactions then mediate inter- and
intra-cellular communications, especially by cells of the hematopoietic system [5, 27]. Siglecs
contribute to the interactions of both innate and adaptive immunity system [28]. The first
four discovered siglecs were sialoadhesin (Siglec-1, CD169), which was found on
macrophages to form rosettes with sheep erythrocytes [29] and having similar sequence as
other members of immunoglobulin superfamily CD22 (Siglec-2) [30], CD33 (Siglec-3) [31],
and myelin-associated glycoprotein (MAG; Siglec-4) [32]. All these molecules recognise
sialic acid; however, their specificities differ [33]. For example, CD22 recognises the a-2,6-
linked sialic acid, but does not show binding to a-2,3-linked sialic acids, whereas oligo- and
polysialic acids are specifically recognised by Siglec-7 and Siglec-11 [28].

The complement system has a very important role in pathogen recognition and

opsonization and consists of three pathways — the classical pathway, the lectin pathway and
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the alternative pathway [34]. Sialic acids contribute to the regulation of complement system
in multiple ways. Firstly, sialic acids on the surface of cells interact with the regulatory
protein factor H, thus recognise cells as “self” and protect the cell surface from the
alternative complement pathway [6, 35]. The complement factor H recognises «-2,3-linked
sialic acids [36] and is itself mostly a-2,6-sialylated [37]. Secondly, sialic acids also contribute
to the innate immune system by inhibition of complement C3 activation [38]. On the other
hand, the lectin pathway is initiated when ficolins (oligomeric lectins) recognise sialic acids

on pathogen surfaces [34, 39].
N-Linked glycosylation in cancer

Altered glycosylation has been observed in cancer, such as increased branching,
fucosylation and sialylation [40, 41]. Increased branching has been associated with
metastasis [42] and in breast and colon cancer correlated with the disease stage [43].
Fucosylation, which results from the activity of eleven different transferases, has been
thoroughly studied in the context of cancer [44, 45]. Fucosyltransferases can connect fucose
to nascent glycans via four different types of linkages: a-1,2 (FucT1 and 2), a-1,3 and a-1,4
(FucT3-7 and 9) and core a-1,6 (FucT8) [44]. Miyoshi et al. [45] reported increased expression
of al-6FucT in multiple cell lines, namely lung, gastric and colon cancer. Kyselova et al. [46]
observed increased sialylation and fucosylation together with a decrease of smaller N-glycan
structures during breast cancer progression. Increase of antennarity and fucosylation has
been also observed by Biskup et al. in ovarian cancer serum [47, 48] and ascites [49]. On the
other hand, high-mannose structures were decreased in both ovarian cancer sera and ascites
[47-49]. Interestingly, De Leoz et al. observed increased high-mannosylation in breast cancer

in mouse and human sera when only neutral N-glycans were measured [50].
Sialylation in cancer

As already mentioned, sialic acids are widely expressed on physiologically normal
cells and proteins. However, in carcinogenesis, mechanisms causing abnormal sialylation
were described [51]. Firstly, increased expression and/or changed activity of

sialyltransferases were reported in carcinomas. For example, increased expression of
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ST6Gal-I1 was reported for acute myeloid leukaemia [52], some brain tumours [53], breast
carcinoma [54], cervical carcinoma [55], choriocarcinoma [56], colorectal carcinoma [57] and
ovarian cancer [58, 59]. For example, pro-apoptotic galectin functions are negatively
regulated by a-2,6-linked sialic acids [60].

Addition of sialic acids leads to non-specific charge repulsion effects, preventing cell-
cell interactions [60]. In ovarian cancer cells, ST6Gal-I overexpression induces invasive
phenotype due to increased sialylation of {31 integrins, which leads to increasing cell motility
[61]. Additionally, ST6Gal-I contributes to the resistance of tumour cells to treatment [62, 63].
Britain et al. reported that increased a-2,6-sialylation of receptor tyrosine kinase EGFR by
ST6Gal-1 inhibits Gefitinib-mediated apoptosis, therefore leads to increased tumour cell
survival [62]. Cui et al. published that higher expression of ST6Gal-I in cancer stem-like cells
in colorectal carcinoma resulted in poorer 5-year survival rates of patients due to
contributions to chemo-resistance [63].

Changes in expression of not only sialyltransferases but also other
glycosyltransferases lead to the production of abnormal structures known as tumour-
associated carbohydrate antigens (TACA) [5]. Reports have linked the occurrence of certain
TACAs to increased metastatic potential, for example SLex and SLe? which serve as antigen
for E-selectins and promote adhesion to vascular endothelium [64, 65]. Production of SLe¥?
is a result of combined increased expression of FucT and ST3Gal and was described for
example in breast cancer [66]. Ricardo ef al. [67] reported higher expression of SLe? and SLex
on mucins MUC16 and MUCT in serous ovarian tumours.

Sialyl-Thomsen-nouveau antigen (STn), described on O-glycans as sialylated Tn
(Ser/Thr-GalNAc), is correlated with increased cancer invasion and metastasis [68]; and
relationship has been found between its expression and resistance to adjuvant
chemotherapy [69]. The sialylated glycosphingolipid ganglioside GD2 and its precursor GD3
were overexpressed in breast cancer and other cancers, however, their function is not clear
[70].

In the last decade, TACAs were widely investigated for their potential in
development of cancer vaccines and cancer immunotherapies [71-74]. Unfortunately, the

immune response to TACAs is T-cell-independent and thus approaches to improve their
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immunogenicity were implemented. One promising option, tested in a clinical phase 1
study, is to use TACAs bound to peptides [73].

Thirdly, even though humans are not able to synthesise Neu5Gc due to exon deletion
in the CMAH gene encoding CMP-Neu5Ac-hydroxylase, Neu5Gc acquired from dietary
sources can be processed and presented on cell surfaces. This process is not observed in
normal human tissues but does occur in cancer cells [75]. It was reported that the main
source of dietary Neu5Gc is red meat, namely beef and pork, but also in goat’s milk cheese
as well as caviar [76] and that chronic inflammation might be enhanced in Neu5Gc-positive
tumours in the presence of anti-Neu5Gc antibodies [77]. In humans, organ accumulated
Neu5Gc and long-term inflammation exposure lead to increased cancer incidence in the

colon, prostate and ovary [76].

Ovarian cancer markers

Serum tumour markers are used not only for screening and differential diagnosis,
but also serve as prognostic markers and are used to monitor treatment response and
recurrence. The most commonly used tumour marker for ovarian cancer is a glycoprotein,
specifically a peptide epitope of mucin 16 (MUC16) also known as cancer antigen 125
(CA125) [78]. CA125 is detected using monoclonal antibody OC125 as capture antibody in
combination with detection antibody. The clinically used cut-off value is 30-35 U/ml [78].
The CA125 marker shows a specificity of 94-98.5%, but has rather low sensitivity (50-62% for
early stage epithelial ovarian cancer) [79]. This limits its use for screening in asymptomatic
women. Elevation of CA125 concentration (CA125 >35 U/ml) was observed in other
malignancies, for example liver, pancreas, biliary tract, lung, endometrial and other [79].
Additionally, other non-malignant conditions such as cirrhosis, endometriosis, acute and
chronic salpingitis, acute and chronic pancreatitis, and more show elevated concentrations
of CA125 [79].

Another clinically used ovarian cancer marker is human epididymis protein 4 (HE4),
which shows better sensitivity than CA125 in terms of distinguishing benign disease from

malignant tumour [80]. It was reported that the combination of CA125, HE4 and so-called
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Symptom index [81], which is a survey-based index evaluating patients physical symptoms
in the past year, has a sensitivity of 84% and a specificity of 98.5% [82].

Biskup et al. [47, 48] introduced a glycan-based biomarker for ovarian cancer
(GLYCOV) in 2013. In the first discovery study [47], the biomarker, based on the ratio
between relative intensities of seven sialylated structures and four high-mannose structures,
was established from a cohort of 63 primary ovarian cancer patients and 33 age-matched
healthy controls. The GLYCOV score diagnosed ovarian cancer patients with the same
sensitivity as CA125 (97%), but showed a greater specificity of 98.4%, while CA125 had a
specificity of 88.9%. In the second study [48] the GLYCOV score was used to recognise a
cohort of 20 early stage ovarian cancer patients from 20 patients with benign ovarian
diseases and 33 healthy controls. It was again superior to CA125 in distinguishing early

stage ovarian cancer from benign diseases.
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N-Glycan release

It is possible to analyse the N-glycome on the glycopeptide level with the use of
liquid chromatography mass spectrometry (LC-MS) or matrix-assisted laser
desorption/ionisation time of flight mass spectrometry (MALDI-TOF-MS). However, to
easily analyse N-glycans from various sources, these are initially cleaved from intact or
reduced protein by either chemical or enzymatic methods. Hydrazinolysis as a method to
release glycans from glycoproteins was introduced in 1993 by Patel et al. [83]. Anhydrous
hydrazine is used to non-specifically cleave N- and O-glycans from glycoproteins, which
also de-acetylates N-acetyl groups on N-glycans. As a result, they consequently need to be
re-N-acetylated with the use of acetic anhydride in NaHCOs. Both N- and O-glycans can be
also cleaved by oxidative release with the use of NaClO [84]. Moreover, this method enables
also the release of glycosphingolipid-derived glycans (GSL-glycans). However, authors
warn that this method can cause partial degradation of primary amines and sulfhydryl

groups.
Enzymatic release

The biggest advantage of enzymatic N-glycan release is its specificity. The enzymatic
N-glycan release is often performed on previously denatured protein, to enable sufficient
access to the glycosylation site. These methods include treatment with anionic detergent (for
example sodium dodecyl sulphate; SDS) at higher temperature (>50°C) followed by non-
ionic, non-denaturing detergent (such as IGEPAL® CA-630) [85]. Another option is the
disruption of disulphide bridges with the use of reducing agent, for example dithioerythritol
(DTE) and subsequent alkylation, which stabilises the unfolded glycoprotein. Enzymatic
digestions, compared to chemical release, are substrate-specific. While by chemical digestion
O-glycans are also released, enzymes cleave specifically N-glycans, while O-glycans remain
intact. Additionally, this enables the release of various glycan types and therefore can lead to
a better identification of diverse structures having the same mass. For example, the enzyme
endoglycosidase H (Endo H) cleaves specifically high-mannose and hybrid-type N-glycans
[86]. The most commonly used endoglycosidase peptide-N4-(acetyl-B-glucosaminyl)

29



Chapter 2

Glycoanalytical methods and materials

asparagine amidase F (PNGase F) facilitates the cleavage of all three N-glycan types unless
the core is a-1,3-fucosylated, in which case PNGase A can be used [87].

PNGase F is secreted by Flavobacterium meningosepticum, which specifically cleaves
the glycosidic bond between the Asn side chain and the first GIcNAc, thus producing
ammonia and a free N-glycan, and then converts Asn to Asp (Figure 7). This conversion can
be also used for the analysis of glycosylation sites by protein sequencing before and after

PNGase F treatment.
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Figure 7 PNGase F-mediated enzymatic release.

Reductive amination

To detect glycans with methods such as capillary electrophoresis equipped with laser
induced fluorescent detection (CE-LIF), it is necessary to label analytes with a fluorescent
label, such as 8-aminopyrene-1,3,6-trisulfonic acid (APTS) [88] and 2-aminobenzamide (2-
AB) [89]. Released N-glycans are labelled by reductive amination at their reducing end. In
other words, the primary amine of the APTS forms a Schiff’s base by condensation with the
aldehyde group of the N-glycan, followed by reduction with sodium cyanoborohydride
(Figure 8). The resulting labelled N-glycan gains a triple-negative charge from the APTS

label, which is utilised during electrophoretic separation.
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Figure 8 APTS labelling of free N-glycans by reductive amination.

Purification methods

Purification methods are of high importance in glycoanalytical techniques, since
impurities such as excess of reagents or salts can disturb or completely hinder detection.
Firstly, after N-glycan release, free N-glycans must be separated from proteins and/or
peptides. Solid-phase extraction (SPE) is often used for this purpose. Reversed-phase
chromatography utilising C18 as stationary phase is often applied for the separation of
hydrophilic N-glycans from hydrophobic proteins [90]. While proteins adsorb to the C18
stationary phase, N-glycans do not interact.

Porous graphitised carbon (PGC) columns are then used for the subsequent desalting
of N-glycan samples, which interact with the column surface, while salts and excess of
reagents are washed away [90]. Elution of N-glycans is then performed by increasing the
concentration of organic solvent with addition of acid for the recovery of charged N-glycans.
PGC can be also used to purify glycans than underwent reductive amination, for instance
via APTS or 2-AB labelling.

Hydrophilic interaction liquid chromatography (HILIC) is another widely used
purification technique. HILIC consists of hydrophilic stationary phases, such as Sepharose,

cotton [85, 91] or hydrophobic polypropylene [92] used with reversed-phase eluents (often
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acetonitrile). It is increasingly used in glycoanalytical studies due to its cost-effectivity and
easy transfer to a high-throughput setup. Any other polar surfaces can serve as stationary

phases, for example amide, cationic and zwitterionic bonded phases [93].
Permethylation

In order to analyse negatively charged glycans by MALDI-TOF-MS without loss of
sialic acids, some form of stabilisation is required. One of the most used reactions is
permethylation, which converts all hydroxyl groups into methyl esters [90, 94].
Permethylation is a two-step reaction. Firstly, in the presence of sodium hydroxide in
dimethylsulfoxide (DMSQO), alcohols are transformed to alcoholates, which are subsequently
methylated with methyl iodide. This derivatisation leads to +14.02 Da mass increase per
hydroxyl/amine group (Table 1). The permethylation reaction not only stabilises sialic acids,

but also improves ionisation.

Table 1 Residue masses of native and permethylated monosaccharides as part of oligosaccharides.

Monosaccharide Native Permethylated
Deoxyhexose (F; Fuc) 146.078 174.089
Hexose (H; Gal, Man) 162.053 204.099
N-Acetylhexosamine (N; GIcNAc) 203.079 245.126
N-Acetylneuraminic acid (S; Neu5Ac) 291.095 361.173
N-Glycolylneuraminic acid (Neu5Gc) 307.090 391.184

Analytical methods

MALDI-TOF-MS

For MALDI-TOF-MS experiments, a sample is co-crystallised with a matrix, which is
a low molecular weight substance able to absorb the laser wavelength and transfer the
excess of energy to the sample, which then becomes ionised [95]. Some of the most used
matrices in glycobiology are 2,5-dihydroxybenzoic acid (DHB), super DHB (sDHB; a 9:1

mixture of DHB and 2-hydroxy-5-methoxybenzoic acid) and a-cyano-4-hydroxycinnamic
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acid (CHCA). MALDI-TOF-MS analyses require low amount of sample and can tolerate
impurities, such as salts to a certain content [96].

MALDI is so-called “soft” ionisation technique, which means that it produces
molecular ions without unwanted fragmentation. During the ionisation, singly charged
molecule ions are observed, such as [M+Na]*, [M+H]* and [M+K]*. Uniform adducts can be
achieved by addition of low concentrations of salts to the matrix. During the time-of-flight
(TOF) separation, ions are accelerated in an electric field, giving ions the same kinetic energy
[97]. Ions travel at different velocities proportionally to their masses, thus molecules with
lower mass travel at higher velocities, causing them to reach the detector faster than larger

molecules (Figure 9) [97].
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Figure 9 Schematics of the MALDI-TOF-MS instrument and measurement procedure.
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In tandem mass spectrometry (MS/MS) a high-energy collision-induced dissociation
(CID) is used to produce fragments, which is a useful tool for the differentiation between

glycan isomers having the same mass [98, 99].
Capillary electrophoresis

Electrophoresis is an analytical separation technique, which allows an efficient
separation of molecules due to their different charge and size in an electric field [100].
Electrophoretic separations of N-glycans are used less frequently than techniques such as
high-performance liquid chromatography (HPLC), nevertheless provide similar information
in terms of isomeric separations and offer some advantages compared to HPLC techniques,
for instance high sensitivity even when lower volumes of sample are used, and generally
shorter analysis times. The separation itself is performed in a capillary of small inner
diameter (from 20 to 100 um) and the outer diameter of 350-400 um, whose both ends are
placed in vials of buffer solution together with electrodes connected to a high voltage power

supply (Figure 10).
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Figure 10 Scheme of capillary electrophoretic apparatus and its components.
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In capillary electrophoresis (CE), electrophoretic separations can be influenced by the
composition of the sample/analyte itself, of the buffer, by the strength of electric field and by
the capillary wall. The analyte is separated based on its size and shape, net charge and mass.
The mobility of the ion is proportional to its charge and disproportional to the half of the
diameter of the molecule and the viscosity of the electrolyte [100]. The most important
properties of the buffer system influencing the electrophoretic separation are ionic strength,
viscosity and pH of the buffer [100]. The strength of electric field is dependent on the
applied voltage as well as on capillary length. The efficiency is proportional to an applied
electric field and a total mobility of a particle [100, 101]. When a higher electric field is
applied, an electrolyte migrates faster through the capillary. Therefore, the shorter the
analysis time the less analytes may diffuse. Lastly, the charge of capillary surface and its
coating contribute to the changes in electroosmotic flow (EOF) [100]. The surface of
capillaries can be modified either by covalent binding such as polyvinyl alcohols for analysis
of carbohydrates or acrylamide for capillary isoelectric focussing, or by dynamic coating

[100, 102]. Using these modifications EOF can be reduced or even completely reversed [103].
Data analysis

With the increased popularity of international and multi-center studies [104-107],
high-throughput methods are on the rise [85, 107-111], enabling fast analysis of hundreds of
samples simultaneously, thus moving the bottleneck of the scientific procedure towards data
analysis. While most analytical procedures were in recent years fully or partially automated
[108, 112, 113], the availability of tools enabling fast automated analysis of data to scientists
with no to little background in computer science is still limited. While all instruments come
equipped with vendor software, their applications are restricted to basic operations and
often cannot be performed in batch format. The example of vendor software is Bruker Flex
Analysis (Bruker Daltonics, Bremen, Germany) for mass spectrometry instruments and
Karat 32 (Beckman Coulter, Fullerton, CA, USA) for Beckman P/ACE MDQ capillary
electrophoresis system. Since the demand for more powerful software is quite high, a
number of programs have become available, most of them under free or open-source

licensing. For example, the analytical software for mass spectrometric data mMass [114]
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supports wide range of formats. It provides many features from basic spectrum viewer to
more advanced data processing tools, such as calibration, smoothing and baseline
subtraction. Additionally, there are options to create average or summed spectra from
multiple samples, providing visual comparisons of individual sample groups. Other
features include automatic annotations based on custom lists. Similar feature is provided by
the software Glycoworkbench [115, 116], which enables spectra annotations with CFG
notations, however operates only in single sample format.

