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Preface

Glycomis, a sulR A & OA LX A Y&udied, Thas Wiractedandexponential growth of research
activitiesin the last two decades, anelspecially in the area of biomarker discoveswing to the
development of new broadpectrum highthroughput technologies that exhithigh sensitivities and
specificities. This has led to a plethora of discovedadespecially bbiomarkers for various diseases

and malignancies including ovariaancer (OGparticularlyin Caucasian and Asian ethnicities.

In my published review article that is a subject of thissdrtation & D f & dBas¥d\Bdmarkers for

h@dk NAFY [ FyOSNY | RAFyOSa FyR [ KIf [ &iadsBv@ly 5A I :
documented the milestones that have beanhievedso far in glycomiceegardingdiscovey of OC
biomarkers. Ovarian cancer is a lethal gynecological malignancycamiraoncause of death among

women. This iprimarily because its dignosisoften happens late due to unavailable early diagnostic
biomarkers. Other factors that have been attributed to reduced life expegtah©C patients include
resistance to chemotherapy agents as well as undiagnosed underlying viral infections such as
Hepatitis B (HBV) and Human Immunodeficiency Virus (HIV) in patients scheduled for chemotherapy.
Identification of HBV and HIV seropostive OC patiafitavsthe clinicians to carefly select the

optimal synergistic treatment strategies that cuitdie viralgrowth as well as eliminating the tumor

cells. In a second publicatiealsnad dzo 2 S Ol 2 F (TKkeé\Burddr bf HSp&tibklB| Hegattiy = &
C, and Human Immunodeficiency Viruses in Ovarian Cancer patients in Nairobi, Kenya Infect Dis Rep
2022, 14(3433n n phigh seoprevalence rates of HBV and HIV in Kenyan OC patients were
reported. This indicated the need to incorporate screening of HBV and HIV in Kenyan ovarian OC

patients to facilitate comprehensive management.

However, the substratum of thidissertation involvd findingglycomebased biomarkergor the first
time for early diagnosis of OC using a cohort of African ethnastyvell as to find the differenser
similartiesin the expression of lg@&nd IgG among African and Caucasian ettiies. The cuent
findings therefore provid the information to the scientific community that glyconmsed
biomarkers for OC can be applied in a mettinic setting. Additiondy, the current findings prode
a foundation on which future glycomic stedi involving African and Caucasian ethnicities can be

carried out

Francis Mugeni Wanyama
Doctoral Candidate (Mollecular Medicine)
Charité Universitatsmedizin Berlin, Germany

Also a Clinical Chemist at the University of Nairobi, Kenya
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Abstrakt

Die Glykosylierung ist der haufigste, bei Proteinen auftretende, posttranslationale
Modifikationsprozess, der zu deren struktureller und funktioneller Veréanderung fihrt. Die
Glykanbiosynthese ist bei Krankheiten und bdsartigen Tumoren, einschliel3lichpiesli@iem
Ovarialkarzinoms (EOC), der dritthaufigsten Todesursache aller gynékologischen Malignome in Kenia,
verandert. Eine spate Diagnose, aufgrund fehlender frihzeitiger diagnostischer Biomarker,
Chemotherapieresistenz und nicht diagnostizierte vitallkerankungen sind die Hauptgriinde fiir die
hohe Sterblichkeitsrate. Sowohl als Routinetest fir den Nachweis von Krebserkrankungen als auch
fur die Uberwachung der Wirksamkeit von Krebsmedikamenten dient das Krebsantigen (CA125).
Dessen Bedeutung wird jedodurch seine geringe Spezifitdt und Sensitivitat beeintrachtigt.

Ziel der Arbeit war es, Lésungen flr die Ursachen der hohen Sterblichkeitsrate bei EOC Patientinnen
zu finden, zu denen neben den zugrundeliegenden Virusinfektionen auch der Mangel ameinks
Biomarkern fiir eine friihe Diagnose und die Uberwachung des Ansprechens der Patientinnen auf die
Chemotherapie gehort. Zu diesem Zweck wurden erstmals Serumproben einer afrikanischen Kohorte
analysiert und NGlykanSignaturen identifiziert, die im Vdeaich zu CA125 eine hdhere Genauigkeit

bei der EO@iagnose und der Uberwachung des Ansprechens auf die Chemotherapie aufweisen.
Darlber hinaus wurden Kohorten afrikanischer und europaischer Ethnien analysiert, um gemeinsame
1gG1/1gGAGlykopeptidSerumsigaturen zur Verbesserung der EOG@gnose zu identifizieren.
AbschlieRend wurden die Seropravalenzen des Humanen Immundefiziersz(HIV), der Hepatitis

B- und -GViren (HBV und HCV) bei kenianischen -B&&nten ermittelt. Die Erzeugung von
Glykopeptide und die Freisetzung der-Gllykane erfolgte enzymatisch. Danach wurden diese
gereinigt und mittels MALBTOFMS gemessen.

Funfundzwanzig #&lykanSignaturen korrelierten mit einem Ansprechen auf die Chemotherapie.
Darunter waren 17 Strukturen mitn/z-Werten <3600, die auf ein frihes Ansprechen auf die
Chemotherapie hinwiesen, und weitere acht Strukturen miz-Werten >3600, die auf ein spates
Ansprechen hinwiesen. Die Analyse der IgG1AGBRopeptide ergab spezifische altersabhangige,
ethnientibergreifenle GlykopeptieSignaturen fir EQRatientinnen. Fur Patientinnen im Alter von
1848 Jahren wurden drei Ig&lund funf IgG2Glykopeptide identifiziert, wohingegen fur

t T GASYOGAYYSY AY |t (S Nind\geylgGRslykogeptidk festgd&StglivuidanS 6 Sy L
Bei den O@atientinnen wurden Seropréavalenzen von 29,1 % (HBV), 26,7 % (HIV) und 1,2 % (HCV)
bestimmt. Die NGlykan und 1gG1/IgG&lykopeptidSignaturen zeigten eine fruhzeitigere
Feststellung des EOCs und eine bessere Uberwachung des Ansgracifiglie Chemotherapie als
CA125 allein. Die hohe HBWhd HIVPositivitat bei kenianischen G&atientinnen machte eine

Routineuntersuchung fiur eine optimale Behandlung erforderlich.
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Abstract

Glycosylation is the most frequent pesanslational modifiation (PTM) process that occurs in
proteins resulting in their structural and functional modifications. Glycan biosynthesis is altered in
diseases and malignancies, leading to features that have shown promise in the search for new
biomarkers of various miginancies including ovarian cancer (OC). OC is a deadly gynecologic cancer,
andin Kenya it is the third most frequent cause of death of all gynecological malignancies. The high
mortalities are attributed to the latestage diagnosis due to a lack of eatlggnostic biomarkers,
resistance to chemotherapy and underlying undiagnosed viral diseases. Cancer antigen (CA125) is the
routine test for OC detection as well as for monitoring the efficacy of@ariceragents however,

its significance is underminday its low specificity and sensitivity.

This thesis sought to find solutions for the triggers of high mortalities in Epithelial OC (EOC) patients,
which include a lack of effective biomarkers for timely diagnosis and monitoring patients' response
to chemotherapy, in addition to the underlying viral infections. To this end, serum samples of an
African cohort werenalyzedor the first timeto identify N-glycan signatures with superior accuracy

for EOC diagnosis and for monitoring chemotherapy respaasepared to CA125. Additionally,
cohorts of African and European ethnicities were analyzed to identify common serumdGt&
glycopeptide signatures to improve EOC diagnosis. Finally, seroprevalence rates of Human
immunodeficiency virus (HIM)epatitis Band C viruses (HBV and HCV) among Kenyan EOC patients
were determined. The totaN-Glycans were enzymatically released, purified, permethylated, and
measured by MALBIOFMS. Similarly, the tryptic serum lgé&d IgGglycopeptides were measured

by MALDITOFMS. Finally, measuremenbf serum HBV, HCV, and HIV status were done on the

Cobas e 801 immunoassay system.

Twentyfive N-glycan signatures correlated with the response to chemotherapy. They included 17 of
m/z <3600, which indicated early respongechemotherapyand a further eight ofn/z >3600 that
indicated late responsd-urthermore,a total of 23N-glycan signatures (18-glycans oim/z <3600
downregulated and 11 ah/z >3600 upregulated in EOC) differentiated primary EOC patients from
the contrds. Analysis of IggGidentified agedependent crosethnic EOC diagnostic glycopeptide
signatures. For patients of agesc#® years, three Igand five Ig@glycopeptides were identified
gKAES GK2a$sS 27 I 3S ;ardfopr I§EYllychid@iidesStrdprevaaléngeSafes of 3 D
29.1% (HBV), 26.7% (HIV) and 1.2% (HCV) were reported in OC patients.

TheN-glycan andgG/IgG; glycopeptidesignatures showed improved detection of EOC as well as
chemotherapy response monitoring compared to CA125 when used alone, while the high HBV and

HIV positivity in Kenyan OC patients necessitates routine testing for their optimal management.
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1.0Introduction

Ovarian cancer is the most lethal of all the gynecological malignaigjedthough it prevalences

lower than other female cancers such as breast and cervégalers. The high mortalities associated
with OC areften due to the delay in definitive diagnosis occasioned by the absence of effective early
diagnostic biomarkers, unspecific symptoms as well as resistance toaatier agentsViral diseases
including the Human immunodeficiency virus (HIV) and the atéjs B virus have also been shown

to contribute to the early deaths of gynecological cancer patiesush aghose withOC[2-4]. The

most promising approach teeducingOCrelated mortalities and morbidity liesn the discovery of
effective biomarkers capable of detecting OC while still in the early stage (FIGO Stage | and Il) when
many treatment options are still available. Monitoritige responseo anti-cancer treatment agents,
resistanceprediction as well asscreening of HIV and HBYV infections in OC patients scheduled for
chemotherapy are factors that contribute to the longevity of patiebtg are not part of standard

care waldwide[5, 6]