While the above mentioned software used in combination provide a complete
workflow from raw data import to visualisation, the most versatile option for data sorting,
manipulation and visualisation still remains the use of programming languages and
environments such as Python [117].

Two Python scripts for targeted peak extraction of MALDI-TOF-MS spectra were
published in recent years by Reiding et al. [85] and Jansen et al. [118]. Both enable fast
calculation of areas under the curve based on a list of compositions from hundreds of
samples in minutes. The first script utilises standard Python libraries Math [119], Os [120]
and Time [121] and enables targeted peak extraction of areas under the curve and noise
correction. The second more complex script additionally provides a calibration option based
on a list of known masses, in low-mass, mid-mass and high-mass range. This function had
been missing in the first script and this step needed to be performed by other software in the
past, such as vendor programs, prior to data export. Additionally, the usage is more user-
friendly, since the package Tkinter [122] is used and thus a graphical user interface is
provided. Other packages used in this script are SciPy [123, 124], NumPy [125] and
matplotlib [126]. Results provided by the data analysis include absolute and relative areas of
individual glycan peaks (user defined) with and without baseline correction, and multiple
quality control scores, such as signal-to-noise (S/N) ratio of the analyte and individual

isotopes. In the end, results are exported in a text-file enabling easy processing.
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Materials and equipment

Centrifuges

Minifuge (VWR, Germany),

Vacuum centrifuge Univapo 150 ECH (Uniequip, Germany).
Other equipment

Analytical scale (Sartorius, Germany),

Cold trap Unicryo MC2 x 21-60°C (Uniequip, Germany),

Incubator 1000 (Dionex, Germany),

MALDI-TOF/TOF-MS Mass spectrometer Ultraflex III with smartbeam-II TM Laser
(Bruker Daltonics, Germany),

pH-Meter pH211 (Hanna Instruments, Germany),

Thermomixer comfort (Eppendorf, Germany),

Ultrasonic bath, Sonorex TK52 (Bandelin, Germany),

Vacuum pump (Vacuubrand, Germany),

Water purification system MilliQ Plus (Millipore, Germany).
Reagents

All aqueous solutions were prepared using Milli-Q grade (18.2 MQ at 25 °C) water. All used
chemicals are listed here:

1-hydroxybenzotriazole (HOBt, Sigma-Aldrich, Germany),

1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide (EDT, Fluorochem, U.K.),

8-Aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS, Sigma-Aldrich,
Germany),

Disodium phosphate (Carl Roth, Germany),

Dithioerythritol (DTE, Sigma-Aldrich, Germany),

Iodoacetamide (IAA, Sigma-Aldrich, Germany),

Monosodium phosphate (Merck Millipore, Germany),
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Nonidet P-40 (NP-40, (Calbiochem, CA, USA)

Sodium chloride (Carl Roth, Germany),

Sodium dodecyl sulphate (SDS, Merck Millipore, Germany),
Sodium hydroxide (Merck Millipore, Germany),
Super-DHB (Sigma-Aldrich, Germany).

Solvents

Acetic acid (Merck Millipore, Germany),

Acetonitrile (ACN, VWR Chemicals, Germany),

Ammonium hydroxide solution (25 %) (Merck Millipore, Germany),
Ammonium hydroxide solution (28-31 %) (Merck Millipore, Germany),
Chloroform (Merck Millipore, Germany),

Dimethyl sulfoxide water free (DMSO, Applichem, Germany),

Ethanol (EtOH, Merck Millipore, Germany),

Methanol (MeOH, Merck Millipore, Germany),

Trifluoroacetic acid (TFA, Merck Millipore, Germany).

Enzymes

Peptide-N*-(N-acetyl-p-glucosaminyl)asparagine amidase F (250 mU/mL, Roche

Diagnostics, Germany).
Standards

3’-Sialyl-N-acetyllactosamine (Sigma-Aldrich, Germany),
6’-Sialyl-N-acetyllactosamine sodium salt (Sigma-Aldrich, Germany),
Dextran hydrolysate prepared in-house from Dextran (DH, Oxford, UK),
Maltose (Sigma-Aldrich, Germany).

Consumables

C18 Reversed-phase Extract-Clean column (Grace Alltech, IL, USA),
Carbograph Extract-Clean column (Grace Alltech, IL, USA),

Filter tips (Greiner Bio-One, Germany),
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GHP membrane 96-well filter microplate (Pall Corporation, MI, USA).

Methods

Since the methods used in this thesis vary based on the final application, they will be

presented separately in each chapter.
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Changes in glycosylation were reported for malignancies and other pathological
conditions and several glycan-based biomarkers were proposed in recent years. In general,
N-glycans are commonly analysed by MALDI-TOF-MS, CE-LIF and HPLC. While analytical
methods are always tested for repeatability and reproducibility, there has been a lack of
publications aimed at the influence of preanalytical conditions. In routine laboratories the
effect of preanalytical conditions on the results of clinical tests is strictly tested. However,
similar experiments were not yet reported for glycomic studies. Thus, the first aim of this
thesis was to provide recommendations and standardized protocols for the future use of
glycan-based biomarkers. A systematic study of preanalytical conditions was performed on
both human plasma and serum. Samples were collected in 11 sample collection tubes and
processed to create 16 unique conditions, mimicking possible processing errors and
approaches. The changes were introduced exclusively during the preanalytical laboratory
phase, while the analytical processes were identical for all conditions. The measurements
were performed by MALDI-TOF-MS and CE-LIF.

The findings from this section were applied further in Chapter 4 The effect of
preanalytical conditions on results of N-glycan analysis of this thesis and were published as
recommendations for the preanalytical conditions for glycome analysis in human serum and
plasma.

Sialylation is of fundamental importance for understanding the causes and
pathological alterations of the serum glycome. In human blood and tissues, sialic acids are
either a-2,3- or a-2,6-linked to galactoses. In Chapter 5 Comparison of methods to determine
sialic acid linkages of this thesis a suitable method had to be selected from a wide range of
previously published techniques for the derivatisation of sialic acids enabling the
differentiation of linkage type. Since most of the published methods were intended for other
use than labelling of released N-glycans, modifications were needed to allow measurements
of serum N-glycome. Three methods were tested and evaluated for use with healthy controls
and ovarian cancer samples. The selected method was further validated for both intra- and
interday repeatability. Additionally, the technical repeatability of MALDI-TOF-MS
measurements was evaluated.

The group of Prof. Blanchard recently identified characteristic changes of the serum

glycome that were combined in a score named GLYCOV that could diagnose primary
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epithelial ovarian cancer in a better way than CA125 the routine serum marker even for
early stage patients. GLYCOV contains seven sialylated N-glycans but the type of sialic acid
linkage has not been investigated yet. Sialic acids are the most exposed monosaccharides to
the outer environment, playing a key role in many biological processes including
cancerogenesis. Thus, the method selected in Chapter 5 was applied in Chapter 6 Sialic acid-
linkages in ovarian cancer to investigate the type of sialylation in the serum of epithelial
ovarian cancer patients. A cohort of more than 100 patients in FIGO stages I-IV as well as
age-matched healthy controls was enrolled in this study. Labelled samples were measured
by MALDI-TOF-MS and N-glycan levels as well as the type of sialylation were compared
between healthy controls and ovarian cancer patients. Moreover, observed changes in
sialylation were evaluated for their potential to improve diagnostic power of routinely used

ovarian cancer biomarker CA125.
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Chapter 4
The effect of preanalytical conditions on

results of /N-glycan analysis

The content of this chapter has been adapted from the research article:

Dédova T, Grunow D, Kappert K, Flach D, Tauber R, Blanchard V. The effect of blood

sampling and preanalytical processing on human N-glycome. PloS one. 2018 Jul

11;13(7):¢0200507.

Licensed under CC BY 4.0. The original version can be found wunder DOL:
10.1371/journal.pone.0200507
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Chapter 4

The effect of preanalytical conditions on results of N-glycan analysis
Background

Number of studies established that observed changes in N-glycome are not only of
pathogenic importance but can be used as diagnostic biomarkers. In particular, some
glycome variations are a hallmark of malignancy and certain glycome modulations were
reported as cancer-specific or cancer-associated [46, 127-131]. An example of such a
biomarker based on glycan traits is the GLYCOV index score, developed in our laboratory,
which combines both qualitative and quantitative changes in serum N-glycome of patients
suffering from epithelial ovarian cancer [47, 48]. It provided superior accuracy, sensitivity
and specificity even for early-stage patients when compared with the established tumour
marker CA125.

There are several well-established techniques, which are being wused for
glycoanalytical studies, such as MALDI-TOF-MS, CE-LIF and HPLC [107, 132]. Over 15,000
PubMed entries in the past ten years can be found for glycan biomarkers, but the
preanalytical conditions of MALDI-TOF-MS and CE-LIF glycome analysis have never been
reported in detail. As previously reported for peptide profiling, glycome profiles can also be
influenced by preanalytical variables and lead to inaccurate results [133-135].
Glycoanalytical investigations of large numbers of samples have been performed in recent
years because of newly published methods for high-throughput analysis [47, 108, 132].
These studies often utilise samples from various collection sites and biobanks, therefore
increasing the variables in preanalytical processing, such as times and temperatures between
blood collection and centrifugation. Moreover, the type of transportation method introduces
various physical conditions, such as shaking by pneumatic tube system, which can lead to
haemolysis [136, 137].

There were reports about intra-individual stability of the glycome over time,
investigating the influence of the lifestyle, medical treatment or environment [138, 139].
Ventham and co-authors [140] reported that there is a very small effect of manufacturing of
collection tubes, tube volume and serum tube additives, on results of HPLC measurements
of human serum N-glycome. Unfortunately, other more detailed investigations were not
available in the literature. It can be assumed that there might be an effect of the temperature,

the sample and the time until storage and/or measurement on the activity of enzymes
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(exoglycosidases and glycosyltransferases, such as sialidase, mannosidase and
sialyltransferase). It can be expected that, similar to proteomics [133, 134], the influence of
sample freezing could lead also to glycan degradation. Moreover, additional changes of the
serum glycome could occur during the preanalytical phase, since glycoproteins may be
released from intracellular organelles or by shedding of the cell surface of leukocytes and
erythrocytes. Therefore, in this work, the effect of blood collection, e.g. type of collection
tubes as well as time and temperature before sample processing and storage on the N-
glycome were evaluated systematically for the first time using blood samples from healthy

volunteers and analysed with MALDI-TOF-MS and CE-LIF techniques.
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Materials and methods

Sample collection

Ten healthy female donors, aged 20-30 years (median = 25, mean = 25.4) donated
blood with the ethical approval of the Charité Medical University EA1/175/14. Collection

tubes S-Monovette (Sarstedt, Germany) were used for all samples (Table 2).

Table 2 List of serum and plasma collection tubes.

Tube Tube Separator Clot activator Anticoagulant
Nr.

A-D S-Monovette® 4.9ml Z None Silicate beads None

E S-Monovette® 4ml Z-Gel Polyacrylic ester gel Silicate beads None

F S-Monovette® 9ml Z None Silicate beads None
G-H, K | S-Monovette® 5ml 9NC None None Citrate

1 S-Monovette® 4.9ml K3E None None K3 EDTA

J S-Monovette® 4.9ml LH None None Lithium heparin

Tubes containing various anti-coagulants were used for plasma collection, namely
tripotassium ethylenediaminetetraacetic acid (K3EDTA; n = 1; Tube I), lithium heparin (n =
1; Tube J) trisodium citrate solution (n = 3; Tubes G, H, K) for each donor. Serum samples
were all collected in clot-activating tubes, of which five contained silica-covered beads
(Tubes A-D) and one silica-covered beads and separation gel (Tube E). Two types of
collection methods were used for the citrated plasma samples, namely by free flow (Tubes H
and K) and by vacuum collection (Tube G). All other samples were collected by free flow

only. Collections were performed in two sets of five donors six months apart.
Preanalytical processing

All samples were kept in an up-right position except for centrifugation. The
processing resulted in 16 different conditions per donor (Figure 11). Reference conditions,
which represent the ideal handling without delays, were prepared for both serum and
plasma by processing tubes F and H, respectively. Samples were kept for 0.5 h at RT. They

were then centrifuged for 15 minutes at 1500xg, aliquoted immediately after centrifugation
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and stored at -80°C, unless stated otherwise. Multiple conditions were created from tubes F
and K.

The influence of delayed processing was inspected by keeping three serum collection
tubes at room temperature for 2 h (Tube A) and 6 h (Tube B) and at 4°C for 2 h (Tube C)
before centrifugation for 15 min at 1500x g at 4°C. Seven tubes (D-]) were centrifuged using
the same centrifugal settings after the recommended storage for 30 min at room
temperature. All samples were aliquoted after centrifugation, with the exception of tubes D

and E, which additionally stayed at room temperature for 6 h, then were aliquoted and

stored.
Serum Sample type Plasma
|
Free flow Collection method Vacuum Free Flow
A B c D ClotE F Tube Nr. G H L J K

Clot Clot Clot Clot o lot e K3 Lithium =
activator activator activator activator actlg\:l.tor activator Additive Citrate | - Citrate EDTA  Heparin i
o ¢ ------ ¢ ------ ¢ ----------------------------------------------------------------- o -Aliquoling ------

6h 2h 2h Conditions before centrifugati

RT RT 400 Hypotonic Mixing

S : Hemolysis n=5
I P P Y N [ Centrifugation | Lo .
1500 g

6 hRT Conditions after centrifugation
—iococcchoccoclicoasadesoccb e, Aliquoting| - - - - - v v v i e e et 5o

: Collection 1

Collection 2

Figure 11 Flowchart showing the preanalytical processing carried out in this study. Standard conditions are

marked red.

The remaining Tube K was used to induce two conditions before centrifugation.
Whole blood was aliquoted (1 ml) and mixed overnight at room temperature while the
remaining citrated blood was hemolysed directly in the collection tube by addition of
deionized water (MilliQ, Millipore). The mechanical approach was performed only for the
samples in the second collection set (n = 5), after initial results from the first set (hemolysed
by hypotonic conditions) were obtained. The hypotonic hemolysis was performed on all

samples (n = 10). Quantitative free haemoglobin measurement was used as an objective
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estimate of hemolysis. The aliquoted samples were then stored at —80°C or -20°C until

analysis.
Enzymatic /N-Glycan release and purification

N-Glycan release was carried out as previously published by Biskup et al. [47, 48].
Ten microliters of serum/plasma sample were diluted in phosphate buffer pH 6.8, reduced
with dithioerythritol (DTE, Sigma-Aldrich, Germany) for 45 min at 60°C and alkylated with
iodoacetamide (IAA, Sigma-Aldrich, Germany) for 1 h at room temperature. The excess of
DTE was used to stop the reaction and 100 mU of PNGase F (EC 3.5.152; Roche Applied
Science, Indianapolis, IN) were used for enzymatic N-glycan release at 37°C overnight.
Released N-glycans were purified using C18 reverse-phase chromatography cartridges and
desalted with graphitized carbon columns (both Alltech, Deerfield, IL). Sixty percent of the
glycan pool were used for permethylation and MALDI-TOF-MS measurement the rest was

desialylated, fluorescently labelled and measured by CE-LIF.
Permethylation and mass spectrometry

Permethylation of purified PNGase F-released N-glycans was performed as
previously published by Wedepohl et al. [90]. Permethylated glycans were purified by
chloroform/water liquid-liquid extraction until the pH of aqueous phase became neutral.
After chloroform removal under reduced atmosphere, samples were dissolved in 5 pl 75%
aqueous acetonitrile (ACN) and 10% of sample was mixed on a ground steel MALDI target
with the equal volume of 10 mg/ml super DHB matrix (2-hydroxy-5-methoxy-benzoic acid /
2,5-dihydroxybenzoic acid, 1:9; Sigma-Aldrich, Germany) prepared in 10% aqueous ACN.
MALDI-TOF-MS spectra were recorded on an Ultraflex III mass spectrometer (Bruker
Daltonics, Bremen, Germany) equipped with Smartbeam laser (100 Hz laser frequency) in
reflectron positive mode as sum of 2000 laser shots in the mass range 1000-5000 Da using

25kV accelerating voltage and ion suppression bellow 990 Da.

48



Chapter 4

The effect of preanalytical conditions on results of N-glycan analysis
N-Glycan identification by MALDI-TOF-MS

All glycans were presumed to have a N2H3 core structure based on the knowledge
of N-glycan biosynthetic pathways and on the specificity of PNGase F. The compositions
(amount of H, N, F, S) were interpreted based on their m/z values. Annotations of MALDI-
TOF-MS spectra, which were exported as ACSII files using the Flexanalysis software
(Version 3.0, Build 54, Bruker Daltonics, Bremen, Germany), were carried out using
Glycoworkbench (version 1.1.3480) tool and literature [141].

The resulting peak list was used for targeted data extraction of the area under the
curve. Firstly, manual recalibration using glycan peaks was performed using known
compositions (H3N4F1, H4N4F1, H5N4F1, H5N4S1, H5N5F1S1, H5N4S2, H6N5S3,
H6NS5F1S3 and H7N6S4). Then baseline detection and subtraction from intensities of all
isotopic peaks was done using the Python Script published by Reiding et al. [85] with
permethylated masses as building blocks (Table 1, Page 32), sodium as charge carrier and a
calculation window of 0.49 m/z. SPSS for Windows, version 21 (SPSS Inc, Chicago, Ill) was

used for statistical analysis.
Capillary electrophoresis

The protocol, which was previously published by Schwedler et al. [88], was used for
chemical desialylation with 0.5 M acetic acid (Merck Millipore, Germany) at 80°C for 3h.
Then, maltose was used as an internal standard and derivatisation of sample was performed
with 8-aminopyrene-1,3,6-trisulfonic acid (APTS, Sigma-Aldrich, USA). All CE-LIF
measurements were carried out on a Beckman P/ACE MDQ system, which was equipped
with LIF detection (Aex= 488 nm, Aem = 510+ 10 nm) (Beckman Coulter, Fullerton, CA, USA).