The current gold standdrbiomarker for OGsicancer antigen 125CA125)discovered in 19817].
However, CA125 suffers from the limitations of low specificity and accusady the case witbther
biomarkerssuch as human epididymis 4HE4, and cancer antigen 3-9 that were discovered
thereafter [8-12]. The suitability of CA125 in monitoring treatment response is also a matter of
conjecture, ashere is no established protocol for interpreting cecsitive CA125 concentrations for

a decision on the state of tumor progression to be mftlg). Based on these existing gaps in early
diagnosis of OC and monitoring respeis treatment, neweffective biomarkers are urgently needed

to mitigate the aggressiveness of the disease by reducing mortalities and improving the quality of
LJ- G A Seb GRcomid, a\comprehensive study dfie entirerepertoire ofglycans as expressed in
biological systems under specified physiological and pathological conditibhbiasopened up new
possibilities for finding bimarker signatures for diseses and malignancies including®C
Glycosylationis the most common postranslational modification (PTM) process that results in the
formation of glycoconjugates (protein or lipid) through the ligkaof one or more monoor
oligosaccharide unitd 5]. Perturbations of glycosylation happen in various malignanoéssilting in
cancerspecific glycansvhich formthe basis upon which neeffectivebiomarkersare hoped to be

realizedfor diagnosisandmonitoringthe efficacy of anticancer agents many cancers including OC

Therefore, the overall lonterm goalof the present study was to reduce the mortalities and improve
the quality of life of EOC patients finding effective, less invasive, aaffordable biomarkes for
early detection of EOC and monitoring tbe response to antcancer agentsalong withoptimal
patient managementThis was addressdd the present doctoral thesig threeresearchquestions

where: For the first time, an invagation on malignanalterations ofN-linked protein glycosylation
3
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was carried out on the serum of an African cohort of EOC patients to determine potsgigtan
signatures that can be used for early diagnosis of EOC and in monitoring respchsentatherapy.
Further evaluation of altered serummmunoglobulin G1 and G@gG and IgG) Fc glycosylation in
EOC patients of African and European cohorts was carried out to determine common potential
I9G/1gG glycosylation signatures fdhe early diagosis of EOC. Finally, this study also sought to
determine for the first time, the burden of HIV, HBV, and HCV among EOC patients in Kenya

1.1 Glycosylation

Glycosylation is a postanslational process that yields different types of glycoconjug#tesugh
the joining of saccharis to aglycong(proteinsand lipids) by the formation of glycosidic linkages in
a carefully enzymeegulated procesg16, 17] The type of linkages formed and the aglycones
involved describe the mechanisms of glycosylation. Magor classes of glycoconjugates that résul
from various glycosylation processes indudjlycoproteins, glycosaminoglycans, glycolipids

(glycosphingolipids), and glycosylphosphatidylinositol {&H#¢d proteins.

Glycoproteins are formely the attachment of one or more glycans to the polypeptide backbone via
either a nitrogen IJ-glycans) or an oxygen {@ycans) linkage to an asparagine or serine/threonine,
respectively. Other forms of glycoprotein glycosylation include phosphoglycosylatind €
mannoglation [18]. Glycosaminoglycans, on the other hand, aoenprised of long polysacahides
made of repeating disacchagdnits that are linked to the hydroxyl group sérine or threonineof
aprotein backbonen a process initiated by a conserved tetrasacchafidd. Glycosphingolipsiare
formed when one or more glycans are covalently attached via either a glucosgatecose to the
terminal primary hydoxyl group of the lipid20]. Glycosphingolipids are one of the most abundant
human glyolipids found on the outer leaflet of the cell plasma membran&7].
Glycosylphosphatidylinositol (GPI) is comprised of atilaminophosphatewhich forms an amide
bond by linking its amino acid group with the protein, three manisogird glucosaminend then
through the terminal inositolphospholipidAs a result, GPI anchors connettole proteirs to the

membrane[21].
1.1.1 Glycan diversity

The highly regulated mammalian glycome is composed of glycan structures exhibiting enormous
diversitythat arises from branching arehomeric linkage[17, 19] The great diversityexhibited by

the mammalianglycans arises from an estimated 7@@teins which includebiosynthetic enzymes

such as glycosyltransferases, glycosidases, kinases, and transporters as well as activatedidugars
ten monosaccharidegl9] [22, 23] The ten monosaccharides includealetyl/glycolylneuraminic

acid (Neu5Ac/ Neu5Gc), mannose (Man), glucose (Glc), galactose (Gal), fucose {Fuc), N

4
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acetylgalactosamine (GalNAc)akketylglucosamine (GIcNAc), glucuronic acidAY iduronic acid
(IdoA) and xylose (Xy)18, 22] Of the 700 proteins, gproximately 200 are glycosyltransferase
enzymes that are responsible for glycan biosynthediglagically controllegbrocess thats initiated

in the Endoplasie Reticulum(ER)and continues in the Golgi Apparat[i9, 24] About half of all
human proteins are glycosylated, and mosthy N-glycosylation [19, 22] Of the ten
monosaccharideonly seven take part in the synthesis of hunNaand OglycansThey include one
acdic monosaccharide Neu5A¢ and sixneutral monosaccharidesMan, Glc, Gal, Fuc, GlcNAc, and
GalNAc. Another type of acidic monosaccharislNeu5G¢ which is mostly expressed in some

malignanciegFigurel) [25, 26]

HO HO OH oH

. ® o N O Hoon @
HO HO OH o}
HO e ] HO HO ocH HO OH

NHAc OH HO
Glucose (Glc) N-Acetylglucosamine (GlcNAc)  Galactose (Gal) Mannose (Man)
AcHN GcHN
HO ¢
Fucose (Fuc) N-Acetylneuraminic (Neu5Ac) N-Glycolylneuraminic acid (Neu5Gc)

Figure 1. Structures and symbols of common monosaccharides found in N-glycans. Adapted from

Chao et al, licensed under CC BY [27]

A range of highly branched glycan structures exhibiting high microheterogeneity are also generated
from the differentways in which the monosaccharides are linked by the glycosidic hdrusnature

of microheterogeneity displayed by glycans is higher compared to either DNA or proteins, which
originate from a conserved templatbat is linear[28]. N-Glycans are formed through linkage with

the nitrogen atom of the asparagine (Asp) found in the consessagiene Asp-X-Ser/Thr motif
(where Xdenotesany amino acid other than prolingd9]. O-Glycanson the other handare usually
shorter thanN-glycans andlso exhibit branchingThey argormed bythe covalent attachment of
monosaccharideto the oxygen atom of serine or threonirj80]. N-Glycansare the most abundant

and compex due to their many branching possibilities, which generate more divelrsitther glycan
diversityalsoarise FNBY (GKSANIJ &0 SNB2A a 2livkagesh GrosarginodytaasizNI
differ from the N- and Oglycans because of their linear dmuration, but just like Gglycans, they

are also linked to the serine and threoninetbé protein backboneGlcosaminoglycanare further

postsynthetically modified by sulfation arat epimerization. The diversity of glycosaminoglycans
5
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produced through sulfation inclugéeparan sulfate, dermatan sulfate and chondroitin sulfgt@é,
19]. Moreover, hyaluronan also adds to this type of diversity. Hyaluroimana unique
glycosaminoglycafound freely in the extraellular matrix It isnot attached to either protein or lipid,

andisformed by alternate additions of GIcA and GlcNikg; 19, 31]
1.1.2 Structural propertiesand biological functioms of N-glycans

MammalianN-glycan structurgare comprised of a core structure made of tWsacetylglucosamine
and three mannose residues (M#@icNAg) [32]. N-Glycans are of three typege., high-mannose,
hybrid- and complextype structures, formed based on how the monosaccharides are added to the
MansGIcNAg core structure (Figure 2). HighannoseN-glycans (oroligomannoses) are only
constituted of mannose residues attached to the core structure. Hygpd N-glycansare
biantennary structurs, where one antenna is made up of highannose only, while the second
antennais constituted obne or more different mnosaccharidesGomplextype N-glycan structure

may contain up to six antennaeach originating from GIcNAc residues attached to the Man of the

core structure[33].

High-mannose Hybrid-type Complex-type

O 2

B conac
. Mannose

O Galactose
@ sialicacid

Fucose
The core structure ’

Figure 2. Théhree types ofN-glycanseach containing the MasGIcNAgcore structure.

Glycosylation of proteins is a major contributor to the functional diversity manifested by proteins.
Biological roles played by thélinked glycoproteins include protein folding, prexin ofa physical
barrier to pathogens using thick glycan layer, andubrication provided by the soluble and
membranebound mucins[34]. Othersinclude the solubility of macromolecules, modulation of
membrane receptor signaling, ardadhesive action by charge nejgion to inhibit celkto-cell
interactions andof fundamentally importage, protection from proteases by steric hindrance and

negative charge[34]. N-Glycans also play key role in regulatory mechanisms that control
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physiological and pathological processesha human systen{16, 34, 35] Physiological functions
regulated by glycans include aging, fertilization and embryogenesis. Pathological functions include
celkto-cell recognition, celbdhesion, signal transductiomnd self non-self recognition allowing
antigen uptake and eliminatiof34]. Othersincludemolecular trafficking and clearance, endocytosis,
modulation of receptor activity and acting asmolecula switch for pro- and antiinflammatory
activities[16, 35]

1.1.3N-Glycan biosynthesis

Synthesis oN-glycans is an ordered process that takes place in two organelles, namely the ER and
the (olgi apparatus, and proceeds in two phases. It involves specific substrates (activated
monosaccharides) and eymes (glycosidaseand glycosyltragferases), which are sequentially
utilized to create highly complex but specific glycan structures on theem®{16, 36] The
glycosidases perform a hydrolyzinderdor specific glycan linkageshile the glycosyltrasferases
synthesize the glycan chaifis6]. The two enzymes are differentially expressestording tothe
physiologcal and pathological states the cell[32]. Insummary the first phase ol-glycan synthesis
commencesn the cytosolic side of the ER with the assemblgre or nmore oligosaccharides to a
polypeptide backbone termed dolichol phosphate {Pglvia a nitrogen linkage in a highly conserved
pathway (Figure 3R9, 32] In the second phase, the intermediate MablcNAg-P-P-Dol is flipped

into the lumen ofER, where the assembly and quality control of protein prosgad]. The weH

folded glycoproteins then proceed to the Golgi apparatus to undergo further trimming, modification
and maturation[16]. It is within the Golgi apparatus that-glycansare further extended and
branched as they transit through this latter portion of the secretory system before reaching the cell

surface and extracellular compartments].
1.1.3.1Synthesis of thelolichol precursor