Separations were performed by reversed polarity in a polyvinyl alcohol-coated
capillary (Beckman, 50 um I.D., total capillary length of 65 cm and 50 cm effective separation
length from the injection to the detection window). Injection was done at a pressure of 0.5
psi for 10 s and 30kV applied potential for 20 min at 25°C was used for separation. Signals
from CE-LIF measurements were exported as ASCII files and aligned using a Python script

HPACED [142], which is based on the highest peak of the spectrum from a certain time
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point. The software OpenChrom (Community edition 1.1.0) was used to perform baseline
subtraction, Savitzky-Golay signal smoothing and signal integration, performed

automatically using the Peak Detector integration function.

Results
NN-Glycan profiles obtained with standard conditions

Sixteen different conditions obtained from serum and plasma of 10 healthy women
aged 20 - 30 were analysed by MALDI-TOF-MS and CE-LIF to evaluate the influence of
preanalytics on N-glycan profiles. For both serum and plasma, standard conditions were the
time frames between collection and processing as short as possible, thus 30 min between
blood withdrawal and centrifugation, followed by aliquoting and immediate storage.

Enzymatic N-glycan release from reduced and alkylated proteins was achieved with
PNGase F and released N-glycans were purified and permethylated before MALDI-TOF-MS

measurement (Figure 12) and desialylated then APTS-labelled before CE-LIF measurement.
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Figure 12 Annotated MALDI-TOF-MS spectrum obtained from a sample processed by the standard procedure.

MALDI-TOF-MS measurement of standard samples

I detected 46 N-glycan structures (Figure 13) of which four were of high-mannose
type, seven fucosylated asialylated complex-type, fourteen were partially or fully capped

with sialic acids and fourteen were fucosylated complex N-glycans with sialic acids.
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Figure 13 Results of MALDI-TOF-MS analysis. Average MALDI-TOF-MS N-glycan (A) relative intensities from
10 healthy donors under 16 preanalytical conditions (Figure 11). The serum and plasma standard conditions are
marked with thick lines. A small increase of N-glycans having low masses (B) can be observed for hemolysed

samples (condition 16), while N-glycans having high masses show a small decrease (C).

Relative intensities of 46 glycans (H = hexose, N = N-acetylhexosamine, S = Sialic
acid, F = fucose), were normalized to the sum of all glycans and means were calculated for

triplicates (n = 465, Table 3).

Table 3 Results of MALDI-TOF-MS analysis obtained using standard conditions.

Serum Rel. int., mean [%] 93.6 6.9 72.5 10.1 0.9 5.7 0.7
SD 3.7 3.1 5.1 3.6 0.3 3.5 0.3
Plasma Rel. int., mean [%] 93.2 6.9 72.8 9.3 0.7 6.2 0.6
SD 2.8 3.7 4.2 4.0 0.4 2.6 0.2

The majority of the detected N-glycans was of complex-type, followed by high-
mannose and hybrid-type. Further analysis of complex-type N-glycans showed that
biantennary N-glycans were the most abundant structures, followed by triantennary,

monoantennary and tetraantennary N-glycans.
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CE-LIF measurement of standard samples

Ultimately, CE-LIF measurement enabled the identification of N-glycan linkages and
positional isomers, which was not possible to achieve by MALDI-TOF-MS analysis alone.
However due to the desialylation step, the information about sialylation is lost.
Nevertheless, because of co-migration of some glycan structures, 23 glycan peaks were
identified (Figure 14). Due to its simplicity even for more complex structures, the standard
Oxford notation style was used for CE-LIF results. The Oxford notations are:
pentasaccharide core (A0) consists of three mannose residues and two N-acetylglucosamines
(GlcNAc); F core fucose; aF antennary fucose; Ax, number GlcNAc attached to the core; B,
bisecting GIcNAc; Gx, number of 31-4 linked galactose (G) on antennae; [3]G1 and [6]G1
indicates that the galactose is on the antenna of the a1-3 or al-6 mannose. The [x] indicates
the linkage type: in A2[3]G1 the galactose is linked to the a1-3 mannose, and in A3[2,2,6] the
N-acetylglucosamines are 31-2-, B1-2-, and (31-6-linked to the trimannosyl core. In A3G3[3],
the [3] indicates a 31-3 linkage between terminal G and GlcNAc.
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Figure 14 Results of CE-LIF analysis. Average CE-LIF N-glycan profiles (A) from 10 healthy donors under
various preanalytical conditions. The conditions are numbered as mentioned on Figure 11. The serum and
plasma standard conditions are marked with thick lines. Relative intensities of lower mass (B) and higher mass

N-glycans (C) show the similar results throughout various conditions.
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N-Glycan profiling of preanalytical deviations by
MALDI-TOF-MS and CE-LIF

The Shapiro-Wilk normality test showed non-normal distribution of some glycans,
therefore non-parametric tests were further used to assess differences between conditions.
Friedman’s non-parametric test was used on the complete data set (all conditions from 10
persons) to test if there were differences in relative intensities of individual glycans between
different preanalytical conditions and p values < 0.05 were considered statistically
significant. Data are presented as median relative intensities and interquartile range (IQR),
namely 25" percentile (Q1) and 75% percentile (Q3). I detected statistically significant
differences in relative intensities of 19 glycans (Table 4). Most of these structures had
relative intensities < 1% and only four had relative intensities > 1%. Four of these 19
structures were of high-mannose type and four asialylated were complex-type structures.
Eight sialylated structures were significantly different. Five of them were monosialylated,
two disialylated and one tetrasialylated. I detected no differences in relative intensities of
trisialylated N-glycans. Two fucosylated structures and only one from fourteen fucosylated
sialylated structures were significantly different. From these results, I can conclude that
high-mannose glycans appear to be the most sensitive N-glycans throughout all conditions,
while fucosylated sialylated structures remain rather stable even during improper pre-

analytical processing.

Table 4 Median relative intensities and interquartile range (IQR: 25% Q1, 75% Q3) of all conditions measured

by MALDI-TOF-MS and results of Friedman’s test statistical analysis.

Glycan m/z Structure Relative int. [%] Friedman test
type Median IQR

Q1 Q3 x2(14) p value
9 1579.7 N2H5 2.43 131 4.25 31.530 0.005
% 1783.8 N2H6 2.73 1.65 3.85 28.770 0.011
_E 1987.9 N2H7 0.45 0.34 0.64 36.470 0.001
'-%D 2192.0 N2H8 0.71 0.53 0.99 36.580 0.001
% =3 1416.6 N3H3 0.35 0.23 0.56 20.610 0.112
§ % E‘ 1620.7 N3H4 0.40 0.22 0.54 36.760 0.001
-g <3 1661.8 N4H3 0.11 0.08 0.17 25.970 0.026

53



Chapter 4

The effect of preanalytical conditions on results of N-glycan analysis

Glycan m/z Structure Relative int. [%] Friedman test
type Median IQR
Ql Q3 X2(14) p value
g 2070.0 N4H5 0.36 0.28 0.47 24.310 0.042
E’ © % 2111.0 N5H4 0.19 0.14 0.26 31.090 0.005
'?(3 § g 2315.1 N5SH5 0.06 0.05 0.09 13.080 0.520
1835.8 N4H3F1 0.96 0.52 1.50 12.720 0.549
g 2039.9 N4H4F1 2.32 1.58 3.52 16.650 0.275
_TE % 2244.0 N4HS5F1 1.27 0.99 1.80 14.470 0.415
i-; Tg' 2285.1 N5H4F1 0.25 0.20 0.32 33.570 0.002
—; © 2489.1 N5SHS5F1 0.18 0.12 0.24 20.570 0.113
§ 2663.2 NSH5F2 0.30 0.19 0.44 54.310 <0.0001
- 2693.2 NS5H6F1 0.02 0.01 0.03 15.930 0.318
1981.9 N3H4S1 0.56 0.42 0.78 31.160 0.005
2227.0 N4H4S1 0.71 0.54 0.89 36.140 0.001
% 2431.1 N4H5S1 11.11 9.91 12.82 28.140 0.014
§ 2676.2 N5H5S1 0.58 0.43 0.88 20.800 0.107
o
° 2792.3 N4H5S2 53.90 50.80 57.09 29.530 0.009
g 2880.4 N5H6S1 0.32 0.26 0.38 31.520 0.005
E 3037.4 N5H5S2 0.07 0.05 0.11 17.930 0.210
% 3241.5 N5H6S2 0.66 0.44 0.97 23.880 0.047
é>’ 3602.7 N5H6S3 5.47 3.79 8.79 20.570 0.113
5 3690.7 N6H7S2 0.06 0.04 0.09 10.050 0.759
4052.0 N6H7S3 0.12 0.09 0.17 16.490 0.284
4413.2 N6H7S4 0.23 0.14 0.35 32.400 0.004
2605.2 N4H5S1F1 2.52 1.98 2.86 21.870 0.081
2850.3 N5H5S1F1 1.18 0.84 1.75 15.090 0.372
2966.4 N4H5S2F1 3.24 2.52 3.81 20.840 0.106
3 3054.4 N5H6S1F1 0.09 0.06 0.12 12.000 0.606
Té' 3211.5 NSH5S2F1 0.66 0.52 0.88 12.960 0.530
E 3415.6 NS5H6S2F1 0.10 0.06 0.16 13.010 0.526
§ 3776.8 NSH6S3F1 1.03 0.61 1.51 15.830 0.324
'r_g 3864.8 N6H7S2F1 0.02 0.01 0.03 10.540 0.722
g 3950.9 NS5H6S3F2 0.02 0.01 0.03 10.740 0.706
g 4226.1 N6H7S3F1 0.03 0.02 0.05 13.600 0.480
& 4400.2 N6H7S3F2 0.01 0.01 0.02 13.690 0.473
4587.4 N6H7S4F1 0.05 0.03 0.08 24.480 0.040
4761.5 N6H7S4F2 0.02 0.01 0.03 17.110 0.250
4935.7 N6H7S4F3 0.01 0.01 0.02 17.030 0.255
2 2186.0 N3H5S1 0.45 0.34 0.58 45.260 <0.0001
-:% 2390.1 N3H6S1 0.07 0.05 0.09 16.390 0.290
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For the CE-LIF measurements 19 glycan peaks out of 23 were significantly different
according to the Friedman’s test, ten of those had relative areas > 1% (Table 5).

It should be noted that the Friedman’s test detects not only deviations from the standard
procedures, but differences between all the tested conditions. Moreover, affected glycans

generally had relative intensities below 1%.

Table 5 Median relative intensities and interquartile range (IQR: 25% Q1, 75% Q3) of all conditions measured

by CE-LIF and results of Friedman’s test statistical analysis.

GU Structure Relative int. [%] Friedman test
Median IQR
Q1 Q3 x2(14) p value

4.93 M3 0.11 0.07 0.13 34.331 0.002
5.77 Al 0.13 0.10 0.24 29.730 0.008
6.72 M5 0.97 0.76 1.10 23.210 0.057
7.17 A2B 0.52 0.45 0.60 19.430 0.149
7.62;7.74 FA2; A3 2.61 2.10 2.99 54.827 <0.0001
7.95 A2[3]G1 0.54 0.49 0.58 43.170 <0.0001
8.07 FA2B 0.61 0.57 0.69 47.410 <0.0001
8.45 A2B[3]G1 0.56 0.52 0.60 48.600 <0.0001
8.58 FA2[6]G1 1.83 1.65 2.13 49.190 <0.0001
8.88;8.91;8.93 | FA2[3]G1; FA2B[6]G1; A2G2 51.18 49.41 52.88 38.220 <0.0001
9.23;9.41 FA2B[3]G1; A2BG2 1.71 1.36 1.92 24.905 0.036
9.96 aFA2G2 1.08 0.87 143 22.540 0.680
9.82 FA2G2 13.69 13.07 14.41 38.050 0.001
10.14 FA2BG2 431 3.87 5.03 36.240 0.001
10.95 A3G3[3]; A3[6]G3 1.55 1.43 1.67 54.980 <0.0001
11.16 A3G3 12.21 9.99 13.58 36.850 0.001
11.8 aFA3G3 1.87 0.99 2.79 71.270 <0.0001
12.02 FA3G3 1.21 0.96 1.75 26.490 0.022
12.61 FaFA3G3 0.27 0.16 0.39 28.693 0.011
13 A4G4 2.15 1.91 2.52 52.797 <0.0001
13.62; 13.77 aFA4G4; FAG4 0.38 0.05 0.71 22.523 0.068
14.22 aF2A4G4 0.03 0.00 0.08 51.396 <0.0001
14.69 aF3A4G4 0.10 0.07 0.15 71.270 <0.0001

Post-hoc analysis was performed to further evaluate, which conditions contributed to
the results of Friedman’s test. For this purpose, all serum and plasma conditions were

compared to reference serum and reference plasma, respectively. Wilcoxon signed-rank tests
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was performed with a Bonferroni correction applied, therefore significance levels were set at

p < 0.0056 for serum conditions and p < 0.01 for plasma conditions.
Effect of conditions before centrifugation

Since it is not always possible to perform centrifugation immediately after blood
collection, I tested three different conditions to determine the effect of delayed
centrifugation. I anticipated changes caused by the activity of enzymes such as sialidases.
Samples were kept at up-right position for 2 hours at room temperature and in the fridge (4-
8°C) (tubes B and C) and 6 hours at room temperature (tube A). However, I did not detect
any statistically significant change in relative intensities of the tested glycans caused by the

delays in centrifugation by neither MALDI-TOF-MS nor CE-LIF methods.
Storage time and storage temperature influence

Samples were stored for at least 2 months at -20°C and -80°C, while control
conditions were also stored at -80°C but analysed as soon as possible. I observed no
statistically significant differences between standard condition and 2 months storage neither
at —20°C nor at -80°C. However, by CE-LIF measurements, I observed significant differences
between the standard serum and both non-standard conditions, namely structures FA2BG2
for two months long storage at -80°C, and aF3A4G4 for two months storage at —20°C (Table

6).

Table 6 List of glycan structures in serum samples with various storage temperatures measured by CE-LIF,

which showed statistically significant differences from the standard condition.

ID Nr.
Condition
St"gltjure Statistics 1 7 8
Serum 2M -80°C 2M -20°C
reference

FA2BG2 | Med(IQR) | 3.93(3.76-4.81) | 4.54(4.06-5.62) | 4.50(3.92-5.32)
10.14 p value(z) - 0.005(-2.803) 0.220(-2.293)
aF3A4G4 | Med(IQR) | 0.11(0.08-0.12) | 0.07(0.05-0.09) | 0.06(0.05-0.08)
14.69 p value(z) - 0.013(-2.497) 0.005(-2.803)
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Tubes additives

I observed no statistically significant differences between standard and testing
conditions for MALDI-TOF-MS measurement. However, for the CE-LIF measurement, I
observed that the peak containing two triantennary galactosylated isoforms A3G3[3] +

A3[6]G3 was significantly increased (p = 0.005) in the serum gel tube (Table 7).

Table 7 List of glycan structures in serum samples with various additives measured by CE-LIF, which showed

statistically significant differences from the standard condition.

ID Nr.
Structure Statistics 1 condﬁltlon 7
GU
Serum reference 6h after 6h after gel
A3G3[3];A3[6]G3 Med(IQR) 1.53(1.40-1.72) 1.53(1.44-1.74) 1.58(1.45-1.73)
10.95 p value(z) - 0.241(-1.172) 0.005(-2.803)

MALDI-TOF-MS measurements of plasma samples detected two structures, which
were significantly decreased in EDTA and heparin plasma, namely N3H5S1 and N5H5F2
(Table 8).

Table 8 List of glycan structures in plasma samples with various additives measured by MALDI-TOF-MS,

which showed statistically significant differences from the standard condition.

ID Nr.
Structure - Condition
Statistics 11 12 13 14
m/z
Plasma reference Vacuum EDTA Heparin
N3H5S51 Med(IQR) 0.51(0.44-0.90) 0.50(0.33-0.85) 0.43(0.31-0.49) 0.37(0.27-0.49)
2186.0 p value(z) - 0.959(-0.051) 0.005(-2.803) 0.005(-2.803)
N5H5F2 Med(IQR) 0.57(0.44-0.68) 0.40(0.22-0.70) 0.28(0.14-0.43) 0.22(0.18-0.40)
2663.2 p value(z) - 0.333(-0.968) 0.005(-2.803) 0.009(-2.599)

Additionally, six glycan peaks were significantly different between the standard
plasma preanalytical condition and heparin for CE-LIF measurements. Three peaks M3;
A3G3[3] + A3[6]G3; and aFA3G3 were increased, and three peaks FA2 + A3; A2[3]G1; and
FA2B were decreased (Table 9). I observed no difference between the vacuum blood

collection method and the free flow.
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Table 9 List of glycan structures in plasma samples with various additives measured by MALDI-TOF-MS,

which showed statistically significant differences from the standard condition.

ID Nr.
Structure . . ondition
GU Statistics 11 12 13 14
Plasma reference Vacuum EDTA Heparin
M3 Med(IQR) 0.12(0.08-0.16) 0.12(0.07-0.14) 0.09(0.06-0.12) 0.39(0.21-0.52)
4.93 p value(z) - 0.386(-0.866) 0.093(-1.682) 0.009(-2.599)
A3G3J[3]; A3[6]G3 Med(IQR) 1.42(1.31-1.57) 1.56(1.45-1.68) 1.51(1.36-1.66) 1.53(1.40-1.70)
10.95 p value(z) - 0.017(-2.395) 0.013(-2.497) 0.005(-2.803)
aFA3G3 Med(IQR) 1.71(0.77-2.72) 1.61(0.82-2.18) 1.90(0.83-2.40) 1.82(0.77-2.94)
11.80 p value(z) - 0.445(-0.764) 0.445(-0.764) 0.007(-2.701)
FA2; A3 Med(IQR) 2.70(2.10-3.09) 2.63(2.47-3.01) 2.47(2.12-3.02) 2.54(2.04-2.82)
7.62;7.74 p value(z) - 0.333(-0.968) 0.047(-1.988) 0.007(-2.701)
A2[3]G1 Med(IQR) 0.55(0.49-0.60) 0.53(0.48-0.61) 0.56(0.50-0.59) 0.50(0.42-0.54)
7.95 p value(z) - 0.114(-1.580) 0.575(-0.561) 0.005(-2.803)
FA2B Med(IQR) 0.60(0.55-0.71) 0.61(0.56-0.70) 0.62(0.55-0.69) 0.56(0.53-0.64)
8.07 p value(z) - 0.575(-0.561) 0.241(-1.172) 0.007(-2.701)

Effect of hypotonic conditions on the N-glycome

Mild hemolysis was induced in samples by addition of deionized water. Using

MALDI-TOF-MS, I did not measure any statistically significant differences between

hemolysed samples and the reference, however, in the sample hemolysed by hypotonic

conditions, there were statistically significant differences from the standard plasma

condition in relative areas of A2B3G1, which was significantly increased, and A3G3 which

was significantly decreased as determined by CE-LIF.
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Table 10 List of structures in plasma samples with various collection methods measured by CE-LIF, which

showed statistically significant differences from standard condition.

ID Nr.
Structure Statistics 11 Conition 15
GU
Plasma reference Vacuum

A2B3G1 Med(IQR) 0.54(0.49-0.61) 0.59(0.54-0.62)
8.45 p value(z) - 0.007(-2.701)
A3G3 Med(IQR) 12.35(9.92-13.73) 11.30(9.24-13.23)
11.16 p value(z) - 0.005(-2.803)

Effect of overnight shaking at RT on the N-glycome

Extreme conditions, e.g. mixing at 1400 rpm at RT overnight, were used to induce
strong hemolysis in plasma samples from five donors. Wilcoxon signed-rank tests was used
with Bonferroni correction applied (p < 0.01) to compare these samples to standard samples
from the same individuals. No statistically significant differences between the relative
intensities of glycan structures were observed neither for MALDI-TOF-MS nor for CE-LIF
measurements, even though samples were haemolysed (verified by measurement of free

haemoglobin).
Correlation between haemolysis and N-glycome

Correlation analysis was performed to assess the relationship between relative
intensities of N-glycans as well as calculated traits and the degree of hemolysis, which is
presented as the concentration of free haemoglobin in mg/dl. Correlations were described
using empirical classifications of interpreting correlation strength using r proposed by Evans
e.g. lrl >0.80 very strong correlation, Ir| = 0.60 — 0.79 strong correlation, |r| = 0.40 — 0.59
moderate correlation, Irl = 0.20 - 0.39 weak correlation, Irl= 0.00 — 0.19 very weak
correlation [143]. I tested two different types of hemolysis (tube K): hypotonic hemolysis
(condition 15, n = 10) and hemolysis caused by mixing at 1400 rpm at RT overnight
(condition 16, n = 5).

A statistically significant very strong negative correlation between relative intensity
of N5SH6F1 (r =-0.917, n =5, p = 0.028) and the degree of hemolysis in samples hemolysed

by combination of factors was detected. Even though there was no significant correlation
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between relative intensities and concentration of free haemoglobin for individual glycan
structures, there was a highly significant very strong negative correlation with the value of
glycan-based ovarian cancer biomarker (GLYCOV) (r = - 0.958, n = 5, p = 0.010). This score
developed in our research group is calculated as the ratio: sum of relative intensities of
(NSH6S3, N5H6S3F2, N6H7S3F1, N6H7S3F2, N6H754F1, N6H7S4F2, N6H7S54F3))/7*4/sum
of relative intensities of (N2H5, N2H6, N2H7 and N2HS8) (Figure 15). Interestingly, none of
the glycan structures that are used to calculate the biomarker GLYCOV showed statistically
significant differences between the standard collection method and hemolysed sample when
calculated individually. Yet, the values of GLYCOV decreased upon hemolysis, which could
lead to false negative measurements in ovarian cancer patients, indicating that hemolysed

samples should not be used for biomarker assessments.
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Figure 15 Scatterplot showing the correlation between free haemoglobin concentration and GLYCOYV biomarker
values. (A) Samples hemolysed by mixing samples, (B) hemolysed by hypotonic conditions. Grey solid and

dashed lines indicate the 0.75 and 0.95 confidence intervals, respectively.

Correlation between hemolysis by hypotonic conditions and N-glycome

There was a statistically significant positive correlation in hypotonically hemolysed
samples between the concentration of free haemoglobin and relative intensities of two high-
mannose structures and four asialylated complex N-glycans (two of these were fucosylated).

There was a very strong positive correlation for N2H5, and a strong positive
correlation for N2H6, N3H3, N3H4, N4H3F1 and N4H4F1 (Figure 16), which matches the
results observed for GLYCOV. There were also strong negative correlations for two
sialylated N-glycans N4H5S1, N5H6S2. However, no statistically significant correlation was
found between the GLYCOV value and the degree of hemolysis (r = -0.404, n =5, p = 0.247),
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even though two structures used for its calculation (N2H5 and N2H6) showed strong
individual correlation.

When measured by CE-LIF, there was no statistically significant correlation between
relative areas of glycan peaks and the degree of hemolysis for neither type of hemolysed
samples. It should be noted that, in CE-LIF, most high-mannose structures overlap and

therefore cannot be measured.
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Figure 16 Scatterplot showing the correlation between free haemoglobin concentration and relative intensities of

glycan structures. Grey solid and dashed lines indicate the 0.75 and 0.95 confidence intervals, respectively.
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Discussion

The effect of sixteen different blood processings prior to N-glycan analysis was
assessed by MALDI-TOF-MS (n = 465 samples) and CE-LIF (n = 310 samples). As a result, I
highlighted some differences that could have influence on the results of glycan-based
biomarker studies. There were already studies monitoring methodological robustness, intra-
individual and longitudinal stability of the N-glycome [107, 138, 139], nevertheless the
present study is important prerequisite before transitioning glycan biomarker discovery into
clinical biochemistry laboratories.

Using MALDI-TOF-MS, 1 have shown that, during pre-analytical processing,
variation of high-mannose structures can occur, which has influence on the glycan
biomarkers such as the GLYCOV score developed in our laboratory [47] as shown in this
chapter. The increase of high-mannose structures could result from cell lysis, releasing
nascent intracellular glycoproteins [144]. Activity of circulating exoglycosidases could
explain the changes observed in abundance of complex-type and sialylated N-glycans [145,
146]. Extreme conditions following blood withdrawal were used in this study to induce
hemolysis, while no significant in vivo hemolysis was observed, since samples were taken
from young healthy individuals. It was shown that in vitro hemolysis, one of the leading
causes of preanalytical errors, is more likely to occur when sampling is performed in tubes
filled below halfway in individuals older than 63 years [147, 148].

Using CE-LIF, I observed that long time storage of deep frozen samples at —20°C or
—-80°C exerted only a negligible influence on the N-glycome. Our CE-LIF results differed
from those obtained by MALDI-TOF-MS for two reasons. First, sialic acids were removed
for the CE-LIF experiments and second, the analysis of most high-mannose N-glycans was
hindered by co-migration with other human blood N-glycans.

This study demonstrated that the glycome is more robust than other analytes such as
proteins and peptides, for which preanalytical errors led to non-reproducibility of
revolutionary publications [149]. For example, Diamandis and co-workers discovered that
lysophosphatidic acid leaking from blood cells, introduced preanalytical biases [150], thus
leading to commercial failures as a marker for ovarian cancer [151]. Nonetheless, it should

be considered that our data were derived from healthy individuals, therefore preanalytical
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analyses, as performed in the present study, are additionally warranted under specified
disease conditions.

In this work, it could be shown that the glycome is rather stable in serum and plasma
as short time delay between centrifugation at various temperatures seemed to have a no or
small effect on the results. After centrifugation and aliquoting, the glycome was stable upon
storage at 4°C for at least 48 hours, which is an important information considering future
diagnostic applications in clinical laboratories. However, it should be emphasized that
hemolysis affects relative intensities of certain glycans, which could lead to false negative (or
positive) results in glycan biomarker studies and lead to wrong clinical interpretations.

Author contributions: Data curation, formal analysis, investigation, validation, visualization
and manuscript writing were done by me. All authors contributed to the final version of the

manuscript.
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Background

As was already written in the introduction section, sialylation varies between normal
and diseased status. Therefore, information about the type of sialylation might prove to be
useful in biomarker studies.

Colorimetric assays and fluorometric HPLC analysis are being used for the analysis
of free sialic acids and their modifications, additionally, HPLC analysis enables the detection
of di-, oligo- and polysialic structures [152]. Sialic acids are released by hydrolysis in mild
acidic conditions, labelled with fluorophore 1,2-diamino-4,5-methylenedioxibenzene
hydrochloride (DMB) and separated by reversed-phase chromatography. Another way to
analyse polysialic acids is to utilise endosialidases, which can specifically cleave polysialic
acids of certain type or linkage [153]. Very commonly methods for sialic acid assays are
immunochemical methods, which use specific anti-sialic acid antibodies and lectins. These
can be applied in immunohistochemistry and lectin histochemistry on tissue sections,
enzyme-linked immunosorbent assay (ELISA)[154] or in a form of microarrays [155].

Lectin histochemical methods use lectins to detect the occurrence of sialylated
glycoconjugates in tissue sections. The most frequently used lectins are isolated from
Sambucus nigra (SNA), which is specific for a-2,6-linked Neu5Ac, while lectin from Maacki
amurensis (MAA) recognises specifically a-2,3-linked Neu5Ac, and slug agglutinin from
Limax flavus (LFA) is able to bind both NeubAc and Neu5Gc [156]. On the other hand,
peanut agglutinin (PNA) from Arachis hypogaea, recognises non-sialylated sequence Gal-3(1-
3)-GalNAc. Lectins are used both in direct and indirect assays, depending on the type of
conjugate [157]. For the direct detection methods, lectins are conjugated with fluorescent
label or horseradish peroxidase. Indirect methods often utilise antibodies against lectins or
biotinylated lectins together with avidin-biotin-peroxidase complex. These methods are
useful for tissue and cell analysis, however additional methods needed to be implemented
for the analysis of sialic acid linkages from human body fluids that are compatible with
MALDI-TOE-MS.

For the successful detection of sialylated glycan structures by MALDI-TOF-MS, the
negative charge of sialic acids needs to be neutralised. Permethylation is one of the most

used techniques for the neutralisation of sialic acids, however, it has its limitation, since it
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does not enable the identification of linkages within the glycan. In the recent years, several
methods for the neutralisation and the linkage-specific derivatisation of sialic acids have
been published. In this chapter, various methods have been tested and evaluated for their
use on released N-glycans from human serum, which is a very complex and challenging
type of sample.

A fast method for sialic acid linkage-specific labelling was published by Reiding et al.
in 2014 [85]. In this method sialic acids localized at the termini of N-glycans are stabilized
utilizing  coupling reagents 1-hydroxybenzotriazole (HOBt) and 1-ethyl-3-(3-
(dimethylamino)propyl)-carbodiimide (EDT) as activators in ethanol as a solvent. The
authors selected this combination of reagents from a wide variety of coupling agents and
their respective combinations. Other coupling agents that they tested were 4-(4,6-dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM), N,N’-
Dicyclohexylcarbodiimide (DCC) and ethyl-2-cyano-2-(hydroxyimino)acetate (Oxyma Pure),
in the combinations DCC + HOBt or Oxyma Pure, and EDC + HOBt or Oxyma Pure.
Authors showed that the combination of EDC with HOBt was superior to previously
published methods, which utilise DMT-MM [158, 159] and any other of the tested
combinations. Additionally, various alkyl donor alcohols were tested, namely methanol,
ethanol, 2-propanol and 1-butanol), with ethanol being judged as the best in providing
linkage-specific labelling.

While «a-2,6-linked sialic acids form ethyl esters (+28 Da), a-2,3-linked sialic acids
create a lactone (—18.02 Da) between the carboxylic group of the terminal sialic acid and the
C2 hydroxyl group of the sub-terminal galactose. The carboxylic group of sialic acids is first

activated by EDC and HOBt catalyses the following conversion to ethyl ester (Figure 17).
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a-2,6-N-Acetylneuraminic acid (E) 291.095 319.127
a-2,3-N-Acetylneuraminic acid (L) 291.095 273.085
a-2,6-N-Glycolylneuraminic acid (Ge) 307.090 335.122
a-2,3-N-Glycolylneuraminic acid (Gl) 307.090 289.080

Figure 17 Ethyl esterification (A) and lactonisation (B) reactions catalysed by EDC and HOBt on a-2,6- and a-

2,3-linked sialic acids and residue masses of native and labelled monosaccharides (C).

An improved derivatisation method, which uses dimethylamine instead of EtOH as
a reagent thus forming more stable amide, was published by de Haan et al. in 2015 [160].
This newer method was developed to enable the detection of sialic acid-linkage-labelled N-
glycopeptides. The authors compared MALDI-TOF-MS results obtained by ethyl
esterification of PNGase F-released IgG N-glycans with those from dimethylamine-labelled
glycopeptides. This method was also used on 2-AB labelled N-glycan standards, but authors
did not report any application on PNGase F-released human serum N-glycans. The
derivatisation reaction by dimethylamidation was performed with HOBt and EDT as

activators in dimethylamine (DMA)/dimethylsulfoxide (DMSQO). The «-2,3-linked sialic
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acids undergo lactonisation and subsequent water loss, causing —18.02 Da shift, as during
ethyl esterification reaction. The a-2,6-linked sialic acids are amidated with dimethylamine

as nucleophile, which results in +27.05 Da shift (Figure 18).
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a-2,6-N-Acetylneuraminic acid (D) 291.095 318.143
a-2,3-N-Acetylneuraminic acid (L) 291.095 273.085
a-2,6-N-Glycolylneuraminic acid (Gd) 307.090 336.106
a-2,3-N-Glycolylneuraminic acid (Gl) 307.090 289.080

Figure 18 Dimethylamidation reaction of a-2,6-linked sialic acid (A) and lactonisation of a-2,3-linked sialic

acid (B) and residue masses of native and dimethylamidated monosaccharides (C).

A new method for the derivatisation of sialic acids from paraffin embedded tissues
was published by Holst et al. in 2016 [161]. This method was originally applied for in-situ
reactions on microscopic slides, enabling the detection by MALDI-Imaging technique. In the
publication, a dimethylamidation is performed first for 1 h, followed by direct addition of an
ammonium hydroxide solution into the reaction and incubation for additional 2 h. The pH
change caused by ammonium hydroxide first completely hydrolyses the lactones and the
renewed a-2,3-linked sialic acids undergo amidation causing —0.91 Da shift. The a-2,6-linked

sialic acids are dimethylamidated, which results in +27.05 Da shift (Figure 19).
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Figure 19 Dimethylamidation reaction of a-2,6-linked sialic acid (A) and lactonisation of a-2,3-linked sialic

acid (B), followed by amidation and residue masses of native and double-amidated monosaccharides (C).
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Materials and methods

N-Glycan release

The method published by Reiding et al. [85] was partially modified and used for the
N-glycan release as follows: four microliters of 1% SDS (Merck Millipore, Germany) (w/w)
solution were used for denaturation of proteins from two microliters of human serum.
Samples were incubated for 10 min at 50°C, followed by addition of four microliters release
mixture containing 2% NP-40 (Calbiochem, CA, USA) (w/w) and 0.5 mU PNGase F (EC
3.5.152; Roche Applied Science, Indianapolis, IN) in 2.5xPBS and incubated for 5 h at 37°C.
The samples were then stored at —20°C until the respective sialic acid labelling method was

performed.
Cotton HILIC purification

Cotton HILIC purification was used for samples labelled by the ethyl esterification
reaction as published by Reiding et al. [85]. Samples were first adjusted to a concentration of
50% ACN and incubated at —20°C for 15 min. The purification was performed in a spin-
column format. Each column was conditioned with 3x30 ul MilliQ water, followed by 3x30
ul 80% ACN. Samples were then applied and washed first with 3x30 ul 80% ACN, then with
3x30 ul 80% ACN, 0.1% TFA. The elution was performed using 3x30 ul MilliQ water.

Samples were finally dried in a vacuum centrifuge.
HILIC purification with GHP membrane

For reactions performed in DMSO, a 96-well microplate containing a GHP filter
membrane was used for sample purification after sialic acid labelling as published by
Burnina et al. [92]. First, each microplate well was washed with 200 ul of 70% cold ethanol
solution, followed by 3x200 pl MilliQ water and 3x200 ul of 96% ACN. Samples, adjusted
with 100% ACN to a final concentration of 92% ACN, were then applied and incubated for
10 min, after which a low vacuum was applied to ensure a slow flow through the

membrane. Each well was then washed with 3x200 ul of cold 96% ACN. Elution of N-
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glycans from the plate was performed by addition of 2x50 ul of MilliQ water. Samples were

then dried in a vacuum centrifuge and stored until measurement.

MALDI-TOF-MS

For the MALDI-TOF-MS measurement, dried samples were dissolved in 10 ul MilliQ
water and 1 pl was applied on a groundsteel MALDI target, dried and then overlaid with 1
ul sDHB matrix (10 mg/ml in 10% aqueous ACN, ImM NaCl). MALDI-TOF-MS spectra
were recorded on an Ultraflex III mass spectrometer (Bruker Daltonics, Bremen, Germany)
equipped with a Smartbeam laser (100 Hz laser frequency) in reflectron positive mode as
sum of 2500 laser shots in the mass range 1200-5000 Da using 25kV accelerating voltage and

ion suppression bellow 1190 Da.
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Results

Ethyl esterification and lactonisation of sialic acids

Conditions were tested as originally published by Reiding et al. [85]. Glycan
standards with defined sialic acid linkages were used, namely 3’-sialyl-N-acetyllactosamine
(a-2,3-SiaLacNAc) and 6’-sialyl-N-acetyllactosamine (a-2,6-SiaLacNAc). Ten micrograms of
the standards were dried in a vacuum centrifuge, 20 pl of a solution containing 250 mM
EDC, 250 mM HOBLt in ethanol were added to the sample and incubated for 1h at 37°C. The
same reaction was performed on PNGase F-released N-glycans from human serum.
Unfortunately, I was not able to achieve the desired linkage specificity using the original
conditions. I observed amidation with ammonia for the a-2,6-SiaLacNAc (m/z 696.2
[M+Na]*) when incubated at 37°C. This could be slightly reduced by lowering the
temperature to 4°C. Moreover, after incubation at 37°C, non-reacted a-2,3-SiaLacNAc could
still be observed (m/z 719.2 [M+2Na-H]*), while such peak could not be detected at 4°C. This
could be explained by the instability of lactones at higher temperature over time. A similar
effect was observed by Li and co-workers [162], who described the decomposition of
produced lactones at different pH and noticed decrease of lactones even after water
treatment.