Theprocessf N-glycan syrtesis is made possibieitially by the synthesis of five-carbon isoprene
unit called the dolichol. Its purpose is to serve as a carrighefoligosaccharide as well dse
localization of the first phase of the-@lycan synthesis to the cytosolic membrane of thg3BR The
enzyme cigprenyltransferase is responsible for the synthesidalicholby the sequential addition of
C5 isoprenoid units on the farnegyrophosphate[37]. On the cytosolic ER membrane, synthesis
begins with the additiorof GIcNAc from the activated UBFICNAc to the DeP bythe enzyme
GlcNAel-phosphotransferasgto form the anhydride dolichol pyrophosphateddetylglucosamine
(DokP-P-GIcNAG) Tunicamycin can inhibit this reactiprhnence stopping the process dfl-
glycasylation in the cell33]. Asecond GIcNAc residiadded to the DelP-P-GIcNAdy the GIcNAe
transferaseagainusingthe substrate UD#SIcNAdo form DotP-P-GIcNAg which isalso called the
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G OK A U 2 0 ATRess&quebcdelBaiged further by thexddition of five mannoséVan)residues
from GDPMan by themamosytransferaseo produce the MagGIcNAg-P-P-Dol. The MarGIcNAg-
P-P-Dol precursoris then flipped from the cytosdt sideto the luminal sideof the ER by the
MansGIcNAg-P-P-Dol flippase marking the beginning of the second phg82, 39] Importantly,
there isalsoanother type of flippase, the Dé-P flippasewhich plays the reverse rolef returning
the Dol-P back to the cytosol foeuse in the new biosynthetic cycl89]. The reverse role of D&
flippaseis pertinent to the extent thatogether with thede novosynthesisthey maintain thelevels

of dolichol in the cytplasmic sidef the ER.

In the luminal sideof the ERfour Manresiduesfrom the DotP-Man donor and three Glc residues

from the DolP-Glc donorare addedadditionallyonto the MarsGIcNAg-P-P-Dol to form al4-sugar
N-glycanprecursor structurethe GlgMansGIcNAg-P-P-Dol [32]. Importantly, the DotP-Man and

DolP-Glc donors are formed on the cytoplasmic side of the ER membrane from the activated
monosaccharideSDRPMan andUDRGIc, whichare also flipped into the ER lum¢33, 37] At this

point, the multimeric enzyme complex of four subunits, the oligosaccharyltransferase (OST),
catalyzeshe cleavage ahe 14-sugarprecursor structurdrom the DotP-Panditséen bloé (G NJ ya ¥ S
to the consensus sequenaaf AsrgX-Ser/Thrmotif of the newly synthesizegroteins, which are

transitingthroughthe ER17, 32, 38]
1.1.3.2Quality control of protein folding

The newlyformed nascent glycoproteinndergoes a quality control step thaivolvesthe sequential
removal ofthethreeDf O NB & A Rdzdsidages | addfB3]® h | (i -gludodldases | and Il
remove the first two Gld¢o form the GlcManrGIcNAgAsn structure. Thisacts as a ligand for the
membranebound(calnexin)or soluble(calreticulin)lectin chaperonesn a step that triggers protein
folding [40]. In 1994, Ari Heleniusdescribed the calnexin and calreticulaycle as beingthe
chaperones in the ER that bind to the GlcMaltNAgAsn, while the ER contains the
glycosyltransferase which-teansfers the glucose to the MaBIcNAgAsn[41, 42] Protein folding is
prone to errorshence KS OK I LISNRBY SQ& NERf Qyithetogijzes ahdibimdhe O2 y (i |
misfolded proteingn order to refold them into the correct conformatiod3]. However,misfolded
proteins that cannot be rectified bghaperone interventia are allowed to enterthe ERAD process
(ERassisted degradationwhere they aredegraded by théMan trimming enzymesdsed on the
omannose time¢ model of ER quality controln this model, the glycoproteins with slow folding
speed possibly due to mutations oincomplete oligomeric assembly, are eliminatg®, 40]
Overexpression of the ER mannosidase 1 leadsctelarated misfolded protein degradation by
ERADHowever,; & S OraayiriRsidase dike protein called EDEM (ER degradatoy K y OAy 3 !
mannosidase like protein) accelerates the ERAD response to misfolaggcdproteins [43].

8
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Misfolded glycoproteins showth af 2¢ Of SI @I 3S 27F i KSM aeSudher v I €
recognized by OS9 and degraded in the defre they exit to the Golgj32]. As part ofthe
housekeeping duringrotein folding, the lectinprotect the nascent polypeptide frorhe possible
effects of hydrophobic aggregation andmqualitativedisulfidebonding as well44]. Gycoproteins

that are properly folded unddB 2  F dzNJi K S NJ {gNiBosidagel o ramdve thkI&st Glc
residue resultingin the formation of MansGIcNAgAsn. Finally, before the glycoprotein exits the ER

to the Golgi apparatughe terminah m Man residue of the central arm is cleavedhbgpnannosidase

I to yield ManGIcNAgAsSNn[19, 32, 45]

1.1.3.3Processingaturation, and formation of N-glycan diversity

In the cis-Golgi region, the nascentglycoproteinMansGIcNAg-Asnundergoes further trimmingf
three Man residueshy a set ofh 1-2 mannosidases 1A and 1Bto form the MansGIcNAg-Asn
precursor Thismoleculeis responsible for mediatindpe formation of hybrid and complexype N-
glycars [32]. MansGIcNAg-Asn is then transferred to the medidbolgi forfurther proceseg and
maturation. However the structure may also remain unchangeid which case the secreted

glycoprotein or the mature membranaanifests MagsGICNAgAsN[32, 46]

Maturation of N-glycars by the formation ofhybrid- and complextype structures takes placeithin

the medial and transsolgi regions with the ManGIcNAgAsn as he precursor. The N
acetylglucosaminyltransferaddGIcNAcT or MGAT1) transfersa GlcNAaesidueto G2 of (i K S-3 h m
Man in the core othe MansGIcNAg-Asn precursor to form GIcNARIansGIcNAg-Asn, and initiates
synthesis of the hybridand complextype N-glycan structure®n nascent gicoproteins Formation

of the hybridN-glycans involves retention tfie five Man residuesvhile a Ganda Neu5Aanay be
added to the arm that received the GIcNARy contrast complexN-glycans are formed bthe
removal of two Man residuefsom the GIcNAcMaiGIcNAg-Asnby the action of -mannosidase Il to
form GIcNAcMasGIcNAg-Asn. SubsequentlyGIcNACTI (MGAT2) adds a second GlchtAtheh w6
linkedcore Man to form diantennary complestype N-glycan[32, 46].

From the biantennariN-glycanstructures aboutsixmore diversebranchescan form For instance,
triantennaryN-glycansareformed by the transfer obnei  nlirkked GIcNAw the tri-mannosyl core
by the action of GICNAeV (MGAT4A). Additionally, the tetraantennaiyglycans result from the
addition of the¥ 2 dzNJj&inkéd GIcNAc to the trimannosyl core by the action of GIcCNXcT
(MGAT4B) and GIcNAYT(MGAT5J47]. Moreover, for both hybrid and complextype N-glycans,
GIcNAc may also be added to the first Man of the core by the actiorcbfA&T-I1Il (MGAT3}o form
bisectingN-glycan structure$32]. Someof the hybrid and complexN-glycan structures extend their

branches further by additions of Gal to the GIcNAc &dythe ubiquitous building btk known as

9
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thea[  Ob! O¢ &S| dzS ys@&yIachAK Wherkothér 3 &eBS sequentially added
2 KSNBAY]1 SR DFtb! O A& | RRSR (i-2GIcNAcQobLladdiNAcyisfdiried R 2
[32]. Following the reactions described during maturation, various typds-glfycans are formed
including the high-mannose hybrid- and complextype structureghat differ interms ofantennarity,
composition and lengthyielding the great diversity that ishe N-glycars repertoire. High-mannose

N-glycansare formed in the ci€5olgj while the hybrid and complexype structuresare formedin
the transGolgi.
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Figure3. Biosynthesis of the fdlycans The procesbegins with the attachment oBlcNAdo DolP to form GIcNA®-
P-Dol, followed bythe addition of asecond GIcNAc and 5 Man to form M&fcNAg-P-P-Dol, which is flipped into the
lumen of ER. Then 4 Man and 3 Glc are added to foravi@gGIcNAgP-P-Dol, the 14 sugar Mylycan precursqgwhich
is added to the nascent protein vissnX-Ser/Thr to form GManyGIcNAg-Asn Then 2 Glc are removed to forn
GlcManGIcNAg-Asn, which initiates protein folding. For properly folded proteins, the remaining Glc is remc
followed by a terminaMan to form MarsGIcNAg-Asn which moves into ci§olgi. 3 Man are then removed from th
structure to form ManGIcNAg-Asn, andthen transferred to the medial and later trai@olgi for further processings
well asmaturation, forming hybrid and complextype structures. Adaptedrom Essential®f Glycobiologyg edition,
Stanley et al.underlicerse CC BXIGND 4.0 édditionalcolor added)32].

10



ChariteUniversitdsmedizin Berlin Introduction

1.1.4 Inherited disordersof N-linked protein glycosylation

The defectsof glycan biosynthesis lead a group of diseases known as congenital disorders of
glycosylation (CDG). CDGs amdegorizedinto four classes depending on the mechanism of
glycosylation involvedrheyincludeN-linked protein glycosylation, finked protein glycosylation, a
combiration of N- and Oglycosylationsand finally, GPI and lipid biosynthepi8]. Themajority of
CDGshat resut from N-linked glycosylation defectwe severe with clinical manifestationbeing felt

in the muscular tone, brain development, neurological functions, growth and developfd&ht
Other notable symptomsf N-linked CDGs arepatic fibrosis, nipple inversion, visual defects, and
coagulationimpairment amongst otherd17, 49] N-Linked CDGs are classified into type 1 (GADPG
and type Il (CD@) [50]. For CDé&, the defect occursgluringN-glycan biosynthesisn the glycolipid
precursor before it is attached to the asparagine of the glycopeptide backbone. These defects are
manifested in the synthesis and processing of the dolichol, in transport from the cytiza@f the

ER to the lumen, and also during geesentation or transporof the sugaresidueg51]. By contrast,
CDGll, arises from the incomplete proteirbound glycans due to processing defectdlin Golgi
apparatug17, 50] The most commoi-glycanrelated CDGs incledpghosphomannomutas@-CDG
(PMM2CDG), mannose phosphate isomer@ieG (MRPCDG), and ALGBDG.

PMM2-CDG is caused by the mutationtite phosphomannomutase 2 (PMM2) gene that encodes
the correspondind®MM2 enzymég17]. Its functionis to catalyze theanversion of Mar6-Phosphate

to Man-1-Phosphate, which is a precursor of GMBn and DoP-Man synthesis. These two are
substrates for the mannosyltransferases that pkagatalytic role in synthesizing th&4-carbon
GlgMansGIcNAg-P-P-Dol[50, 51] Currently, thereare no therapeutic formulas available for patients
with PMM2-CDG. It may present in two forms, the more severe fteingcalled infantileonset,
where death occurs within therst 2 years of life, and the latenset form where the subjects have

normal Ife expectancy but may present intellectual disabil§¥].

MPFCDGby contrastis caused by the mutation tfie MPI gene hat is responsible fagncoding the
mannose phosphate isomerasghose role is to catalyze the conversion of fruct@se to Man6-P.
However, Fudose-6-P can still be metabolized by the glycolytic pathway preventsgdcumulation
[48]. Patients suffering frorthis condition exhibit symptomsuch as stunted growth, coagulopathy,
hepatic fibrosis, severe diarrhea, and vomitibgt brain development is not impairetHowever, they

can ke effectively treated with dietary supplements of mann¢Se].

Finally, ALGEDG results from the mutation of the ALG6 gene that encodes glucosyltransferase 1. In
N-glycan biosynthesighree Glcresidues are added sequentially to form the dstrbon structure

GlgMansGIcNAg-P-P-Dol [51, 52] A deficiency of glucosyltransferase 1 enteres with the
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attachment of the first Glc to the intermediate structure M&IcNAg-P-P-Dol. Patients suffering

from this condition present with seizures, hypotonia, and straljisij.
1.1.5 Alterations of N-glycosylationin malignancy

Aberrant glycosylation of the totalN-glycome is an established feature of many malignancies
including ovariancancet. KS adt S 2F 33t edz2aefl A2y Aa NBFESC
[53-55]. However,in general, healthy individuals habbeenshown to exhibit remarkable stabilitp

the glycosylation statg56]. Abnormal N-glycosylatios have previously been demonstrated in

various diseasessuch as rheumatoid arthritif57, 58] and systemic lupus erythematos{&9],
includingseveramalignancie$60-65]. N-Glycansare of particular interest ithe biomarker research

of diversemalignanciesbecause structural alterations have previously been demonstrated in the
tumor microenvironmentwhich are thought to promote invasion, progression ati#é spreadof

various tumorg31, 6568]. Consequentlythey haveformed the basis upon which research for new

biomarkersis being explored.

Previous reports have pointed to the fact that glycosylation changes could be a consequence of
cancer invasion, thougbther research groupbavealso suggested that glycan alterations could be
the cause of cancd69]. Hakomori and Kannagiadetwo presupposition®n the key mechanisms
thought to beresponsible for the glycan alterations in malignancidkey included incomplete
synthess and neasynthesg[70]. They indicated that incomplete synthesis occurs in the early cancer
stages, and is supported by the transfornoatiof normal glycosylation to the truncated glycosylation
pattern that yields truncated structures such as sialy[TTfy 71] Already, theexpression of sialyl Tn
structures tas been shown in malignancies of the breast and gastrointektiaat [72, 73] while for

the neosynthesis, they indicated that structures such as sialy! feamg sialyl lewts(sLé and sL#&,
which are thought to promote cancer metastasise produced and have been associated withdate
stage cancef74, 75] Some cancer types that have been shown to expres$asigk sL&include

prostate cancer, colorectal carcinoma, gastrointestinal cancer, angsnail cell lung carer[60-63].

The reasons for glycan modifications in malignancies are-fackiedand are aided bynanyfactors

They include alteration in the expression of glycosyltransferdlsesupplyof acceptor substrates of
glycosyltransferases, and increased availability of sugar nucleotide donors and cAfbct&E, 76.

Others involvealterations in the tertiary conformation of the peptide and the chain of the nascent
glycan[71]. Decrease or increase of the glycosyltransferases expression as a function of oncogenic
transformation affects both the core structure of the glycan and its function through increased
antennarity. The specific transformation of the saccharides trsmives to form unique terminal

glycan motifsis also significant in this procef&l]. The growth oftumors and their subsequent

12
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migration to the metastatic sites relies on the ability of the malignant cells to escape the cellular
division checkpoints, evade apoptotic sigraatsl tumor immune surveillance mechanisragad resist
therapy [77]. TheN-glycosylation changes during cancer are key enablers ofaftiementioned

factorsand therefore offer much promise in cancer biomarker discoveries.

The most common and significant canessociated glycosylation changes that happen at the level
of total N-glycomeof blood glycoproteingre manifested in sialylation, fucosylation, biseantiand

in N-linked glycan branching4, 7881]. OtherN-glycosylation changes have alseen reported at
the immunoglobulin level and acughase proteins. At the immunoglobulin leyespecially the 1gG
subclass, altered galactosylatiend sialylation have been reported in variouslignanciessuch as
colorectal, ovarian, and gastric cancdB2-85]. Previous studies have also reported increased

sialylation as well as stgructures, triantennary and tetrantennary structures, and ctueosylated

biantennary digalactosylation on the acypbase proténs, & dzO K & Kl Ldgi@ 3t 2

3t & 02 LINE U-&ritighymotiypéiRin ramy cancersincluding pancreatichreast and ovarian
cancerq86-89].

1.1.5.1 Sialylation

Sialic acids are nirgarbon acidienonosaccharidaunits usually found attached to the terminals of
glycoproteins and glycolipids performing diverse r¢®¥. Sialylation is essential for the stabilization
of the glycoprotein structurg77]. Their characteristic positioning on the cell membrane, their
electronegative charge, and their hydrophichature enable them to participate in functions such as
cell signaling, cellular adhesion, ion transport, and recognition, including pathogen»andbinding
[31, 90, 91] Other roles include conferring the negative charge on the erythrocytesard off
unwarranted cellular interactions through repulsion, modulation of protein-ligfin circulation,

and influencing fertilization by facilitating speragg interactior]90, 92]

¢ KS e Mwhidh 2leddbes the diversity of sialic acid, is estied to be made up of about 50
sialic acids. All known sialic acids are derived from four core molecules that vary abtbarkbn
linkage contributing immensely to the sialoenThe core sialic acid molecubs® N-acetylneuraminic
acid (Neu5A¢)which is the most common in humans;gicdylneuraminic acid (Neu5Gc);k&to-
deoxynonulosoni@acid (Kdn) and Neuraminic acid (Neu) (Figurgd8). The main mammalian sialic
acids are Neu5Ac and Neu5@ithere each diffes from the other bya single oxygemtom [94]. The
oxygen atom is added to the sialic acsttucture i.e., precursor CMMNeu5Ac, g cyidine
monophospha¢ N-acetylneuraminic acid hydroxylase (CMAH) to form @B5Gc, but human
beings lack this enzyme due to mutationtioé CMAH geng95]. Further diversity of si& acid islue
G2 G§KS 7T 2Ihkages dettveen @bol and othermonosaccharideas well as the anomeric
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O2Yy FTAIdzNI (A 2y-2 W) Yirk&doShe GBRBH heH ZfoA Y1 SR (2 GKS DI f
huXy 2N huzIdp f Ay SBmeficonfigyrationfoSsidic ackd s lgo @ fuhd@eRab
contributor to the sialome. Sialic acids exist in two anomeric foghk Y S far®omer (the bound

F2NY 2y (KS 3Zdnam@édfoynimhichifoynt® ovierfo®s of the sialic acid in solufi@sj.

N-acetylneuraminic acid (NeuSAc) |N-glycolylneuraminic acid (Neu5Gc)

HO HO
H H
HO. OH o HO, OH R
Z o OH z 0 OH
CHy~C—HN HOH;—C—G—HN

o] OH 0] OH
Ketodeoxynonulosonic acid (Kdn) Neuraminic acid (Neu)
HO HO
COOH COOH
H QH HO. 9H

z OH S OH

H,N s HO -

OH OH

Figure 4.Primary core sialic acid structures, by Paul and Patieavani,

licensed under CEBY N(97].

Sialylation is a cellular glycosylation modification that involves the addition of sialic acid residues on
the glyca@onjugateq31], in a process that takes place in the Golgi appardiasyltransferase are
responsible for regulating sialylation and are classified into four families based on the type of
carbohydrate linkage they forms well aghe structure to which they are transferred. For instance,

the ST3Gal family (comprigef six ST3Galt 0 T 2 NJY-linkageSwitmurdErlying Gal in a glycan,
andthe{ ¢c DI f FFYAf& 602 YLINR A Sitkage With undeflyiny GayrésBleB 0 F
Othersinclude the ST6GalNAc family (six memberghich ¥ 2 NJ -limkag& to an underipg

GalNAc, anthe ST8Sia family (comprised of six memhaisk A O K F-Bnkilfe wittHalteyminal

sialic acid36, 98]

Malignant transformation of cellular surface sialylation following marked upregulation of the
sialyltransferase is a major indicator of pathology. Howetlee levels ofexpression by thendividual
sialyltransferasesaryquite significantly between different malignanciesnd within tumors as well
[99]. It is o fundamental importane that these cancermediated modificationswhichare reflected

in the expression of sialyltransferasegighe resultant increased sialylatiomavebecomeplausible
sources of new cuttingdge cancer biomarkers. Furthermotée changes in the fglycomealso
offer the opportunity for the discovery of new targetiven treatment strategies to minimize the

emergence of resistance to chemotherapy agents. Ind#eelfindings of various studies reported
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perturbations of sialic acid expression in the bdhlyds and hitlogical sections of patients with

various diseases and malignancies such as ovarian carcinoma. Increased sialylatiornr inalades
upregulation of sialylated derivatives of Lewis antigens (dialyis x, sLeand sialyllewis a, sL®,

which areknown to promote metastasis as they are the ligands of seletid8, 101] Selectins are

vascular cell adhesive molecules expressed on the surface of endothelial cellskouytes\which

are known to play immunological rolesuch as in inflammation, wound repair, immune responses

and cancer progressigthrough their interaction with slg31, 102] Increased sialylation has also

been correlated with increased tumor migration, invasion, aell adhesionandhence poor patient
prognosig103-105j® { SPS NI t & i dzRA S a- | NIRLIFMKGE SidtylatloghOaidus & SR
malignancies inading ovarian cancer (O{28, 80, 106, 107]Wang et. abbsened that increased

h H -linked sialylation in OC patiesxtorrelated with the increase in expression of ST3GHIBJ.