Successful labelling with proper linkage specificity was achieved by the extra
addition of reaction mixture after 1 h of incubation and by prolongation of the total reaction
time to 2 h, while keeping the reaction at 4°C. However, additional side products (such as
peaks m/z 696.2 [M+Na]* in a-2,6-SiaLacNAc and m/z 2272.8 [M+Na]* in serum samples)
could still be observed in both our data and other publications [162]. For example, the mass
m/z 2272.8 [M+Na]* was explained by the authors as amidation with ammonia (released
during N-glycan digestion) of one a-2,6-linked sialic acid in N4H552 glycan structure. The
occurrence of this side reaction was reduced by incubation at 4°C (rather than 37°C),
nevertheless could never be fully suppressed, which might cause problems during data

analysis.
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Figure 20 MALDI-TOF-MS results of ethyl esterification and lactonisation reaction. A) Lactonisation of
a-2,3-SiaLacNAc and B) Ethyl esterification of a-2,6-SiaLacNAc. Traces of unspecific amidation with ammonia

of a-2,6-SiaLacNAc can be detected as m/z 696.2 [M+Nal*. Unidentified modification is marked x.

The reaction was tested on N-glycans released from transferrin standard, but due to
poor repeatability and number of side products, I omitted the use of ethyl esterification as a

labelling technique for N-glycans released from human serum.
Dimethylamidation and lactonisation of sialic acids

I then tested whether dimethylamidation and lactonisation of sialic acids is
applicable on PNGase F-released N-glycans. Firstly, the reaction was performed on linkage-
defined sialyl-lactosamine standards (Figure 21). The reaction originally published by
Haan et al. [160] for labelling of glycopeptides uses 20 ul of reaction mixture (250 mM EDC,
500 mM HOBt and 250 mM dimethylamine in DMSO) for 1 ul of tryptic digest (1 mg/ml
IgG, 1:10 enzyme/substrate). After little optimisation of reagent concentration on glycans
standards, I established that the best results were achieved when to 100 pg of each standard
were incubated with 120 pl of 250 mM DMA, 250 mM HOBt, 125 mM EDC in DMSO,

instead of the original conditions.
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Figure 21 MALDI-TOF-MS spectra of dimethylamidation reaction. A) Lactonisation (in/z 679.2 [M+Na]*) and
non-specific dimethylamidation (m/z 724.3 [M+Na]*) of «-2,3-SiaLacNAc and B) Dimethylamidation of
a-2,6-SiaLacNAc.

The amidation requires a slightly longer reaction time (3h) than the ethyl
esterification, but the unwanted amidation by ammonia, which was observed after ethyl
esterification, was eliminated. Unfortunately, a non-specific dimethylamidation of the a-2,3-
linked sialic acid could be observed.

The same conditions were used for the Ilabelling of released N-glycans.
Unfortunately, I was not able to detect tetraantennary structures, as shown in Figure 22,

which could be a result of lactone decomposition as discussed above.
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Figure 22 Dimethylamidation reaction of ovarian cancer serum. The position of linkage to the right marks

dimethylamidation reaction of a-2,6-linked sialic acid and to the left lactonisation of a-2,3-linked sialic acid.
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Double amidation of sialic acids

The reaction was used as published, e.g. 250 mM EDC, 500 mM HOBt and 250 mM
DMA in DMSO and incubated at 60°C for 1 h, followed by an addition of 25% ammonium
hydroxide in ratio 1:2.5. Unfortunately, the incubation for 1 h did not provide linkage-
specific result on standards, thus various reaction times were tested. The shortest reaction
times providing good results were 2.5 h dimethylamidation, followed by 2.5 h amidation.

The linkage specificity of optimised conditions was validated on glycan standards (Figure

23).
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Figure 23 MALDI-TOF-MS results of double-amidation reaction. A) Amidation of a-2,3-SiaLacNAc and B)
Dimethylamidation of a-2,6-SiaLacNAc. Traces of re-hydrolysed and/or non-reacted SiaLacNAc can be detected
as m/z 719.2 [M+2Na-HJ*.

The same reaction was performed on PNGase F-released N-glycans from human
serum. Serum samples provided complete spectra with detectable tetraantennary structures,

as illustrated in Figure 24.
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Figure 24 MALDI-TOF-MS spectrum of dimethylamidation and amidation with ammonia. The position of
linkage to the right marks dimethylamidation reaction of a-2,6-linked sialic acid and to the left amidation of a-

2,3-linked sialic acid.
Repeatability testing

To test inter-, and intra-day repeatability of the method, the N-glycan release and
derivatisation reaction of pooled serum samples (10 female serum samples, age 20-30 years)
were performed on 16 biological replicates (1-16) on three different sets (I-III) (Figure 25).

N-Glycans were released from serum samples and linkage specific sialic acid
labelling was performed with the modified double-amidation method published by
Holst et al. [163]. To one microliter of N-glycan release digest were added 10 pl of reaction
mixture (250 mM DMA, 500 mM HOBt, 250 mM EDC in DMSO) and incubated for 2.5 h at
60°C. Then, four microliters of 28% ammonium hydroxide were added and samples were
incubated for additional 2.5 h at 60°C. Samples were then adjusted to 92% ACN and
transferred to —20°C for 15 min. GHP membrane HILIC purification was then used to clean-
up the labelled samples and eluted N-glycans were then dried in vacuum centrifuge.

For MALDI-TOF-MS measurements, dried samples were dissolved in 10 pl MilliQ
water and 1 ul was applied on two different MALDI target spots, dried and then overlaid
with 1 ul sDHB matrix (10 mg/ml in 10% aqueous ACN, 1 mM NaCl). The two-spot
application was used to establish instrumentation replicates. For one set of samples, each
MALDI spot was measured twice and saved as separate results.

The raw spectra were exported as ASCII files and processed by the Massy Tools

python script [118] modified to use residual masses as noted in Figure 19 to extract relative
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intensities of 108 glycan structures. Twelve glycan structures had relative intensities > 1%,

corresponding to approximately 85% of the total spectrum.

Sample )
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Figure 25 Scheme of repeatability experiments performed on human serum N-glycans by MALDI-TOF-MS. The
experiment was performed three times, indicated as I-11I. In each set sixteen samples of pooled serum were
independently released by PNGase F, labelled, purified by HILIC. For the first set, each sample was then spotted
twice on the MALDI target to test a possible influence of crystallisation. For eight samples (sixteen spots) from
the first set, two spectra were recorded from each spot (Ma, Mb). Samples from sets II and III were spotted and

measured only once.

Relative intensity of these twelve most abundant structures in the MALDI spectra
were used to assess intraclass correlation coefficient (r = 1 represents perfect reliability with
no measurement error) and relative intensities of the two most abundant structures
(H5N4D2 and H5N4D1) were used to calculate standard deviations (SD) and coefficients of
variation (CV). Firstly, I evaluated instrument repeatability by measuring each target spot
twice. There was very strong intraclass correlation (r = 0.997-1) between two MALDI
measurements from the same target spot and the CV values for individual measurements

for H5N4D2 were 0.1-5.2% and for H5N4D1 0.3-14.2% (Table 11).
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Table 11 Effect of individual MALDI-TOF-MS measurements on results of two most abundant structures, each

sample was measured from two spots twice (Ma, Mb).

H5N4D2 H5N4D1 H5N4D2 H5N4D1
Set |
Ma Mb Ma Mb Mean SD cv Mean SD cv

Spot 1 60.2% 57.7% 7.1% 7.8% 58.9% 1.3% 2.1% 7.5% 0.4% 4.7%
Sample 1

Spot 2 51.8% 52.1% 8.5% 8.8% 52.0% 0.2% 0.3% 8.7% 0.2% 1.9%

Spot 3 49.1% 44.3% 8.3% 8.8% 46.7% 2.4% 5.2% 8.6% 0.3% 3.1%
Sample 2

Spot 4 52.5% | 52.4% | 83% | 83% | 52.5% | 0.0% | 0.1% 8.3% 0.0% 0.3%

Spot 5 445% | 448% | 73% | 7.7% | 44.7% | 0.1% | 0.3% 7.5% 0.2% 2.8%
Sample 3

Spot 6 46.2% | 46.4% | 7.6% | 7.6% | 46.3% | 0.1% | 0.3% 7.6% 0.0% 0.4%

Spot 7 459% | 50.1% | 8.1% | 7.2% | 48.0% | 2.1% | 4.3% 7.6% 0.4% 5.7%
Sample 4

Spot 8 38.0% | 39.8% | 95% | 7.1% | 38.9% | 0.9% | 2.4% 8.3% 1.2% | 14.2%

Spot 9 49.8% | 52.9% | 7.3% | 6.9% | 51.3% | 1.6% | 3.1% 7.1% 0.2% 2.8%
Sample 5

Spot 10 44.0% | 43.4% | 81% | 82% | 43.7% | 03% | 0.7% 8.2% 0.0% 0.3%

Spot 11 46.8% | 47.5% | 7.8% | 7.5% | 47.2% | 03% | 0.7% 7.7% 0.1% 1.7%
Sample 6

Spot 12 46.4% | 42.8% | 7.5% | 7.6% | 44.6% | 1.8% | 4.1% 7.6% 0.1% 0.9%

Spot 13 38.9% | 38.1% | 85% | 85% | 385% | 0.4% | 1.1% 8.5% 0.0% 0.2%
Sample 7

Spot 14 49.7% | 49.2% | 87% | 85% | 49.5% | 0.3% | 0.6% 8.6% 0.1% 1.0%

Spot 15 47.7% | 45.4% | 6.4% | 6.6% | 46.5% | 1.1% | 2.5% 6.5% 0.1% 1.7%
Sample 8

Spot 16 42.7% | 41.0% | 6.6% | 6.2% | 41.9% | 09% | 2.1% 6.4% 0.2% 3.5%

Secondly, I tested intraclass correlation coefficient between two spots from the same
sample to investigate the effect of sample crystallisation. Calculations were performed only
from the first measurement of each spot. There was also very strong intraclass correlation
between samples measured from different spots (r = 0.957-1) and the CV values for different
spots of the same sample ranged from 0.5% to 12.2% for H5N4D2 and 0.0% to 8.9% for
H5N4D1 (Table 12). It is apparent that the effect of sample spotting is greater than the effect

of individual MALDI measurements.
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H5N4D2 H5N4D1 H5N4D2 H5N4D1
Set |
Ma Ma Mean SD cv Mean SD cv

Spot 1 60.2% 7.1%

Sample 1 56.0% 4.2% 7.5% 7.8% 0.7% 8.9%
Spot 2 51.8% 8.5%
Spot 3 49.1% 8.3%

Sample 2 50.8% 1.7% 3.3% 8.3% 0.0% 0.0%
Spot 4 52.5% 8.3%
Spot 5 44.5% 7.3%

Sample 3 45.4% 0.8% 1.8% 7.5% 0.2% 2.3%
Spot 6 46.2% 7.6%
Spot 7 45.9% 8.1%

Sample 4 41.9% 3.9% 9.4% 8.8% 0.7% 8.0%
Spot 8 38.0% 9.5%
Spot 9 49.8% 7.3%

Sample 5 46.9% 2.9% 6.1% 7.7% 0.4% 5.8%
Spot 10 44.0% 8.1%
Spot 11 46.8% 7.8%

Sample 6 46.6% 0.2% 0.5% 7.7% 0.2% 2.0%
Spot 12 46.4% 7.5%
Spot 13 38.9% 8.5%

Sample 7 44.3% 5.4% 12.2% 8.6% 0.1% 1.1%
Spot 14 49.7% 8.7%
Spot 15 47.7% 6.4%

Sample 8 45.2% 2.5% 5.5% 6.5% 0.1% 2.0%
Spot 16 42.7% 6.6%

Similar interclass correlation were observed within individual sets, namely lowest

intraclass correlation coefficients were 0.923 for both Set I and II, and 0.978 for Set III, which

suggests that the observed differences within sets actually arise from variances between

spots, rather than processing of the sample (Table 13).

Intraclass correlation coefficient for all three sets was 0.923 and mean relative

intensity values for the highest peak (H5N4D2) was 47.8% (SD + 4.6%) across all

measurements, with the CV 9.6%, which is acceptable for a semi-quantitative method

(Figure 26).
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Table 13 Basic repeatability statistics from total data acquired from individual sets of measurements.

Set Set | Set i Set I Total
Glycan Mean SD cv Mean SD cv Mean SD cv Mean SD cv
H5N4D2 46.5% | 5.2% | 11.2% | 49.6% | 2.7% 54% | 47.1% | 4.8% | 10.2% | 47.8% | 4.6% | 9.6%
H5N4D1 7.1% | 0.8% | 10.8% | 7.1% | 0.5% 6.7% | 6.4% | 0.4% 6.1% | 6.9% | 0.7% | 9.4%
H4AN4F1 8.0% | 23% | 283% | 7.2% | 1.0% | 145% | 7.5% | 1.8% | 23.7% | 7.6% | 1.8% | 23.8%
H3N4F1 49% | 1.6% | 32.3% | 4.3% | 0.7% | 156% | 4.5% | 1.2% | 25.9% | 4.6% | 1.2% | 26.6%
H5N4D1A1 2.5% | 0.7% | 284% | 3.0% | 0.4% | 13.0% | 3.1% | 0.4% | 12.8% | 2.9% | 0.6% | 20.0%
H5N3A1 25% | 0.4% | 17.8% | 2.4% | 0.4% | 16.2% | 3.0% | 0.8% | 27.5% | 2.6% | 0.7% | 24.7%
H5N4F1 3.0% | 0.7% | 23.9% | 2.7% | 0.5% | 16.9% | 3.0% | 0.6% | 18.3% | 2.9% | 0.6% | 20.7%
H5N2 2.8% | 1.2% | 42.6% | 2.4% | 0.6% | 24.1% | 2.3% | 0.7% | 31.0% | 2.5% | 0.9% | 35.8%
H6N5D2A1 2.2% | 0.9% | 389% | 2.6% | 0.4% | 16.1% | 2.7% | 0.6% | 24.2% | 2.5% | 0.7% | 28.0%
H6N2 2.3% | 1.0% | 42.6% | 2.0% | 0.5% | 22.0% | 2.1% | 0.6% | 28.3% | 2.2% | 0.7% | 33.5%
H5N4F1D2 1.8% | 0.5% | 289% | 2.1% | 0.2% | 11.3% | 2.2% | 0.4% | 185% | 2.0% | 0.4% | 21.4%
H5N4F1D1 1.6% | 0.3% | 16.0% 1.6% | 0.1% | 7.0% | 1.7% | 0.2% | 13.6% | 1.6% | 0.2% | 12.8%
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Figure 26 Repeatability of serum N-glycan profiling by MALDI-TOF-MS after double-amidation reaction. Eight
samples of pooled serum were independently released by PNGase E, labelled, purified by HILIC and analysed by
MALDI-TOF-MS. The experiment was performed three times, indicated as days 1-3. The graph shows the

average relative intensities observed for the 12 most abundant structures with error bars for standard deviation.

This information was used for further experiments — each sample was prepared in

duplicate from N-glycan release to purification after labelling and then measured by
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MALDI-TOF-MS from duplicate spotting, resulting in four spectra per sample, which were
then summed together for data analysis, thus reducing influence of both spot-to-spot and

sample processing variance.
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Conclusion

Three different published methods for linkage-specific sialic acid labelling were
tested for their application on PNGase F released serum N-glycans. These methods were
previously used either on released plasma N-glycans [108], IgG glycopeptides [160] or
paraffin embedded tissue slides [163]. The ethyl esterification reaction was in recent years
referenced in more than 140 publications, however in my experiments, this method proved
to be very challenging. I was able to label sialic acids specifically, meaning the a-2,3-linked
sialic acids showed only lactonisation and no lactonisation was observed for the a-2,6-linked
sialic acids. However, the labelling of a-2,6-linked sialic acids resulted in additional side
products, such as amides and others, which could not be identified. There were publications,
which addressed similar issues [162, 164] and proposed modifications of this method. Both
of these publications utilised protein immobilisation prior labelling, thus enabling removing
of derivatisation agents between individual steps. Unfortunately, this setup is more
elaborate than the originally proposed one-pot reaction and was not tested.

On the other hand, the dimethylamidation reaction retains the simplicity of one-pot
reaction, while providing excellent linkage-specificity for the a-2,6-linked sialic acid and
decent linkage-specificity for the a-2,3-linked sialic acid. Unfortunately, when applied on
PNGase F-released N-glycans from ovarian cancer serum, the detection of tetraantennary
structures was not possible. Successful detection of these structures was achieved after
labelling with two-step amidation reaction, which also provides good linkage specificity.
The method was tested for its repeatability and a protocol was optimised, which will be
applied on released N-glycans from ovarian cancer patients and healthy control sera.

Repeatability measurements showed that the effect of sample spotting on a MALDI-
target is similar to the effect of preparation of biological replicates [85]. Thus, it can be
assumed that these changes actually originate from the spotting, rather than sample
preparation, which is often reported [85, 160]. It is therefore advisable to perform
measurements from duplicate spots on MALDI-target to reduce measurement error.
Alternatively, spectra from two spots could be summed directly during MALDI

measurement, thus simplifying data analysis.
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Background

Ovarian cancer was among five leading cancer types in cancer deaths in women in
United States in 2017 [165] with estimated 14,800 ovarian cancer deaths and 22,440 new
cases. The five-year relative survival rate ranges from of 92% in early stage to only 29% in
later stages. Currently, only about 20-25% of ovarian cancer patients are diagnosed in early
stages [166]. Early diagnostics is therefore crucial for the long-term survival rate, however
60% of cases in United States between 2006 and 20012 were of late stage [165]. There are
three types of cells, from which most of benign and malignant ovarian tumours originate,
namely epithelial, stromal and germ, with epithelial being the most common (> 90%) [167].

As discussed in the introduction section, the routinely used tumour marker for
ovarian cancer CA125 shows specificity of 94 - 98.5%, but low sensitivity (50 - 62% for early
stages of epithelial ovarian cancer) [79]. Since there are no early warning signs, there is a
pressing need for improvements in early stage diagnostics [47]. Newer biomarkers have
been proposed and used, such as HE4 which shows better sensitivity in terms of
distinguishing benign disease from malignant tumour than CA125 [80]. However, the most
promising approach seems to be use of multi-factor diagnostics, such as combination of
CA125, HE4 and so-called Symptom index (SI) [81], which has sensitivity of 84% and
specificity of 98.5% [82]. Alternative methods for early ovarian cancer diagnosis have been
proposed in the last decade, such as microRNA [168], protein panel screening [169, 170] and
bioinformatic tools [149].

For the potential improvements in ovarian cancer diagnostics, there is a need to
understand causes and pathological alterations of this malignancy. Glycosylation plays an
important role in biological processes, such as cell recognition, cell-cell interactions, cell-cell
communication and adhesion [171]. On human glycoproteins, sialic acids are either a-2,3- or
a-2,6-linked to galactoses and are the most exposed monosaccharides to the outer
environment, and as such participate in biological processes including cancerogenesis.
Correlation has been observed between increased sialylation and ovarian cancer stages,
however the linkage type has never been investigated in detail.