The cancer cell surfaces of OC patients are characterized by increased expression of the sialylated
lewis (sL® epitopes on terminal glycan[109]. This is a result of altered regulation of
fucosyltransferases in hepatocytss K SNBE o & (KS SELINB&aarAzy 2F hwmZIo
increased 6 KAf S hmMIu TFdzO2aeéftdNIyaFSNFrasSa | NB  adzLl
suppressed as a result of beiogtc2 YLISGSR 2FF (GKS &adzmadNI 1S3 KA
sialyltransferae [109, 1100 a 2 NE 2 4S/N& hhwvisno T dzO @dlitate fudddylgtiarifof NI a4 S
the already sialylated core structureesultingin increasedsLe structuresas seerin OC[110]. The

hHZc aAl tef dNI ya FifkedisidiSacid to the b@umeasy glycdhs KMH Sc o K S f
linked sialic acids are majorly attached to the amd tetraantennary glycarig7]. The consequence

of increased sl*n malignancy is enlmced cancer invasiveness and metastasis thrabgladhesion

of tumor cells to the endotheliunB86, 109] It is alsomportant to note that sL&are the ligands for
selectingwhose interaction leads tthe formation of aggegates of tumor cells and plateletshich

contribute to tuma cell migration and disease progressifii]. Other mechanisms through which

the increase in sialylation promotes tumor progression tre upregulation of integrin activity,
suppression of galectiB-induced apoptosis, and induoh of resistance to some chemotherapy

agents and immune evasion (Figure[5)1].
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Figure5. Functions ofialic acid in tumor biologyByZou et al, licensed under GBY 4.00 M M I

1.1.5.2 Bisecting structures

Decreased expression of the bisectihgglycan structures is @ommon occurrence in tumor
malignancies including OC. Bisecting structures are formed through the enzymatic addition of
0 A & S O{-ined GIENWC residue to the core mannose ofkglycans. The enzyme responsible

for this catalytic reactiorsiGcNAd-111[36]. BisectindN-glycan structurepromotetumor suppression

by inhibiting the addition of the branched compliidinked glycans that aid the spread of malignant
cells[8]. The decrease of bisecting structures in OC, therefore, is a predictor of poor patient prognosis
as it promotes tumor progression and metastasis by default. Previously, Zahraaleikal reported

a correlation between the bisecting GlcNAcylated biantennary structures and the resistance to
primary chemotherapy112]. In view of the above, both bisecting and/tetra-antennary structures
present opportunities for potential new biomarkers for predicting prognosis as well as resistance to

anti-cancer treatnent.
1.1.5.3 Branching structures

IncreasedN-glycan branching is one of the most conspicuous and-eteliacterized malignant
transformations apart from sialylation. Increased branching leads to the formation of many
triantennary and tetraantennargtructures, which in turrprovidesmore sites for the addition of
terminal sialic acid103]. Furthermore, an association was established between increaseantli
tetraantennary structures with cancgrogressiondue to their negative correlation with bisecting

structures that are inhibitory to cancer progressi@). Increased triantennary and tetraantennary
16
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structures have been reported in malignancies such as prostate, breast, lung and ovarian [@&)cers

79, 106, 113, 114]ncreasedN-glycan branching expression in cancer is mediated by the upregulation

of the GIcNAGTV and GIcNAeV, which catalyzes B | R R A (-6\GciAdé the Niglycan core.

The inverse relationship between branching and bisecting structures is informed by ienzym
competition of the GIcNAcH (responsible forthe formation of the bisecting structurgsagainst
GIcNAcTV and GIcNAEV (responsible fothe formation of branches)69]. GIcNAcTIl competes

with GIcNAcTV and GIcNAeV, whereby once a bisecting GIcNAc has been added to the core
manrose of the biantennarid-glycan, GIcNAelV and GIcNAeV can no longer form more branches

[31, 115] Similarly, td and tetraantennary structureshibit GICNAcTII, preventing the formation

of the bisecting suctures which are critical in suppressing the tumleence, they promote cancer

growth and metastasis by defajit9].

1.1.5.4 High-mannosylation

An increase or decrease of higmannosylated glycans due to altered expression of the
mannosyltransferases has been reported in different types of malignancies. Decreased high
mannosylation has been reported in malignancies such as ovarianramtgastric cancefé8, 107,

116, 117] Conversely, an increase in higiannose has been reported in breast can§gt4].

Although aberration of higilmannose has been reported in various cancers, the role played by the
high-mannose in turor growth remains to be elucidated.

1.1.5.5Fucosylation

Fucosylation is expressed either ascore or terminal in a process regulated enatioally via
fucosyltransferases (Futllevenfucosyltransferasesire involved in the synthesis of fucosylated
glycans and arefunctionally classifié into four groupsincluding Futl and Fut2{ @ y i KS&aA a 2 7F
fucose; Fut3, Fut4, Fut5, Fut6, Fut7, and Fll9Y Yy 1 KSa A a 2 F)PuBB e yii M Sa A 8 dz2z
6 fucosg; andFutl0 and Futliwhose function iyet to be elucidated118].

CorefucosylationA & F2NIXSR o0& (KS S6fucds¥ tolite netmBSBNAE 2 y 2
NB a A R dzS -fu@syltransierase (Fut8). Terminal fucosylated glycans (Lewis epitopes) are
synthesized by Fut®, s KSNSo6& (GKS Fdz02aS NBAARAZS Aa Fddlr OK
terminus of theN-glycan structurgproducing specific lewis antigens suchLawis x/Lewis y (&)

and Lewis a/Lewis b (8 [118]. Lewis antigens are categorized into two typs®e 1 and type 2

Type lincludesH1, Lewis (L€), Lewi$ (L"), and sialyl lewfs which share a common structure
O2yahiai A irked BAEAGIcNAcdisaccharide while Type 2is comprised oH2, lewist (L&),

Lewid (L&) and sialyl lewis(sLe)O2 y (i | A y A y-Ehked ®a&IcNAG dishccharidd19, 120]

CKS 0A238YyGKSGAO LIHGKglke 2F GKS aaltet [SsAra ¢
2T (GKS LINBighiagdimpe or type 2 ()ehainsGenerally, expression of type 1 lsw

antigens in malignacies has been shown to decrease, while tlipecreaseg§121, 122]
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The upregulation of fucosyltransferases is responsible for the increasedocdeeminal fucosylation
reported in many cancef81, 123] Experimental studies have correlated higher metastatic potential
and mortalities in breast cancer and nemall cell lung cancer patients due to overexpression of Fut8
and corefucosylation[124, 125] Several studies also reported upregulation of efureosylation in
various cancers includinQC[64, 116, 126] colon cancer, and lung cancdr27, 128] However,
decreased corducosylation was also reported in gastric and prostate cancers due to the
downregulation of Fut§28, 129, 130] Malignant increases of terminal fucosylation have also been
reported, where an increase of slwas associated with a poor prognosis oédist cance122].
Furthermore,an increase of *eand sLé&epitopeswasreported in colon cancer, whereby in cases
where both were expressed, the patient had a shortened survival period compared to patieots
did not express the two epitopg431]. Of note " -fetoprotein, whichis corefucosylated, islready

an approvel biomarker for the early detection of hepatocellular cand82]. Hence the increasen
corefucosylationevident in ovarian canceis a potential ara in which discoveres of effective
biomarkers forthe diagnosisof OCas well agnonitoring the responseto treatment can be made.
Additiondly, the Lewis epitopes also demonstrate the potahfor developing predictive biomarkers

for the patient'sprognosiq120, 133, 134]

Type I Lewis antigens

Bl1-3 B1-3 B1-3 02-3 P13

H1 antigen Lewis? Lewis

Type II Lewis antigens

p1-4 Bl1-4 B1-4 2-3  Pl-4

H2 antigen Lewis® Lewis” sialyl Lewis®

Figure6. Terminal fucosylated glycans, lewis antigambkich arealtered in malignancies.
By Blanas et glunder licerse GGBY[120].

1.2 Immunoglobulin G F&\-linked glycosylation

Immunoglobulins (Ig) are the major class of serum glycoprptemprising five classelgA, IgM, 1gG,
IgD, and IgE. Structurally, the human immunoglobulin is made up of two identical heawyHGi
and two identical light chai(LC) subunits (Figure 7). The HC is further divided into four domains

comprising one variable (VH) and threestants (Cld CH, and Ch), while the LC has two domains,
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one variable (VL) and one constant ({1136]. The two light chains, with a part of the heavy chain,
(VH and CH1), form the two fragment antigeinding (Fab) sites, which are linked to the fragment
crystallizable (Fc), made up of the CH2 and CH3 domains by a flexible hing¢lr@gjidrab and the

Fc regions are the functional sites of immunoglobulins and are differentially glycosylated at the
variable domain[57]. Functionally, glycosylation controls the immune regulatory roles of the
immunoglobuling35]. The role of Fab in immunity is to bind the specific antigen for neutralization
and elimination.By contrastthe Fc region executes the effector function by binding the gamma
receptors (FcRs) of various immune k= to trigger an immune response when an antigen binds
[137]. The types of immune responses triggered include complement activation, complement
dependent cytotoxicity (CDC), antibedgpendent celimediated cytotoxicity (ADCC), antigen
neutralization, phagocytosis, and opsonizat[@88]. The FARs are found on immune cel&uch as
lymphocytes, neutrophils, eosinophils, macrophages, and natural killer whilsh are tasked with
implementingthe immune responses against antigens.

¢tKS ylIGdz2NBE 2F 3JItéedzaetlidirzy NBFtSOGSR o6& Kdzvt
physiological (age, sex, pregnancy status), and pathological sfa8% 140] In a normal
physiolajical state, an individual's immunoglobulin glycosylation is normally stable and reproducible.
Several studies have showerturbations ofA Y Y dzy 2 3t 20 dzf AyaQ Ifegherzha et I G
IgA, 1gGor IgM classesin various malignancies including ovarian cancetorectal cancemread

cancer and gastric canceamongst others [84, 141, 142]Inone of theovarian cancestudies for
instance, it was reported that although the IgA, IgG, and IgM classes had transformed Fc glycosylation,
IgG had the mogpronouncedeffect compared to other immunoglobulin class@3].

IgG is the most abundant classimimunoglobulin in human circulatiomade up of four subclasses
(lgG, 19G, 1gG, and 1gG) that are differentiated from each other based on the constant regions of
their polypeptide chain ¢chain sequences angatterns of thedisulfide bridge) [57, 135] All IgG
molecules contain a singh-glycan attached to a highly conserved site, -28ii, in each of the GH
domains of the Fc region (Figure 7). TheNFglycan is responsiblr maintaining the quaternary
structure and stability of the Fc fragmedf37]. By contrastthe Fab region may contain one oora
N-glycosylation sites restricted to the variable domains and have no conserved glycosylation sites
[138]. The Fdinked N-glycans are characterized byhighdegree of corducosylation and complex

type biantennary structures with variable numbers of galactoses that resuftanyglyemforms. The
number of galactosgin a glycoform varies between zero and twg0 (zero or agalactose), G1 (one

or monogalactose) and G2 (two or digalactose). Furthermorewaof these glycans may be bisected

or contain terminal sialic acid$43].
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Figure 7. Schematic presentationafimmunoglobulin G structure
showing twoN-glycans attached to Asn in the CH2 region.

1.2.1 IgG Fd\N-glycosylation changes inancer pathology

The composition of IgG glycoforms is usually stable and reproducible in a normal physiological state
[144]. Therefore when quantified,deviations in the IgG Fc glycosylation that happen in various
pathological processesuch as in autoimmune diseases and carfé&®; 145148], can help to
differentiate normal from diseased states. IgG IRglycosylation is a key efftor of immunity
functions such as prmflammatory, antiinflammatory, and antibodylependent cellular cytotoxicity
(ADCC). Acedingly, the aberrations of IgG Reglycosylation in various pathologies not pffer
invaluable opportunities for new sighae biomarkers but also new insightsthat contribute to
further understandngthe molecular basis of diseases and malignancies.

1.2.1.1 Agalactosylation

Expressionfl Yy A y R g@RcBalactdsyadion (lg&1/G2) and agalactosylation (lg&B)exhibits
relative stabilityin normal health Of the total Ig@\-glycan pool, Ig&1 and Ig&s0 account for about

35% each, while 1IgG2 makes up about 16438, 144] The degree of IgG Fc galactosylation and
agalactosylation are influenced differently according to the prevailing physiological or pathological
stimuli.

Physiologial variations in the levels of galactosylation are reflected in age, sex, and pregnancy.
Galactosylation was reported to progressively increase withfeme birth to around 27 yearsind

then decrease as one advargia ageto a maximal value of less than'50 (0 K NR dz3 K2 dzi 2 y S«
[54, 138, 149] Furthermore, variations in the degree of galactosylation according to sex have also
been implied. Females of the same age as males are reported tessxhigher galactosylation
compared to their male counterpart&urthermore,in pregnancy, an increase in the expression of
IgGG2 and 1g&52S1 was found to be proportional to the term of pregnanegichingapeak at week

30, and then decreasing aftelelivery as wll as in menopausgl38, 150, 151] This poins to the
possible role played by the estrogen hormone, as Cheh. greviously reportefl52], although the

role isso faryet to be confirmel.
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In various pathologies, galactosylated Nglycans have beeassociated with modulation of the
inflammatory process by initiating an afiiflammatory signaling cascadkrough binding to the
inhibitory FCcRIIB[138, 153] Evidence othe decrease in the degree of IgG galactosylation in the
serum of patients with various autoimmune diseases and malignancies has been adduced by various
studies. Earlier studiemncautbimmune diseasesuch as rheumatoid arthritig7, 58] and systemic
lupus erythematosug59], showed decreases in the levels of IgG galactosylation. Furthermore,
several cancer studies alsgporteda decrease in galactosylation, for instanicemultiple myeloma
[154], prostae, gastric, lung, and breast cans§t46, 155157].

ConverselylgG agalactosylated glycoforms are reported to prtebe proinflammatory response.

The higher affinity of the agalactosylated IgG glycoforms to bind thRIFd¢hereby inducing pre
inflammatory activitiesis contributed to by their lack of sialic acid or galactose residues (Figure 8)
[139, 158] It is thought that the increase in agalactosylation could be due to a decrease in the
expression of dactosyltransferasesnd not as a consequence of elevated immunoglobulin synthesis
by the B cell$109, 159] This was confirmed by Parekhad., who showed that the increase in 1gG
GOglycoforms did not correlate with changes in the serum IgG conceotrfit60]. However, the
current state of conflicting views over the control of galactosyltransferasaselyas to whether it

is at the transcriptional or the pogtanscriptional levelcalls for the undertaking of tgeted research

to help elucidate the cause of the decrease in galactosyltransferases. An increase in the serum levels
of IgGGO has been reported in various malignancsegsh as ovarian cancer, gastric cancer, prostate
cancer and breast canc¢B2, 146, 161, 162]Besides malignancy, autoimmune diseases such as
rheumatoid arthritis, systemic lupus syndromeplyy Q4 RA&SFasSs FyR {21 ANBY
presented with increased agalactosylatiqi48, 160, 163] The chronic inflammation that
characterize®varian cancecan be ascribed to thimcreasein agalactosylation.

1.2.1.2 Sialylation

IgG Fc sialylated (monand very rarely dsialylated) structures in hediy individuals account for
approximatelylO - 14% of the total glycan pofil38, 144, 164]Sialic acids are thought to act as the
molecular switch between proand antiinflammatory responseswhichmay be triggered by the
change in homeostasifl38]. The presence of terminal sialic acid(s) is a triggeraforanti-
inflammatory response, whereas tineabsence promotes a primflammatory responsg¢138, 165]
(Figure 8)For instancetS NJ A y |- linkedisialE acid is aninflammatory and acts by decreasing
the affinity of IgG Fc from binding the activaife Rs hence promoting DGIGN whichleads to
increased expression of the inhibitory RtIB[149]. Altered siaylation is mediated by changes in the
expression of sialyltransferase and the sialidd88s166]arising from the homeostatic disturbance.
Research by independent groupsstessociated sialylation with psibilities for variousbiomarkers

roles. Kemna et al. reported decreasesialylationand galactosylation of IgGs an important

21



ChariteUniversitdsmedizin Berlin Introduction

antecedent to reactivation afranulomatosis withpolyangiitis whichcouldhenceserve as indicators
for the necessitatingf pre-emptivetherapy[167]. Furthermore,patient response tahe treatment
of Kawasaki disease and Guill&iarre syndrome was shown to correlate with restorationtlod
serum sialylatiorof the autoantbodies[168, 169] These findinggsherefore, are suggestive of the
possibility of using sialylation as a biomarker for monitoring disease progression and efficacy of
treatment as well a detection of relapse.

1.2.1.3 Bisecting GIcNAc

The bisecting GIcNAc containing 1gG Fc glycans asdourstbout 10-15%o0f the total glycanpool
[138, 144, 164]The bisecting GlcNAmnd the corefucose roles are antagonistic to each otfiem
the perspectiveof the effector functions of the Fc glycan. Just like the lack of-fucese, higher
levels of bisecting GIcNAc increase the affinity of IgG for thRf@sulting in an enhaced ADCC
[138, 170, 171{Figure 8.

1.2.1.4 Corefucosylation

Several studies have reported increasesitfier core or terminal fucosylation in many cancers
including ovarian cancer, colorectal cancer, and breast caf@®r 172, 173] The increase of
fucosylation in ovarian cancer is mediated by the upregulation of the fucosyltransferases, the
enzymes encoded by FUT11 geneg[31]. Over 90% of the total IgG glycoforms contain fucose
attached to the first Nacetylglucosamine daheir structures [138, 174] This is in contrast to other
immunoglobulin classes, which are largely not core fucosylftéf]. Corefucoseis thought to be
protective from harmful antibodylependent cellular cytotoxicity (ADCC) activities by acting as the
aal FSieg176. dnisim@daghat the majority of the circulating 1gG pool has safety switches.
The presence ofore-fucosereduces the ability of IgG Fe bind FcRIIIA and FRIIIB, hene the
activities of the ADCC are countermanded. Lack of fudnsepntrast increases the binding affinity
for the FcRIIIA promoting ADCC activity by abal@0-fold [165, 170, 177, 178] (Figure8).
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N-glycosylation IgG Fc N-glycosylated Effector function
change structure

Agalactosylated Pro-inflammatory

Galactosylated Anti-inflammatory

Sialylated Anti-inflammatory

Bisecting GlcNAc Enhanced ADCC

Core-fucosylated Decreased ADCC

Not core-

Enh AD
fucosylated nhanced ADCC

Figure8. lllustration of the effector functions of the modulated 1gG FC glycosylation.

1.3 Ovarian cancer

Ovarian cancer is a group of diseases that forms in the ovary, fallopian tubes, and peritoneum, which
manifests as fasgrowing abnormal cells that can invednd spread to other parts of the bo{#j.
Ovarian cancers are classified into three histological typpshelial tumors (the most dominant),

sex cordstromal tumors, angjerm cell tumorg179, 180]Currently EOCissub-classifiedfurther into
sevenhistotypes serous type, mucinous, clear cell, endometricdgromucinous transitional cell
(Brenner tumors)and mixed epitheliatarcinomag36, 181] In thedeveloped world, for instarecin
Germany, EOC is the most commaacounting for approximately 90p579, 182] A simiar trend is

also reflected in the developing parts of the world whefier example in Kenya, approximately 86%
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of OC cases are of EOC tyf83]. Consequently, owingptits numerical significance, the present

research focuses on epitheli@arian cancer.