Biskup et al. recently identified characteristic changes of the serum glycome that

were combined in a score named GLYCOV that could diagnose primary epithelial ovarian
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cancer in a better way than CA125 [47, 48]. GLYCOV contains seven sialylated N-glycans but
the type of sialic acid linkage has not been studied yet. A cohort of 110 patients including
early (FIGO stages I + II) and late stages (FIGO III and IV) as well as age-matched controls
was enrolled in this study. Glycoproteins from serum were released by PNGase F, and the
N-glycan pool was derivatized using linkage-specific labelling and measured by MALDI-
TOF-MS.
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Materials and methods

Sample preparation and MALDI-TOF-MS

Serum samples from 110 women aged 32-81 years (mean = 57.1, median = 55.5 years)
were used in this study (Table 14). There were 77 samples from primary serous epithelial
ovarian cancer patients and 33 healthy controls. For each sample, information about FIGO
stage and CA125 measurements were provided. CA125 II immunoassay was used to
measure CA125 on a COBAS 6000 analyser (Roche Diagnostics, Germany). Blood was
collected as a part of the Tumour Bank Ovarian Cancer project (http://www.toc-
network.de/). Clot activator serum tubes (Vacutainer, BD, Medical-Pharmaceutical System,
NJ, USA) were used for collection. Blood was allowed to clot for minimum of 30 min up to
2h at room temperature and serum was separated by centrifugation at 1200g for 15

minutes. Serum was aliquoted and stored at -80°C until the time of analysis.

Table 14 Demographics of samples used in this sialic acid linkage study, CA125 are shown as kU/L.

Early stage Late stage
Stage Control
FIGO stage | FIGO stage Il FIGO Stage Il FIGO Stage IV
Demographics Age CA125 Age CA125 Age CA125 Age CA125 Age CA125
N 33 10 9 43 15
Mean 52.0 145 57.6 514.9 57.4 300.6 59.9 1503.6 59.9 2065.3
Median 50.0 12.0 59.5 28.5 53.0 190.0 60.0 616.0 58.0 1195.0

Range 40-81 6-38 48-67 6-4841 40-78 23-851 35-79 11-8094 32-81 6-14310

Samples were processed exactly as described in Chapter 5. In short, N-glycans were
released by PNGase F and part of each digest was labelled by double-amidation reaction,
after which N-glycans were purified by HILIC SPE and dried in vacuum centrifuge. Before
measurements, samples were dissolved in 10 ul of MilliQ water and 1 pl of each sample was
spotted on two MALDI target spots. Samples were left to dry and each spot was then
layered with 1 ul matrix consisting of 10 mg/ml super DHB and 1mM NacCl in 10% aqueous
ACN and left to dry.
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MALDI-TOF-MS measurements and data processing

MALDI-TOF-MS spectra were recorded on an Ultraflex III mass spectrometer
(Bruker Daltonics, Bremen, Germany) equipped with Smartbeam laser (100 Hz laser
frequency) in reflectron positive mode as a sum of 2500 laser shots in the mass range 1200-
5000 Da using 25kV accelerating voltage and ion suppression bellow 1190 Da. Raw spectra
were exported as ASCII text files and Massy Tools script was first used to re-calibrate the
obtained spectra using list of 10 glycan masses (N4H3F1, N4H4F1, N4H5D1, N4H5D1F]1,
N4H5D1A1, N4H5D2, N4H5D2F1, N5H6D2A1, N5SH6D2A1F1, N6H7D2A2).

The program mMass was then used to sum all spectra from each sample (n =4)
leading to sensitivity increase especially in the high-mass region. The MassyTools Python
script [118] was then used on these summed spectra for a targeted peak extraction of
background subtracted analyte areas of 100 glycan structures. The output of targeted peak
extraction was then processed further, by removing all structures, which had signal-to-noise
ratio (S/N) < 9 for more than 90% of all collected spectra. Additionally, all these structures
were evaluated for separate sample groups and only structures, which appeared in more
than %5 of samples in at least a single sample group, were used for statistical analysis,
resulting in areas under the curve from 72 glycan peaks. The extracted values were then
normalised so that the intensity of the peak at m/z 2299.9 (H4H5D2) was set to 100%. As a

result of this approach, variance of this structure could not be statistically tested.
Glycan traits and statistical analysis

Total intensities of various glycan traits, namely high-mannosylation, fucosylation,
linkage-specific sialylation and antennarity were calculated as a sum of intensities of all
respective structures. For the calculation of sialylation traits, firstly a relative sialylation
intensity was calculated for each structure as shown in Equation 1, then total sialylation
traits were calculated as a sum of relative sialylation intensities of respective structures. For
example, total «a-2,3-sialylation of triantennary fucosylated N-glycans was calculated

according to Equation 2.
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Equation 1 Calculation of relative sialylation intensity

S (degree of sialylation) = D, + An
relative a-2,6 sialylation = (Dx/S) * (relative intensity NnHnDnAnFn)
relative a-2,3 sialylation = (An/S) * (relative intensity NnHnDnAnFn)

Equation 2 Calculation of sialylation traits

FUCOSYLATED COMPLEX TRIANTENNARY a-2,3 = (1/2)*(N5H5D1A1F1 + N5H6D1A1F1) + (2/3)*(N5SH6D1A2F1)
+ (1/3)*(NSH6D2A1F1)

Additionally, a ratio between a-2,3 and a-2,6 sialylation was calculated for each
grouped N-glycans, which included all complex sialylated structures (Equation 3, Appendix,

section Glycan traits calculation, Page 131).

Equation 3 Calculation of relative sialylation

FUCOSYLATED COMPLEX TRIANTENNARY a— 2,3

FUCOSYLATED COMPLEX TRIANTENNARY = FUCOSYLATED COMPLEX TRIANTENNARY a— 2,6

Means and standard deviations were calculated for FIGO stages and for grouped
ovarian cancer stages (healthy controls, early stage = FIGO I + FIGO I, late stage = FIGO III +
FIGO 1V). The Shapiro-Wilk test showed that the data were not normally distributed and
therefore non-parametric tests were used for further statistical evaluation. The Jonckheere-
Terpstra test (Tjr) was selected since the independent variables consisted of three ordinal
groups of cancer progression (healthy control < early stage < late stage), while the dependent
variables were measured on continuous level, and there was no relationship between
samples in various groups. The Tir was used to test the null hypothesis that the distribution
of individual N-glycans was the same across ovarian cancer stages. In other words, it was
tested if there is a positive or negative trend during cancer progression. The null hypothesis

was rejected when p <0.05.
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Results

Seventy-one N-glycan structures were detected, four were high-mannoses, thirteen were
asialylated complex-type structures, of which seven were fucosylated. Due to sialic acid
linkage-specific labelling, overall 54 different sialylated N-glycans were detected, of which
24 were fucosylated. It should be noted that many of these structures were not observed in
early stages of ovarian cancer and/or healthy controls. However, all these structures were
included in statistical analysis due to their possible biological significance.

Relative intensities of 71 glycans (H = hexose, N = N-acetylhexosamine, A = a-2,3-
linked sialic acid, D = a-2,6-linked sialic acid, F = fucose) were normalized to the base peak
intensity. Means and standard deviations (SD) were calculated for healthy controls and all

FIGO stages and are presented in Table 15.

Table 15 Mean relative intensities (normalised to the base peak intensity) and SD of all detected structures

across ovarian cancer stages measured by MALDI-TOF-MS.

Glycan Glycan Mass | Healthy control Figo | Figo Il Figo lll Figo IV
type [m/z] | Mean SD Mean SD Mean SD Mean SD Mean SD

g N2H5 1257.4 2.06 1.31 2.48 0.69 1.39 0.48 0.86 0.45 0.75 0.44
g N2H6 1419.5 1.46 1.02 1.99 0.72 1.36 0.46 0.95 0.51 0.87 0.58
E N2H7 1581.5 0.19 0.19 0.50 0.25 0.32 0.15 0.25 0.20 0.24 0.20
;_:a N2H8 1743.6 0.37 0.21 0.61 0.37 0.49 0.17 0.40 0.24 0.36 0.24

N3H4 1298.4 0.18 0.21 0.25 0.24 0.15 0.16 0.07 0.10 0.08 0.09
>< N4H3 1339.5 0.37 0.70 0.53 0.34 0.29 0.26 0.23 0.26 0.23 0.24
%_ N4H5 1663.6 0.73 0.43 0.53 0.12 0.38 0.18 0.24 0.16 0.23 0.15
§ N5H4 1704.6 0.16 0.29 0.36 0.18 0.20 0.10 0.23 0.18 0.21 0.16

N5H5 1866.7 0.04 0.07 0.14 0.17 0.08 0.08 0.09 0.11 0.07 0.09

N5H6 2028.7 0.00 0.01 0.02 0.06 0.01 0.04 0.02 0.04 0.03 0.05
= N4H3F1 1485.5 5.22 3.15 10.49 4.51 8.05 6.05 9.19 12.36 6.20 4.05
‘z N4H4F1 1647.6 5.19 2.51 8.16 3.93 4.99 3.13 4.45 3.89 3.58 2.37
% N4H5F1 1809.6 1.60 0.89 1.98 1.33 1.23 1.05 0.90 0.84 0.72 0.62
.:5: N5H4F1 1850.7 1.03 0.43 1.42 0.54 0.86 0.40 0.77 0.61 0.63 0.42
% N5H5F1 2012.7 0.15 0.10 0.29 0.20 0.13 0.11 0.14 0.15 0.13 0.10
g N5H5F2 2158.8 0.50 0.13 0.72 0.21 0.54 0.17 0.56 0.26 0.59 0.24
© N5H6F1 2174.8 0.01 0.02 0.07 0.12 - - 0.03 0.05 0.01 0.02

N3H4A1 1588.6 0.01 0.02 0.54 0.79 0.21 0.25 0.46 0.47 0.42 0.48

N3H4D1 1616.6 1.75 0.51 1.33 0.33 0.89 0.21 0.82 0.33 0.88 0.33
E N3H5A1 1750.6 1.93 0.75 2.03 0.60 1.63 0.46 1.11 0.54 0.85 0.61
g" N3H5D1 1778.6 0.47 0.20 0.49 0.08 0.33 0.08 0.26 0.13 0.25 0.10
.g N4H4A1 1791.6 0.04 0.16 0.77 1.10 0.32 0.36 0.68 0.70 0.58 0.68
%. N4H4D1 1819.7 0.71 0.28 0.73 0.30 0.46 0.12 0.53 0.28 0.52 0.28
§ N3H6A1 1912.7 0.02 0.08 0.11 0.15 0.01 0.04 0.05 0.09 0.05 0.10

N3H6D1 1940.7 0.10 0.08 0.12 0.07 0.05 0.06 0.09 0.07 0.07 0.06

N4H5A1 1953.7 0.28 0.13 0.54 0.44 0.28 0.16 0.43 0.32 0.37 0.32
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Glycan Glycan Mass | Healthy control Figo | Figo Il Figo lll Figo IV
type [m/z] | Mean SD Mean SD Mean SD Mean SD Mean SD
N4H5D1 1981.7 | 12.00 2.65 10.52 2.12 8.38 2.60 7.51 2.89 8.32 3.13
N5H5D1 2184.8 0.36 0.22 0.51 0.20 0.31 0.15 0.25 0.15 0.27 0.13
N4H5A2 2243.8 0.09 0.10 0.14 0.11 0.04 0.08 0.02 0.05 0.04 0.05
N4H5D1A1 2271.8 3.77 1.27 3.80 0.64 3.26 1.14 3.09 1.08 2.99 1.02
N4H5D2 2299.9 |100.00 - 100.00 - 100.00 - 100.00 - 100.00 -
N5H6A1 2318.8 0.16 0.29 - - 0.12 0.14 0.13 0.22 0.11 0.11
- N5H6D1 2346.9 0.45 0.21 0.44 0.11 0.42 0.15 0.29 0.17 0.32 0.13
f'; N5H5D2 2502.9 0.27 0.15 0.42 0.11 0.32 0.42 0.21 0.23 0.28 0.28
E N5H6D1A1 2637.0 0.47 0.23 0.49 0.12 0.42 0.22 0.35 0.16 0.32 0.15
E N5H6D2 2665.0 0.64 0.24 0.64 0.16 0.52 0.23 0.39 0.17 0.42 0.11
g N5H6A3 2899.0 - - 0.04 0.07 - - 0.03 0.05 0.03 0.05
o

N5H6D1A2 2927.1 0.30 0.25 0.32 0.15 0.31 0.21 0.29 0.17 0.26 0.19
N5H6D2A1 2955.1 6.41 3.07 5.58 2.32 5.22 2.99 4.42 2.35 3.71 2.44

N5H6D3 2983.1 2.15 0.64 2.93 1.16 2.94 1.65 2.20 0.75 2.28 0.63
N6H7D1A1 3002.1 0.08 0.10 0.24 0.09 0.22 0.17 0.12 0.09 0.11 0.07
N6H7D2 3030.1 0.01 0.03 0.07 0.10 0.04 0.08 0.04 0.05 0.05 0.05

N6H7D1A2 3292.2 0.04 0.06 0.09 0.09 0.09 0.11 0.08 0.09 0.07 0.08
N6H7D2A1 3320.2 0.05 0.08 0.14 0.12 0.09 0.14 0.09 0.09 0.07 0.06
N6H7D1A3 3582.3 0.03 0.06 0.05 0.09 0.10 0.14 0.12 0.14 0.11 0.15
N6H7D2A2 3610.3 0.14 0.12 0.18 0.16 0.24 0.23 0.22 0.17 0.19 0.20
N6H7D3A1 3638.4 0.01 0.04 0.07 0.09 0.08 0.11 0.08 0.09 0.08 0.08
N4H5A1F1 2099.7 0.24 0.10 0.23 0.11 0.14 0.12 0.14 0.10 0.17 0.09
N4H5D1F1 2127.8 2.22 0.84 2.28 1.14 1.55 0.88 1.21 0.75 1.24 0.61
N5H5D1F1 2330.9 0.94 0.50 1.51 0.89 0.86 0.64 0.67 0.56 0.66 0.31
N4H5A2F1 2389.9 0.54 0.28 0.62 0.18 0.60 0.20 0.37 0.20 0.22 0.16
N4H5D1A1F1| 2417.9 0.54 0.21 0.66 0.16 0.82 0.55 0.74 0.32 0.91 0.55
N4H5D2F1 2445.9 4.46 1.15 3.40 1.19 3.56 0.94 2.71 1.05 3.10 1.21
N5H6D1F1 2492.9 0.05 0.09 0.15 0.15 0.05 0.09 0.02 0.05 0.03 0.05
N5H5D1A1F1| 2621.0 0.01 0.03 0.07 0.10 0.02 0.05 0.03 0.05 0.03 0.04
N5H5D2F1 2649.0 1.48 0.72 1.55 0.57 1.31 0.80 0.99 0.51 0.93 0.35
N5H6D1A1F1| 2783.0 0.06 0.10 0.18 0.12 0.20 0.14 0.12 0.13 0.19 0.12
N5H6D2F1 2811.1 0.09 0.10 0.17 0.11 0.17 0.11 0.07 0.09 0.13 0.09
N5H6D1A2F1| 3073.1 0.05 0.07 0.21 0.15 0.25 0.17 0.21 0.13 0.21 0.15
N5H6D2A1F1| 3101.2 2.12 1.06 4.59 2.06 6.37 3.45 5.05 2.46 5.48 2.72
N5H6D3F1 3129.2 0.12 0.12 0.22 0.14 0.27 0.17 0.15 0.12 0.18 0.11

Complex sialylated fucosylated

N6H7D1A1F1| 3148.2 - - 0.05 0.10 0.06 0.11 0.04 0.07 0.08 0.07
N5H6D1A2F2| 3219.2 - - 0.01 0.04 0.08 0.12 0.05 0.08 0.08 0.08
N5H6D2A1F2| 3247.2 0.01 0.04 0.04 0.10 0.14 0.14 0.06 0.10 0.11 0.09
N6H7D1A2F1| 3438.3 - - - - 0.07 0.11 0.03 0.06 0.08 0.07
N6H7D2A1F1| 3466.3 - - 0.01 0.03 0.05 0.11 0.03 0.06 0.06 0.07
N6H7D1A3F1| 3728.4 - - - - 0.11 0.13 0.08 0.12 0.11 0.14
N6H7D2A2F1| 3756.4 0.02 0.04 0.08 0.11 0.25 0.20 0.23 0.19 0.22 0.21
N6H7D3A1F1| 3784.4 - - 0.01 0.03 0.03 0.06 0.06 0.10 0.08 0.08
N6H7D1A3F2| 3874.4 - - 0.01 0.04 0.03 0.07 0.03 0.06 0.05 0.08
N6H7D2A2F2| 3902.5 - - - - 0.10 0.18 0.07 0.13 0.11 0.11

Detailed statistics was performed for grouped FIGO stages (early and late stage) and

these results will be discussed in the next section.
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High-mannose /N-glycans

The Tir showed that there was a statistically significant negative trend in mean rank
distribution of N2H5 and N2H6, which was observed for both grouped (early and late) and
individual FIGO stages (I — IV), however only grouped statistics will be presented (Table 16).
The comparisons were performed between healthy controls, early stage and late stage

ovarian cancer. Moreover, post-hoc statistical test is reported for total trait only.

Table 16 Results of non-parametric Tir of relative intensities of high-mannose structures and total high-
mannosylation. Positive and negative Z values indicate increasing and decreasing trends, respectively. P values

< 0.05 were considered statistically significant.

Glycan type | Glycan m/z Tir Z value p value
N2H5 1257.4 637 -6.764 <0.0001

g N2H6 1419.5 1044 -4.44 <0.0001
E N2H7 1581.5 | 1885.5 0.367 0.714
.-E" N2H8 1743.6 | 1634.5 -1.068 0.286
Total - 958.0 -4.931 | <0.0001

The post-hoc analysis of the Tir test revealed that there was a highly significant
decrease in total high-mannosylation between healthy controls and late stage patients (Tjr =
406.0, z = -4.549, p < 0.001), and between early stage and late stage patients (Tjr = 166.0, z = -
4.620, p <0.001) (Figure 27).
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Figure 27 Mean relative intensities and 95% confidence intervals of high-mannose structures.

There was no statistically significant difference between healthy controls and early

stage patients.
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Complex afucosylated /V-glycans

There were statistically significant differences for almost all complex asialylated N-
glycans, namely only N4H3 showed no statistically significant difference. In general, there

was a decrease in relative intensity total complex asialylated N-glycans (Table 17).

Table 17 Results of non-parametric Tt of relative intensities of complex asialylated N-glycans structures during
ovarian cancer progression. Positive and negative Z values indicate increasing and decreasing trends,

respectively. P values < 0.05 were considered statistically significant.

Glycan type | Glycan m/z Tt Z value p value
N3H4 1298.4 | 1478.5 -2.086 0.037
N4H3 1339.5 | 1891.5 0.411 0.681
3 N4H5 1663.6 434.5 -7.920 <0.0001
g' N5H4 1704.6 | 2192.5 2.127 0.033
© N5H5 1866.7 | 2140.5 2.011 0.044
N5H6 2028.7 | 2065.0 2.332 0.020
Total - 1188.0 | -3.618 0.0003

Additionally, there was a statistically significant decrease of monoantennary and
biantennary N-glycans and increase of triantennary N-glycans. These findings do
correspond with the published literature, since increased expression of GIcNAcT IV and V
leads to increased branching and thus antennarity [172, 173].

Similarly to the high-mannosylation, there was a highly significant decrease in total
relative intensity of afucosylated complex-type N-glycans. Significant differences were
observed between healthy controls and late stage patients (Tjr = 542.0, z = -3.426, p = 0.001),
and between early stage and late stage patients (Tjr = 291.0, z = -3.072, p = 0.003). There was
no statistically significant difference between healthy controls and early stage patients

(Figure 28).
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Figure 28 Mean relative intensities and 95% confidence intervals of complex asialylated N-glycans during

ovarian cancer progression.

Complex-type fucosylated /NV-glycans

There were three complex-type core-fucosylated structures, which showed
statistically significant differences in relative intensities between healthy controls and

ovarian cancer stages, namely N4H4F1, N4H5F1 and N5H4F1 (Table 18, Figure 29).

Table 18 Results of non-parametric Tjr of relative intensities of fucosylated complex-type asialylated N-glycans
structures during ovarian cancer progression. Positive and negative Z values indicate increasing and decreasing

trends, respectively. P values < 0.05 were considered statistically significant.

Glycan type | Glycan m/z Tyt Z value p value
N4H3F1 | 1485.5 | 1919.0 0.557 0.578
- N4H4F1 | 1647.6 | 1310.0 | -2.921 0.003
13 N4H5F1 | 1809.6 | 1005.0 | -4.662 <0.0001
§ N5H4F1 | 1850.7 | 1126.0 -3.972 <0.0001
;::- N5H5F1 | 2012.7 | 1604.0 -1.246 0.213
§ NSH5F2 | 2158.8 | 1857.0 0.203 0.839
NSH6F1 | 2174.8 | 1966.5 1.232 0.218
Total - 1579.0 -1.385 0.166
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These structures are commonly observed on immunoglobulin G (IgG)[174]. Saldova
and colleagues [40] showed using ovarian cancer samples, irrespective of FIGO stages, that
there was a decrease of IgG galactosylation and an increase of agalactosyl IgG N-glycans in
ovarian cancer patients. However, it should be noted that our analysis was performed on
110 whole serum N-glycome samples and not at the IgG level alone. This is the reason why
the observed changes can only be partly explained by the IgG glycosylation alone.

Compared to the above-mentioned publication, our findings suggest an initial
increase of relative abundance of total complex fucosylated N-glycans in early FIGO stages,
followed by a decrease in late stages. This could be explained by inflammation and greater
IgG production in early stages, thus greater abundance of glycan structures carried on IgG.
Additionally, the expected increase in relative abundance of the agalactosylated structure

N4H3F1 was not statistically significant (p = 0.712) in this study as shown in Table 18.
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Figure 29 Mean relative intensities and 95% confidence intervals of fucosylated complex asialylated N-glycans

during ovarian cancer progression.

There was no statistically significant difference in total relative intensity of complex

fucosylated N-glycans.
Hybrid-type sialylated /NV-glycans

Statistical analysis revealed a significant decrease in both a-2,3- and «a-2,6-sialylation
forms of hybrid structure N3H5S1. The second hybrid structure N3H6S1 did not show any
statistically significant trend for the a-2,6-isomer, however there was a statistically
significant increase in relative intensity of the a-2,3-isomer (Table 19). For the total relative

intensity of hybrid structures, there was a statistically significant decrease.
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Table 19 Results of non-parametric Tjr of relative intensities of hybrid N-glycan structures and their total
relative intensity during ovarian cancer progression. Positive and negative Z values indicate increasing and

decreasing trends, respectively. P values < 0.05 were considered statistically significant.

Glycan type | Glycan m/z Tsr Zvalue | pvalue

N3H5A1 | 1750.6 783.0 | -5.930 | <0.0001

N3H5D1 | 1778.6 715.0 -6.319 | <0.0001

N3H6A1 | 1912.7 | 2103.5 2.030 0.042

Hybrid-type

N3H6D1 | 1940.7 | 1646.5 -1.012 0.312

Total - 767.0 | -6.022 | <0.0001

The post-hoc analysis revealed that there were statistically significant differences
between healthy controls and late stage patients (Tir = 296.0, z = -5.457, p < 0.001), and
between early stage and late stage patients (Tjr = 183.0, z = -4.348, p < 0.001). There was no

statistically significant difference between healthy controls and early stage patients.
Complex-type sialylated /V-glycans

The statistical analysis of sialylated complex-type structures was first performed on a
single glycan level followed by calculation of glycan traits as explained in the section
“Glycan traits and statistical analysis” (page 88). The complex-type sialylated structures are
presented here separately based on their fucose content. Additionally, for both fucosylated
and afucosylated structures, total glycosylation traits were calculated, such relative
antennarity. It should be noted that while total a-2,6-linked sialylation corresponds with a
total sialylation relative intensity, the relative a-2,3-linked sialylation shows unique trends
(as shown in Appendix, Absolute sialylation, page 133). Therefore, a ratio between «a-2,3-

linked sialylation and «a-2,6-linked sialylation was calculated.
Complex-type sialylated /V-glycans - monoantennary

In the monoantennary group, a statistically significant negative trend for the a-2,6-
linked isomer and positive trend for a-2,3-linked isomer was observed. The total relative
intensity for monoantennary sialylated structures decreased in advanced cancer stages

(Table 20).
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Table 20 Results of non-parametric Tir of relative intensities of monoantennary sialylated N-glycan structures
and their total relative intensity during ovarian cancer progression. Positive and negative Z values indicate

increasing and decreasing trends, respectively. P values < 0.05 were considered statistically significant.

Glycan type | Glycan m/z Tsr Zvalue | pvalue
fa
] N3H4A1 | 1588.6 | 2865.0 6.224 | <0.0001
x T €
235
g' E. t N3H4D1 | 1616.6 473.0 -7.700 | <0.0001
6% &
O % c
g Total - 1074.0 -4.268 | <0.0001

The post-hoc analysis revealed that there were statistically significant differences
between healthy controls and early stage patients (Tyr = 199.0, z = -2.176, p < 0.044), and
between healthy controls and late stage patients (Tr = 452.0, z = -4.169, p < 0.001). There was

no statistically significant difference between early and late stage patients (Figure 30).
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Figure 30 Mean relative intensities and 95% confidence intervals of monoantennary complex sialylated N-

glycans during ovarian cancer progression.

Since there were only two structures detected, the analysis of sialic acid linkages
corresponds to those of individual N-glycans. There were no fucosylated monoantennary

structures detected.
Complex-type sialylated /V-glycans - biantennary

The total relative intensity for both fucosylated and afucosylated biantennary glycans
decreased in ovarian cancer compared to healthy controls (Table 21). The significant
difference was observed for afucosylated structures between healthy controls and late stage
patients (Tir = 337.0, z =-5.118, p < 0.001), and between early stage and late stage patients (Tir
= 322.0, z = -2.706, p = 0.010). There was no statistically significant difference between

healthy controls and early stage patients. For fucosylated structures, there were statistically
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significant differences between healthy controls and late stage patients (Tjr = 262.0, z =-5.737,
p < 0.001), early stage and late stage patients (Tyr = 275.0, z =-3.261, p = 0.002), and no

differences between healthy controls and early stage.

Table 21 Results of non-parametric Tir of relative intensities of biantennary sialylated N-glycan structures,
sialic acid ratio and their total relative intensity during ovarian cancer progression. Positive and negative Z
values indicate increasing and decreasing trends, respectively. P values < 0.05 were considered statistically

significant.

Glycan type Glycan m/z Tyt Zvalue | pvalue
N4H4A1 1791.6 | 2757.5 5.616 <0.0001
5 N4H4D1 1819.7 | 1151.0 -3.829 0.0001
E N4H5A1 1953.7 | 2034.5 1.216 0.224
:'g N4H5D1 1981.7 758.0 -6.073 | <0.0001
E N4H5A2 2243.8 | 1338.0 -3.283 0.001
§ N4H5D1A1 2271.8 | 1286.0 -3.058 0.002
g_ N4H5D2 2299.9 - - -
S a-2,3/0-2,6 - 2947.0 6.427 | <0.0001
Total - 879.0 -5.382 | <0.0001

N4H5A1F1 2099.7 | 1029.0 -4.531 | <0.0001

N4H5D1F1 2127.8 829.0 | -5.668 | <0.0001

el

[T}

=

z

2T | NawsaFL | 23899 | 1047.0 | -4.424 | <00001
T c

[T}

% & | NaHsD1A1F1 | 2417.9 | 24025 | 3.318 0.001
>t

T ©

S & | N4HSD2F1 | 24459 | 784.0 | -5.924 | <0.0001
x

3

2 a-2,3/0-2,6 ; 2391.0 | 3252 | 0.0011
]

© Total ; 7500 | -6.119 | <0.0001

The a-2,3/a-2,6-sialylation ratio significantly increases for both afucosylated and
fucosylated N-glycans in ovarian cancer patients (Figure 31). Post-hoc analysis showed no
statistical differences between early stage and late stage for both afucosylated and
fucosylated biantennary N-glycans. There were statistically significant differences between
healthy control and early stage (afucosylated: Tir = 544.0, z = 4.380, p < 0.001; fucosylated: Tir
=453.0, z = 2.651, p = 0.012) and between healthy control and late stage (afucosylated: Tjr =
1707.0, z = 6.191, p < 0.001; fucosylated: Tir = 1370.0, z = 3.409, p = 0.001).
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Figure 31 Mean and 95% confidence intervals of sialylation ratio and total relative intensities of biantennary

complex sialylated N-glycans during ovarian cancer progression.

Complex-type sialylated NV-glycans — triantennary

There was a statistically significant decrease in total relative intensity of triantennary
sialylated N-glycans between healthy controls and late stage patients (Tr = 569.0, z = -3.203,
p = 0.002), and between early stage and late stage patients (Tjr = 357.0, z = -2.292, p = 0.033).
There was no statistically significant difference between healthy controls and early stage
patients. On the other hand, there was a statistically significant increase in total intensity of
fucosylated sialylated triantennary N-glycans (Table 22). The observed differences were
between healthy controls and early stage patients (Tjr = 531.0, z = 4.133, p < 0.001), healthy
controls and late stage patients (Tjr = 1480.0, z = 4.317, p < 0.001), and no differences between

early stage and late stage patients.
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Table 22 Results of non-parametric Tir of relative intensities of triantennary sialylated N-glycan structures,
sialic acid ratio and their total relative intensity during ovarian cancer progression. Positive and negative Z
values indicate increasing and decreasing trends, respectively. P values < 0.05 were considered statistically

significant.

Glycan type Glycan m/z Tor Zvalue | pvalue
N5H5D1 2184.8 | 1307.0 -2.938 0.003
N5H6A1 2318.8 | 1905.0 0.550 0.583
N5H6D1 2346.9 | 1116.0 -4.030 | <0.0001
N5H5D2 2502.9 | 1445.5 -2.165 0.03

N5H6D1A1 2637.0 | 11315 -3.942 | <0.0001

N5H6D2 2665.0 876.0 | -5.399 | <0.0001
N5H6A3 2899.0 | 2247.5 3.618 0.0003
N5H6D1A2 2927.1 | 17415 -0.458 0.647

N5H6D2A1 2955.1 | 1197.0 -3.566 0.0004

Complex sialylated Bisect/Triantennary

N5H6D3 2983.1 | 1819.0 | -0.014 0.989
a-2,3/a-2,6 - 1562.0 | -1.482 0.138
Total - 1229.0 | -3.383 0.001
N5H5D1F1 2330.9 | 1266.0 | -3.172 0.002
N5H6D1F1 24929 | 1591.0 | -1.624 0.104
N5H5D1A1F1 | 2621.0 | 2052.5 1.645 0.100

N5H5D2F1 2649.0 | 1194.0 | -3.583 0.0003

N5H6D1A1F1 | 2783.0 | 2256.0 2,571 0.01

N5H6D2F1 2811.1 | 1675.0 -0.869 0.385

N5H6D1A2F1 | 3073.1 | 2621.0 4.655 | <0.0001

N5H6D2A1F1 | 3101.2 | 2816.0 5.679 | <0.0001

N5H6D3F1 3129.2 | 1988.5 0.968 0.333

N5H6D1A2F2 | 3219.2 | 2347.5 3.978 | <0.0001

Complex sialylated fucosylated Triantennary

N5H6D2A1F2 | 3247.2 | 2288.0 3.167 0.002
a-2,3/a-2,6 - 2982.0 6.627 | <0.0001
Total - 2429.0 3.469 0.001

Similarly to the monoantennary and biantennary complex-type N-glycans, there was
an increase in relative intensity of a glycan carrying only a-2,3-linked sialic acid and a
decrease in relative intensities of structures with «-2,6 linked sialic acids, however there
were no statistically significant differences in the sialylation ratio of triantennary

afucosylated structures (Figure 32). On the other hand, there was a statistically significant
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increase in sialylation ratio of fucosylated triantennary N-glycans, which was observed
between the healthy controls and both early stage (Tir = 517.0, z = 3.867, p < 0.001) and late

stage (Tyr =1736.0, z = 6.413, p <0.001) ovarian cancer patients.
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Figure 32 Mean and 95% confidence intervals of sialylation ratio and total relative intensities of triantennary

complex sialylated N-glycans during ovarian cancer progression.

Complex-type sialylated /V-glycans - tetrantennary

There was a statistically significant increase in relative intensities of three
tetrantennary N-glycans, namely N6H7D2, N6H7D1A3 and N6H7D3A1 (Table 23). There
was a statistically significant increase in total relative intensity of tetraantennary N-glycans
between healthy controls and early stage patients (Tir = 463.0, z = 2.861, p = 0.006), and
between healthy controls and late stage patients (Tjr = 1299.0, z = 2.836, p = 0.07). There was
no statistically significant difference between early and late stage patients. Similarly, there
was a statistically significant increase in total relative intensity of fucosylated tetraantennary

N-glycans between healthy controls and early stage (Tir = 511.0, z = 4.421, p < 0.001) and late
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stage (Tt = 1684.0, z = 6.274, p < 0.001) ovarian cancer patients. There were no differences

between early stage and late stage patients.

Table 23 Results of non-parametric Tir of relative intensities of tetraantennary sialylated N-glycan structures,
sialic acid ratio and their total relative intensity during ovarian cancer progression. Positive and negative Z
values indicate increasing and decreasing trends, respectively. P values < 0.05 were considered statistically

significant.

Glycan type Glycan m/z Tor Zvalue | pvalue

N6H7D1A1 3002.1 | 1880.5 0.345 0.73

N6H7D2 3030.1 | 2259.0 3.024 0.002

N6H7D1A2 3292.2 | 21120 1.804 0.071

N6H7D2A1 3320.2 | 2021.0 1.228 0.219

N6H7D1A3 3582.3 | 2267.0 2.839 0.005

N6H7D2A2 3610.3 | 2149.5 1.901 0.057

N6H7D3A1 3638.4 | 2320.5 3.308 0.001

a-2,3/0-2,6 - 1726.5 -0.546 0.585

Complex sialylated tetraantennary

Total - 2248.5 2.446 0.014

N6H7D1A1F1 | 3148.2 | 2346.0 3.865 0.0001

N6H7D1A2F1 | 3438.3 | 2306.5 3.834 0.0001

N6H7D2A1F1 | 3466.3 | 2242.0 3.502 0.0005

N6H7D1A3F1 | 3728.4 | 2428.0 4.366 | <0.0001

N6H7D2A2F1 | 3756.4 | 2746.0 5.565 | <0.0001

N6H7D3A1F1 | 3784.4 | 2390.5 4.364 | <0.0001

N6H7D1A3F2 | 3874.4 | 2224.5 3.423 0.001

N6H7D2A2F2 | 3902.5 | 2318.5 3.929 | <0.0001

a-2,3/a-2,6 - 490.5 0.663 0.507

Complex sialylated fucosylated Tetraantennary

Total - 2864.0 6.184 | <0.0001

However, there was no statistically significant difference in relative sialylation for
neither afucosylated nor fucosylated N-glycans. Moreover, the ratio between a-2,3 and «-2,6
sialylation was 1:1 for both afucosylated and fucosylated N-glycans in all three cohorts
(Figure 33). This could be due to steric hinderance of a-2,3-linkages, which theoretically

favours mixed a-2,3 / a-2,6 sialic acid linkages.
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Figure 33 Mean and 95% confidence intervals of sialylation ratio and total relative intensities of tetraantennary

complex-type sialylated N-glycans during ovarian cancer progression.

Total complex-type sialylated /V-glycans

The total relative intensities of all sialylated afucosylated and fucosylated N-glycans
were calculated as a sum of all N-glycans carrying sialic acids. There was a statistically
significant decrease in total relative intensity of afucosylated sialylated N-glycans (Table 24).
The observed decrease was statistically significant between late stage ovarian cancer patients
and healthy controls (Tir = 393.0, z = -4.656, p < 0.001), and between late stage and early stage
ovarian cancer patients (Tir = 277.0, z = -3.237, p < 0.001). There were no statistically
significant differences in total relative intensity of fucosylated sialylated N-glycans. There

were highly significant increases in sialylation ratio for both afucosylated and fucosylated N-

glycans.
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Table 24 Results of non-parametric Tjr of sialic acid ratio and total relative intensity of sialylated N-glycan
structures during ovarian cancer progression. Positive and negative Z values indicate increasing and decreasing

trends, respectively. P values < 0.05 were considered statistically significant.