Ovarian cancers are highly lethal and a common cause of death in all gynecological EBwers
notwithstandirg current advances in therap The Global Cancer Observatory (GLOBOCAN) reported
in 2018 that of the total 8.8 million female cancers globally, an estimated 295,414 cases were of OC.
Furthermore,of the total 4.1 million global female cancer deaths, 184,799 mortalities were of OCs
[1, 8] The factors attributed to the high mortalities are late diaghosis and misdiagdasigo
unspecific symptoms in the initial stages of cancer and a lack of effective early diagnostic biomarkers.
Hence, the cancer is mostly diagnosed in late staglen it has already metastasized to distant sites

of the body, and the treatment optiong@greatly diminished. Other contributors to high mortalities

or early deaths are resistance to chemotherapy ageastsvell asnfectious agents such as HIV and
Hepatitis B viru§3, 4, 6]

The diagnostic patterns of OC are similar in both the developed and the developing parts of the world
whereby the majority of women are diagnosed when cancer has already speeaituation that
portendsgreatly diminished chances of complete cure and longevity. In developed countries, more
than 75% of OC are diagnosed in the advanced stage (FIGO stage I1[E861187], a situation that

is replicated in the developing world, where for instance in Kenya, over 73% of OC cases were
diagnosed in advanced sta§E83]. Ovarian cancer pants diagnosed in the advanced stage have
greatly diminished fivgrear survival due to cancer spread compared to those diagnosed in early
stage. For instance, the 2011 United Kingdom aet®C patients showed that only 20% of stage llI
survivedafter five years while forstage IV only6% survived [188]. In Kenya, 50% of OC patients
survived within two years of diagno$i83]. Unfortunately, less than 30% of OC diagnosed cases are

made in stage Jwhich accords better fivgear survival of about 75% aa®0% cure rat¢188-191].
1.3.1 Pathogenesis of epithelial ovarian cancer

The disease process of EOC is well elucidatedhéynternational Federation of Gynecology and
Obstetrics (FIGO) through their stagiygtem. For EOC patients in FIGO Stage I, the tumor is limited

to the ovary or fallopian tube, while in Stage Il the tumor remains confined to the ovary or fallopian
tube, but with an extension to the pelvic region. When the tumor spreads to the peritoniautime
abdomen and retroperitoneal lymph nodes, it is classified as Stage Ill, while in Stage IV, the tumor
spreadgoesbeyond the peritoneum cavity to distant parts of the bdd®2]. Althoughthe disease
process of EOC is well understood, its etiology is not yet clear. Several models have been put forward
to elucidate the etiology of OC, which include genetic mutations, incessant ovulation, hormonal

stimulation, and chronic inflammation.
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The malel of genetiomutation, which is the most important risk factor of E@Canchored on the
inheritance of the mutant genes. Inheritance of the germline mutations irBiteast cancer 1 and 2
(BRCAL1 and BRCA2nor suppressor genes accounts for the majodf hereditary OCs, and 105
% of all ovarian cancef$91]. The carriers of these getiemutationshave lifetime probabilities of
developing ovarian cancer at-&0% and 1580% for BRCA1 and BRCA2, respectji8ly, 193]

The model of incessant ovulation is elucidated as the risk index of developing EOC arising from the
number of times that an individual gets the ovulatory cyétetheir lifetime[194, 195] Excessive
ovulations subject the epithelium to constant damage, réd®y increasing the chances of
spontaneous mutations of DNA repair and inactivation of twsppressor genes leading to EOC
[195, 196] This model is positioned by the biological or therapeutic risk factors that facilitate the
increasel number of lifetime ovulationcycles. They includearly onset of menarche, delayed

menopause, nulliparity, fertility medication, and hormone therapy in menopausal wdréf.

The model of hormonal stimulation is based on the elevations of the gonadotropin levels acting in
concertwith estrogen. This model explains the key events that lead to the development of ovarian
cancer. It involves entrapment of surface epithelium in inclusion clesigling to its stimulation by
estrogen or estrogen precursors, especially in the presenceeasistently high levels of the
gonadotropins l(teinizing hormone aml follicle-stimulating hormone)[196, 198, 199] Finally,
chronic inflammation has also been advanced as one way of OC pathogeviesisby the toxic
oxidants produced during this process for the purpose of elimingt&igogensnayalso cause direct
damage to DNAleading to carcinogenesi200]. Furthermore,it is also linked tancreased cell
division which enhancesformation of errors of replication that amsfrom DNA repair and
consequently an increased riskmfitagenesis. Exposure ofaries to pelvic contaminantsuch as

ectopic implantation of uterine lining and talmay also result in inflammation leading to ERE6].
1.3.2 Preventive factordor epithelial ovarian cancer

The factors tbught to protect women from developing OC aim majority those that cause
unovulation. These include pregnancy, parity number of live births, prolonged lactation, use of oral
contraceptives, and tubal ligation or hysterectofd@4]. During pregnancy, there is high production

of estrogen and progesterone hormoneshich suppress the levels of LH and FSH to prevent
ovulation. Similarly, during lactation, there is high production of prolactin, which has a negative
feedback on the production of estrogen and ladd consequently, ovulation is suppressgdB?].
Similarly the use of oral contraceptives stabilizes the levels of estrogen and progesterone, which

inhibits the secretion of gonadotropins curtailing ovulatifd®9]. The fact thatthese factors are
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protective from EQ & suggestive of a common pathway of ovarian carcinogenesis through ovulation

or gonadotropin hormones.
1.3.3 Diagnosis of epithelial ovarianancer

Early diagnosis of OC patients offedhe most practical and promising approach to reducing
mortalities and morbidity associated with the laséage dignosis of OC. The most widely validated
routine serum biomarker currently used fahe diagnosisof OC is the cancer antigen CA]125
however, its analytical usefulness is undermined by its low specificity and sengitivity 191]
CA125 levels are found to be normal in approximately 20% of OC, tasesge also found to be
elevated inconditions such as benign ovarian diseases, liver diseases, menstruation and many other
states[201]. Owing to these inadequacies, CA125 is used in combination with other markers such as
clinical pelvic examination and transvaginal ultrasound or imaging to bolster its diagnostic
performance[189, 202] But even with the inclusion of CA125 and transvaginal ultrasound into the
screening programs, there baot beenany significant change in the trajectory of mortalitifz02,

203] The recently approved biomarker for monitoring OC relapse and progreshkionan
epididymis 4 (HE4hasa better performance in detecting OC in premenopausal women pamed

to CA12564]. Whenthe two tess HE4 and CA125 are used as a combination to detect EQlt2in

early stage, the problem of specifichgspersisted as shown byisk of ovarian malignancy algorithm
(ROMA score (specificity, 7§ 84%), which is based on the twiomarkers A detailed discussion on

this, and other approved clinical biomarkers for OC detectisaddressed in our recent reviej8].

Therefore, the need for new effective biomarkers cannot be gainsaid.
1.3.4 Treatment of EOC and biomarkers for monitoring treatment efficacy

Earlystage diagnosis dDC, effective monitoring strategies and optimal treatment are important
factors that contribute to the reduction in OComalities and increased patient survival. The gold
standard treatment of OC consists of surgical debulking followed by chemothfé#y205] The
first-line chemotherapy strategy for OC is antmnation of platinum and paclitaxel administered in
six cycleswith each cycle giverevery 3 weeksafter the previous one[187]. However, new
transformative treatment options are emerginguch as targeted therapend immunotherapy206],
though some are still within the trial phase. Surgical intervention usually &amthe complete
removal of thetumor; however,the majority of patients still retain som&mall residual tumors in the
peritoneum which are difficult to examine physically or by imadit8]. Approximately 30%fd0C
patients may not respontb platinum and paclitaxel combination therapyhile of the 70% that
respond,it is not possible to detect residual cancersalmout one-half of them wing the available

imaging and biomarker techniques after five months of treatm@sti].
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Although CA125 is largely used in monitoring the stability or progression of OC, its suitability for
monitoring treatment response has not been ascertained regarding the interpretation of consecutive
CA125 concentrations in making the correct judgment on the state of tumor progrd48ip his is
because the criteria that have been proposed so far have failed to eliminate the false positives that
indicate tumor progressiof207]. Hence, the need to not only discover effective biomarkers for early
detection of OC but also for monitoring the response of the patients to the chemotherapy agents

of fundamental importace.
1.3.5 Potential glycomiebased biomarkers for ovarian cancer

Many of the biomarkers currently used in cancer diagnosisraaditoring are largely glycosylated
proteins but their measurement is mostly based on specific immunochemical detection of the
protein moiety that is part of the glycoprotein as opposed to the ghjé@8]. Some of the currently
approved cancebiomarkers derived frorthe glycoproteins includ€A125 for OGS A153 for breast
cancer, CA19 for pancreatic cancer, carcinoembryonic antigen (CEA) for colorectal cancer, and
prostate-specific antigen (PSA) for prostate cancer. Various research gnaupgepaoted aberrant
N-glycosylation at the levebf total glycome, immunoglobulin, and acypdase proteinghat shows

great potential for future new biomarkers of various malignancies.

At the level of totalN-glycome, several research groups hagported trarsformation ofN-glycans
that included downregulation of highmannose, asialylation hybridind mono- and biantennary
structures[64, 78, 80, 107, 116\hile sialylated, fucosylateénd tri- and tetraantennaryN-glycan
structures weraeportedlyupregulated64,79, 80, 107, 116, 128Tancerspecific aberrations of the
total N-glycome includéhe increase of sialgted and fucosylated glycan structures in breast cancer
[209], while in gastric cancera decrease of higilmannose, bigalactosylated biantennanmgth an
increase of theagalactosylated biantennaryyglanswasreported [68, 129] Saldova and colleagues
also reported an increasm corefucosylaB R 0 A | y (i S y-3AihkN@Esiallc ¥idRls ih prostate
cancer patientg81]. Our research group previously described N-gjlycansignaturesthat were
altered in EOCand were able to discriminate primary EOC patients from healtily BOD women,
with better specificity compared to CA125. Tlewmprised four high-manno® (m/z 1579.8, 1783.9,
1988.0, and 2192.1)and seven multiantennarycomplextype N-glycans characterized by high
sialylaton and fucosylabn (m/z 3776.9, 3951.0, 4226.1, 4400.2, 4587.3, 4761.4, and 498%5)
107]. A score generated from the N-glycansy | Y S R & Daas abl&atdifferentiate primary
EOC patients from the healthy or BOD controls and was alsdahbbsign theeOC patients in their
respective tumor stagewith higher accuracgompared tathe CA125107].
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A few studies have also reported on the potential use of altered glycans as biomarkers for predicting
resistance and respoago chemotherapy. A previous study identified Niglycansn tissues of OC
patients with the potential for use as markers of resistance to chemothera@pgsix N-glycans
displayedfeatures oftetraantennary,sialylaton and/or fucosylaton and bisectingstructures[112].
Additionally, lewis type biantennary, trianterary tri-sialylated, and lewis type triantennary
strudureswere alsasolated fromthe serum of OC patients and wef@und to be uséul in predicting
response to chemotherapy in OC patief240]. In another study involvingoreast cancepatients
alterations in the abundance of higimannose,corefucose and galactosylation were reported
following chemotherapy administratiof211], suggestingheir possibleutility as markers of drug

efficacy.