Glycan type | Fucosylation Glycan Tsr Z value p value

a-2,3/a-2,6 | 2705.0 5.045 | <0.0001

b Afucosylated
é Total 948.0 -4.988 | <0.0001
'E a-2,3/a-2,6 | 2934.0 6.353 | <0.0001
x
a Fucosylated
g' Total 1815.0 -0.037 0.970
)
(&)

Total a-2,3/a-2,6 | 3057.0 7.055 | <0.0001

Specifically, there were statistically significant differences between healthy control
and early stage (afucosylated: Tir = 458.0, z = 2.746, p = 0.009; fucosylated: Tir = 516.0, z =
3.848, p < 0.001) and between healthy control and late stage (afucosylated: Tir = 1530.0, z =
4.730, p <0.001; fucosylated: Tir =1727.0, z = 6.356, p < 0.001) (Figure 34).

These changes in sialylation ratio are cancer specific, since in both fucosylated and
afucosylated glycans are observed statistically significant differences between healthy
controls and cancer stages. Moreover, there were no statistically significant differences
between early and late stage ovarian cancer patients, which makes these ratios a possible
candidate for improving ovarian cancer diagnostics.

On the total sialylation level, there were statistically significant differences between
all three cohorts. There were highly significant increases between healthy controls and both
early (Tir = 552.0, z = 4.532, p < 0.001) and late (Tir = 1762, z = 6.645, p < 0.001) stages of
ovarian cancer. There was a statistically significant increase in sialylation ratio between early

and late stage patients (Tir =743, z = 2.269, p = 0.035).
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Figure 34 Mean and 95% confidence intervals of sialylation ratio and total relative intensities of complex

sialylated N-glycans during ovarian cancer progression.

Sialylation ratio as enhancement of ovarian cancer

diagnosis

Since the changes in sialylation ratio showed statistically significant differences

between healthy controls and primary serous epithelial ovarian cancer patients, the values

were used for construction of receiver operating characteristic (ROC) curves (Figure 35) to

evaluate possible application in ovarian cancer diagnostics.
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Figure 35 ROC curves of various sialylation ratios and CA125 generated for 33 healthy controls and 77 ovarian

cancer patients.

The ratios for separate groups based on antennarity and fucosylation showed ROC
curves with areas under the curve (AUC) from 0.717 to 0.887, which is a “good” result. The
AUC for total sialylation ratio was 0.911, which is a “very good” classifier, however still
lower than for the routinely used CA125 (AUC = 0.953). The software MedCalc (Version
18.6) was then used to evaluate the cut-off value of total sialylation ratio based on Youden

index (J = 0.7576) and the calculated cut-off value of 0.2424 was estimated (Figure 36).
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Figure 36 Dot plot of logarithmically transformed values, lines indicate sensitivity and specificity at the

calculated cut-off values.
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Since the total sialylation ratio showed a “very good” classification (> 0.9), it was
tested if the combination of obtained sialylation ratio with CA125 could improve ovarian
cancer diagnostic. A logistic regression was performed to evaluate the potential of CA125
and sialylation ratio on the ovarian cancer diagnosis.

The prediction model was as follows:

-10.553 + 0.108*CA125 + 33.062*ratio.

The logistic regression model was statistically significant (x2(4) = 101.402, p < 0.001),
explained 85.4% (Nagelkerke R?) of the variance in ovarian cancer and correctly classified
88.2% of cases. Therefore, a ROC curve was plotted for the combined probability results and

the final AUC was 0.985, which means a “very good” classification (Figure 37).
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Figure 37 Discovery ROC curve generated for 33 healthy controls and 77 ovarian cancer patients, based on the

binary logistic regression model by the combination of CA125 and total sialylation ratio.

The software MedCalc was then used to evaluate the cut-off value of combined
probability based on maximal Youden index (J = 0.8961) and the calculated optimal cut-off
value for the binary logistic regression model was obtained (0.8187), which showed a

sensitivity of 89.6% and a specificity of 100% (Figure 38).
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Figure 38 Optimal cut-off value based on the binary logistic regression model.

These results suggest that information about sialylation linkages provides cancer-

specific insight. This information alone was inferior in classification to the routinely used

biomarker CA125. Nevertheless, the combination of the sialylation ratio and biomarker

CA125 resulted in an improvement of both the specificity and the sensitivity.
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Discussion

In the present study, I compared the serum N-glycome from primary serous
epithelial ovarian cancer patients in early (FIGO I + II) and late stages (FIGO III + IV) of the
disease to age-matched healthy controls. The main focus of the N-glycome analysis was on
the changes in sialylation, with regard to sialic acid linkages. The N-glycans from serum
samples were released by PNGase F and sialic acids were stabilised before MALDI-TOF-MS
measurement by linkage-specific labelling [163].

Many glycan traits showed statistically significant differences only between healthy
patients and late stage ovarian cancer patients and no differences between healthy controls
and early stage patients. In general, the differences in relative intensities of asialylated
structures, such as high-mannose and complex asialylated afucosylated structures were
statistically significant only between healthy controls and late stage ovarian cancer.
Additionally, some relative intensities of total sialylation, thus without information about
linkage, also showed differences only between healthy controls and late stage patients,
namely, biantennary N-glycans both carrying a fucose and no fucose and triantennary
afucosylated N-glycans.

On the other hand, the majority of sialylation traits showed specificity for ovarian
cancer already in early stage, which is desired for potential biomarker use. On the level of
total sialylation, regardless of the linkage type, a statistically significant decrease was
observed for monoantennary afucosylated N-glycans. In contrast, triantennary fucosylated
N-glycans and tetraantennary N-glycans both fucosylated and afucosylated showed
statistically significant increase. Since the changes in relative intensities without the focus on
sialic acid linkages has been extensively studied in recent years in various malignancies [40,
41, 46-49, 129, 175], these will not be discussed further in this thesis.

More importantly, the information about sialic acid linkage ratios always showed
statistically significant differences already for early stage ovarian cancer. When classified
according to the antennarity, there was statistically significant increase in a-2,3/ a-2,6 ratio
for biantennary afucosylated and fucosylated N-glycans, and triantennary fucosylated N-
glycans. Similarly, there was a statistically significant increase in «-2,3/ a-2,6 ratio of all

afucosylated and fucosylated sialylated N-glycans. Most importantly, the increase in «-2,3/
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a-2,6 ratio of all sialylated N-glycans showed statistically significant differences between all
three cohorts.

In many publications [46-49], structure NSH6S3F1 was significantly increased in
malignancies. This structure has four potential sialylation isomers, namely N5H6A3F1,
N5H6A2D1F1, N5SH6A1D2F1 and N5H6D3F1. Interestingly, in the present study only
structures with mixed sialylation, e.g. NSH6A2D1F1, N5H6A1D2F1 show statistically
significant increase in ovarian cancer. On the other hand, the structure NSH6D3F1 showed
no differences between healthy controls and ovarian cancer patients and NSH6A3F1 could
not be detected in any cohort. The increase of NSH6A1D2F1 is accompanied by statistically
significant decrease of NSH6A1D2. These changes correlate with findings that synthesis of
SLex antigen requires first addition of sialic acid, followed by addition of antennary fucose
[176].

The observed changes in ovarian cancer serum sialylation agree with findings in
other types of cancer. Holst et al. showed by MALDI-Imaging in colorectal carcinoma, that
the a-2,3-linked sialic acid was increased in stroma, tumour, and necrotic cell regions, while
a-2,6-linked sialic acid was more prominent in inflammatory areas, e.g. rich in collagen,
necrotic regions and red-blood cells [163]. On some colorectal cancer cell lines (HT29, WiDr,
SW48, T84, and Lovo) an increased a-2,3-sialylation was observed together with multi-
fucosylation [177]. Saldova et al. observed increased a-2,3-sialylation in prostate cancer as
compared to benign hyperplasia [178]. In the study performed by Wang and colleagues
[179], increased mRNA expression of ST3Gal III, ST3Gal IV and ST3Gal VI was observed in
ovarian serous carcinoma tissues. Moreover, immunohistochemical staining using MMA
showed strong positivity in ovarian epithelial carcinoma part, while normal epithelial part
showed strong negativity. Wen, Sung and colleagues then studied expression of ST3Gal I in
serous type epithelial ovarian cancer [180] and in clear cell type epithelial ovarian cancer
[181]. They proposed a-2,3-sialylation as potential prognostic marker and possible therapy
target of ovarian cancer.

The sialylation changes were reported here as a ratio between relative a-2,3-
sialylation and «-2,6-sialylation. In general, glycans containing exclusively a-2,3-linked sialic
acids were not observed in the samples in high amounts and structures carrying both

linkage types were most prominent in tri- and tetraantennary structures. This is most likely
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an effect of steric hindrance. However, there was an increase in the relative a-2,3-sialylation
in ovarian cancer samples as compared to healthy controls. Moreover, the relative a-2,3-
linked sialylation increased with increasing antennarity and cancer stage, reaching its
maximum in tetraantennary structures (50%).

Since the increase in total a-2,3/a-2,6-sialylation ratio was statistically significant for
ovarian cancer, ROC curves were generated for the ratio, biomarker CA125 and for binary
logistic regression model by the combination of CA125 and total sialylation ratio. The
proposed model could improve the classification of ovarian cancer patients compared to
CA125 alone. While CA125 alone showed sensitivity of 84.4% and specificity of 97%, in
combination with sialylation ratio the sensitivity and specificity increased to 89.6% and
100%, respectively.

The advantage of such an approach lies in the utilisation of a biomarker, which is
already used all over the world in clinical laboratories, whose sensitivity and specificity
could be improved by an additional measurement of glycosylation. Such a measurement
could be proposed in unclear cases and/or cases below certain cut-off value of CA125. Since
the results observed here were obtained from the whole serum N-glycome, it is unclear,
which glycoproteins contributed to the changes, however the increased a-2,3-sialylation
clearly correlated with ovarian cancer stage. A further study of sialylation of specific
proteins, such as acute-phase proteins, could shed light on the pathogenesis of ovarian

cancer and maybe serve as better biomarker than a total serum N-glycome.
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Glycans have been proposed as potential biomarkers or prognostic markers before
[40, 46-48, 131, 182-187]. However, introduction of glycobiology into a clinical environment
brings the same challenges as other disciplines. One of the main issues with clinical
biomarker testing is repeatability and reproducibility [188-190]. This is the reason why this
work focussed on tasks necessary to achieve a successful application of glycoanalytical
methods to clinical diagnostic.

To this end, the first aim of this thesis was to perform a systematic study of blood
sampling and sample pre-processing on the stability of the human N-glycome. The standard
sample processing, its challenges and possible variations were considered. Firstly, the type
of blood collection tubes was evaluated to assess if samples from various sources could be
used. This is important an information for potential use of samples from biobanks. Secondly,
the effect of delayed processing after blood collection and after centrifugation together with
variations in storage temperature were tested. Lastly and most importantly, hemolysis,
which is a phenomenon commonly observed in clinical laboratories, was introduced and its
effect on the N-glycome was evaluated. The study showed that the effect of preanalytical
conditions was minor even for very serious deviations from standard sampling procedures,
such as six-hour delay in centrifugation. Only hemolysis, which is easily identified,
considerably influenced the outcome of glycan measurement. As a result, these samples can
be simply excluded.

The second aim of this thesis was to evaluate the changes in sialylation of ovarian
cancer patients. Firstly, a method for linkage-specific sialic acid labelling has been selected
from a range of previously published techniques. Since the majority of the original
publications applied these techniques on different sample types, the methods were modified
for application on PNGase F released serum N-glycans. Once the optimal method has been
selected, a repeatability testing was performed together with the development of analytical
and data-analytical protocols, which allowed high-throughput processing. Secondly, the
optimised protocol was applied to analyse 110 serum samples of primary epithelial ovarian
cancer patients and healthy controls. It was possible to identify changes in sialylation that
were unique for ovarian cancer patients when compared to healthy controls. Specifically,
there was an increase of relative a-2,3-sialylation in ovarian cancer patients. Even though the

sialylation deviations alone were inferior to the routinely used biomarker CA125 in sample
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classification, it was possible to improve the diagnostic power of CA125, when the two tests

were combined.
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Appendix

Glycan trait calculation

HIGH-MANNOSE = N2H5 + N2H6 + N2H7 + N2HS8
COMPLEX ASIALO = N3H4 + N4H3 + N4H5 + N5H4 + N5H5 + N5H6

COMPLEX ASIALO FUCOSYLATED = N4H3F1 + N4H4F1 + N4H5F1 + N5H4F1 + N5H5F1
+ N5H5F2 + N5H6F1

HYBRID = N3H5A1 + N3H6A1 + N3H5D1 + N3H6D1
COMPLEX MONOANTENNARY = N3H4A1 + N3H4D1

COMPLEX BIANTENNARY = N4H4A1 + N4H4D1 + N4H5A1 + N4H5D1 + N4H5A2 +
N4H5D1A1 + N4H5D2

COMPLEX TRIANTENNARY = N5H5D1 + N5H6A1 + N5SH6D1 + N5SH5D2 + NSH6D1A1 +
N5H6D2 + NSH6A3 + NSH6D1A2 + NSH6D2A1 + NSH6D3

COMPLEX TETRAANTENNARY = N6H7D1A1 + N6H7D2 + N6H7D1A2 + N6H7D2A1 +
N6H7D1A3 + N6H7D2A2 + N6H7D3A1

FUCOSYLATED COMPLEX BIANTENNARY = N4H5A1F1 + N4H5D1F1 + N4H5A2F1 +
N4H5D1A1F1 + NAH5D2F1

FUCOSYLATED COMPLEX TRIANTENNARY = N5H5D1F1 + N5SH6D1F1 + NS H5D1A1F1
+ N5H5D2F1 + NbH6D1A1F1 + N5SH6D2F1 + N5SH6D1A2F1 + NSH6D2A1F1 + N5H6D3F1 +
N5H6D1A2F2 + NbH6D2A1F2

FUCOSYLATED COMPLEX TETRAANTENNARY = N6H7D1A1F1 + N6H7D1A2F1 +
N6H7D2A1F1 + N6H7D1A3F1 + N6H7D2A2F1 + N6H7D3A1F1 + N6H7D1A3F2 +
N6H7D2A2F2

BIANTENNARY «-2,3 = N4H4A1 + N4H5A1 + N4H5A2 + (1/2) * (N4H5D1A1)
BIANTENNARY «-2,6 = N4H4D1 + N4H5D1 + (1/2) * (N4H5D1A1)

TRIANTENNARY «-2,3 = NSH6A1 + N5H6A3 + (1/2) * (NSH6D1A1) + (2/3) * (NSH6D1A2)
+ (1/3) * (NSH6D2A1)

TRIANTENNARY a-2,6 = N5H5D1 + N5H6D1 + N5H5D2 + N5H6D2 + N5H6D3 + (1/2) *
(NSH6D1A1) + (1/3) * (NSH6D1A2) + (2/3) * (NSH6D2A1)

TETRAANTENNARY a-2,3 = (1/2) * (N6H7D1A1 + N6H7D2A2) + (2/3) * (N6H7D1A2) +
(1/3) * (N6H7D2A1) + (3/4) * (N6H7D1A3) + (1/4) * (N6H7D3A1)
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TETRAANTENNARY a-2,6 = (1/2) * (N6H7D1A1 + N6H7D2A2) + (1/3) * (N6H7D1A2) +
(2/3) * (N6H7D2A1) + (1/4) * (N6H7D1A3) + (3/4) * (N6H7D3A1) + N6H7D2

FUCOSYLATED COMPLEX BIANTENNARY «-2,3 = N4H5A1F1 + N4H5A2F1 + (1/2) *
(N4H5D1A1F1)

FUCOSYLATED COMPLEX BIANTENNARY «a-2,6 = N4H5D1F1 + N4H5D2F1 + (1/2) *
(N4H5D1A1F1)

FUCOSYLATED COMPLEX TRIANTENNARY a-23 = (1/2) * (NSH5DIAIF1 +
N5SH6D1ATF1) + (2/3) * (NSH6D1A2F1) + (1/3) * (NSH6D2A1F1)

FUCOSYLATED COMPLEX TRIANTENNARY a-2,6 = N5H5D1F1 + N5H6DIF1 +
N5H5D2F1 + N5H6D2F1 + N5H6D3F1 + (1/2) * (NSH5D1A1F1 + NSH6D1A1F1) + (1/3) *
(NSH6D1A2F1) + (2/3) * (NSH6D2A1F1)

FUCOSYLATED COMPLEX TETRAANTENNARY a-2,3 = (1/2) * (N6H7D1AIF1 +
N6H7D2A2F1 + N6H7D2A2F2) + (2/3) * (N6H7D1A2F1) + (1/3) * (N6H7D2A1F1) + (3/4) *
(N6H7D1A3F1 + N6H7D1A3F2) + (1/4) * (N6éH7D3A1F1)

FUCOSYLATED COMPLEX TETRAANTENNARY a-2,6 = (1/2) * (N6H7/DIAIF1 +
N6H7D2A2F1 + N6H7D2A2F2) + (1/3) * (N6H7D1A2F1) + (2/3) * (N6H7D2A1F1) + (1/4) *
(N6H7D1A3F1 + N6H7D1A3F2) + (3/4) * (N6éH7D3A1F1)

FUCOSYLATED COMPLEX a-2,3 = FUCOSYLATED COMPLEX BIANTENNARY «-2,3 +
FUCOSYLATED COMPLEX TRIANTENNARY a-2,3 + FUCOSYLATED COMPLEX
TETRAANTENNARY a-2,3

FUCOSYLATED COMPLEX a-2,6 = FUCOSYLATED COMPLEX BIANTENNARY a-2,6 +
FUCOSYLATED COMPLEX TRIANTENNARY a-2,6 + FUCOSYLATED COMPLEX
TETRAANTENNARY a-2,6

AFUCOSYLATED COMPLEX «-2,3 = COMPLEX BIANTENNARY «-2,3 + COMPLEX
TRIANTENNARY a-2,3 + COMPLEX TETRAANTENNARY a-2,3

AFUCOSYLATED COMPLEX «-2,6 = COMPLEX BIANTENNARY «-2,6 + COMPLEX
TRIANTENNARY a-2,6 + COMPLEX TETRAANTENNARY a-2,6

COMPLEX «-2,3 =FUCOSYLATED COMPLEX «-2,3 + AFUCOSYLATED COMPLEX «-2,3
COMPLEX «-2,6 = FUCOSYLATED COMPLEX a-2,6 + AFUCOSYLATED COMPLEX «-2,6

a-2,3/ a-2,6 RATIO =X a-2,3 / X a-2,6
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Biantennary sialylated total
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Tetraantennary sialylated total
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