Investigation of malignant glgsylation changes aie level of immunoglobulirhas seenmore
interest directed at the predominant antibody of the secondary immune response, the IgG. Various
independentresearch groups have reported increased agalactosyladiaeh fucosylation, with a
decrease in galactosylati@amongOCpatients[82, 87, 212] Rutaak et al. found IgG to be the most
accurate (91%) in discriminating EOC patients from the healthy corfoiitsyed bylgA(85%), and

the leastaccuratewas IgM(76%9 [83]. Finally, an increase in sialylatiamgre-fucosylation lewis x
antigen (L&, and sialy Lwis* (sl€) antigen were reportedn acutephaseproteins which included
0KS KI LIG-23y % QK& Y 218 NE)LE ANYB A Glyeoprotéin, hemopexin, and C1
esterase inhibitor in O@atients[86, 87, 213]Saldova et al. reported that a combination of‘slad
agalactosyl biantennary glycasignificantlyimprovedthe discrimination of ovarian cancer from BOD

subjects[87].
1.4  Approaches folN-glycan and IgG glycopeptide analysis

There are three approachesith which glycans can be analyzeuhd they include at the level of
releasedglycans, glycopeptides, or at the intact glycoprotein 1§8¢l The choice of a particular
strategy is dependent on factors such as the nature and purity of the sample, level of technology
available, expert knowledg@nd the nature of output information envisagg8]. In this study, we

used thereleasedN-glycans analysis and the glycopeptide analysis.
1.4.1 Analysis at theeleasedN-glycan level

Analysis of theeleasedN-glycans is the most preferred method for studies involving compositional
and structural characterization of th&l-glycome. Th advantage of tis method is its lower
complexity output compared to either the glycopeptide or the intact glycoprotein saniplie. The
release ofN-Glycansfrom the glycqoroteins is carried outusing either chemicals orthe enzyne

approach One of tie guiding factors irchoosingeither of the two N-Glycan releasstrateges is
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whether the sample will beneeded for further analysesFor instancethe release ofN-Glycans by
chemicas causes partial degradatiaf the samplemakingits further use for analysesnsustainable
[214]. Once the freeN-glycans have been edsed, they are taken through a purification process to
remove the peptide, salts, and excess reagents. This is followed by derivatizatiomevitimgular
purpose of stabilizing the negatively charged sialic acids to prevent their loss during measusgment

MALDITOF mass spectrometry
1.4.1.1 Enzymatic release

Different types of enzymes are available for releashtglycans from the glycoproteinThe
information that is hoped to be generated from the analysighe released\-glycars determines

the choice of one enzyme from anothefhe most commonly used enzymes are hglycosidases

such & peptide-N-glycosidase A and F (PNGase A and PNGasalEhdoyglycosidase H (Endo H).
PNGasd-was first isolated from Havobacterium meningosepticum 1984by Plummer et al[215]

and is currently used in a recombinant faras expressed i&.coli Both PNGase F and PNGase A are
used when the release of the complgpe, hybridtype, and highmannoseN-glycansis required.
However, PNGase F is the most frequently ysedess the 2 NB 2 F (i K S -fuebbyated, y A a
which is only released by PNGaseHdwever when the selective release of the hybrid and Righ
mannosdsrequired Enhdo H ighe oneof choice[214]. The mode of action for PNGase F is by cleaving
all the N-glycans by the internal glycosidic bond of geparagine and the terminal GIcNAc residue
leaving aspatrtic acid in place of the asparagine atNHieked site of the proteinConverselyEndo

H, cleaves the glycans between the two innermost GIcNAc residues in the chitobiose core of the high
mannose o hybrid N-glycans whichleavesaspartic acid in place of the asparagine at thdiriked

site of the protein[216, 217] The advantage of using the enzymatic release is that the glycans
released are specificall@-glycans in exclusion of-@ycans. Furthermore, the resultant fred-
glycans and the peptide can still be utilized in other analyses as thegrity is usually preserved

during separationunlike when using chemicals for glycan release
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Figure 9Deglycosylation ahe glycoprotein by PNGa$g218].
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1.4.1.2 Chemicalrelease

Glycans can also be released from the proteitheyhydrazinolysis approach, where bdthand G
glycansare released simultaneously under controlled conditions. Howevegly€ans can also be
NBf SIFASR I f 2y S (KNR-eizbifatioh whergby e gicoprofendsyfreated with
alkaline borohydride under controlled conditiof29]. The shortcoming of glycan release by
hydrazinolysis is that it cleaves all the peptide bonds causing damage to the peptide, hence
preventing its further experimental utility. Furthermore, the glycans may also exhibit partial

degradation[214].
1.4.1.3 Purification methods

The purposef this step is to isolate and desalt glycangdéwyoving peptides andmpurities such as
excess reagestand salts [8]. Several strategies such as sqilthse extraction (SPE) and size
exclusion chromatography (SEC) are available for purifying thé\fgigcans and the glycopeptides.
The commonly used SPE methodse awydrophilic graphitized carbon columnkydrophobicC18
cartridgesand hydrophilic interaction liquid chromatographiAILIC) The working priciple of C18 is
based on the separation of the hydrophiNeglycans by eluting therthrough the hydrophobic C18
cartridge while the peptides are adsorbed on the C18 stationary phBgecontrastthe hydrophilic
graphitized carbon column$|-glycans adsorb onto the carbon columns, while the salts and excess
reagents are removed in thecalified water flowthrough[219]. TheHILIC method consists apolar
stationary phase and a less polar mobile phpsg 2 6y I & doKsfaighty K MNAETGF The
stationary phase may comprise siligaland polymers bearing functional groups, but sepharose and
microcrystalline may also be used as stationary phases. Nantje ofthe HILIC method is that it

enriches the tryptic glycopeptides by increasing their ionization efficiency and detect§®lity
1.4.1.4 Derivatization

Derivitization of the releasedN-glycansaims atstabilizing thenegatively charged sialic asitb
prevent their loss duringnass spectrometrimmeasurement. The most frequently used metisaxf
derivatizationare permethylationandperacetylation [8]. Both permethylation and peratylation act
by decreasing the intermolecular hydrogen bargj hence converting the hydrophilic glycans into
hydrophobicmolecules To do so, free hydroxyl grougse irreversibly converted intanethoxy
groups usingiodomethane[222, 223] Permethylaion of N-glycansmproves ionization and sample
volatility, resulting in high quality spectfd09]. Another way to derivatiz&l-glycans is at the reducing
end, using fluorescent tags in orday increase the sensitivityf the measurenentsand alsahe limit

of detection (LOD[R22].
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1.4.2 Analysis at the glycopeptide level

Analysis at the level @lycopeptides is the most preferred for immunoglobulin studies. Its bottom
up approach enableshe characterization of the glycans by si#fgecific heterogeneity and their
linkage sites on the proteif8, 224] Analysis of the glycopeptides involves sequential steps that
include purification, enzymatic digestion, derivatization, and finally measurement. Of the
immunoglobulin classes, Igthe major immunoglobulin of humoral immunitis the most studied in
glycomiecbased researcli8]. Sample preparation for IgG glycopeptide analysis involves the use of
Protein A alone or together with protein @@ affinity chromatographyfollowed by trypticenzymatic
digestion.WhereasProtein Ais derived fran Saphylococcusaureus protein G is obtainedrom
streptococcudacteriagroups CandG[225]. Both Protein A and Proteindse commercially available

in the immobilized form of sepharose beads and magnetic beads. The difference between the two is
that Protein A only binds IgE3gG,and IgGto the exclusion of Ig&swhile Protein G captures all the
four 1gG subclasses including i¢&7, 82] The separation advantage of the two proteins is achieved
by sequential capturing of IgGIgG, and IgG using Protein A, followed by the capture of g8y
Protein G in the flowthrough. Affinity-separated IgG products are then subjectedat@roteolytic

digestion to form the glycopeptides.

The types of proteolytic enzymes available for the digestion of the glycoprotein to generate the
glycopeptides include specific endopeptidases suctnygosin which isthe most commonly usednd
others such ashymotrypsin, lysyl endopeptidase (L% endoproteinase Gl (V8 protease), and
pronase[226]. Trypsinacts by cleaving the peptides at the carboxyl sides of arginine and the,lysine
but not when the succeeding amino acid is prolia27]. Trypsin is well suited for the detection of
glycoylation sites because proddytic cleavage leaves the larger peptide attached to the
oligosaccharide and results gycopeptides that ionize well on both the MALBIatrix-assisted laser
desorption/ionization mass spectrometrgnd electrospray ionizatiofESI)[226]. The resultant
glycopeptidexontaining AsfR97 are of distinct sequencegnabling discrimination of the different
IgG subclasses (Table 1). The peptide sequentedfGhas two allotypes that vary in the amino
acid at positim Asri296. Analysis of Ig&amorng Giucasians showed allotyp&3m(b*) with a
phenylalanine in position 296vhile the Asian ethnicity revealed a tyrosine residue in position 296
[228]. Consequently, e Caucasian lglallotype EEQFNSTFER is identical to. Igf@wever the
allotype EEQYNSTFR is identical tg &9@ it is thepredominant oneri Asianpopulations including
Africanpopulations[139, 229] After tryptic digestion, the preparationéeaneal up using hydrophilic

interaction liquid chromatography (HID)@ readiness for measurement on an MS platform.
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Tablel. Tryptic IgG glycosylaticanalysis
IgG subclass Separation Glycopeptide sequence  Swisprot  Registeredn/z-value

protein [M + 2HF"
IgG A EEQYMTYR P01857 595.78
I9G A EEQFMTFR P01859 579.79
IgG? G EEQYMTFR Q8N4Y9  587.75
9GP G EEQFMTFR Q86TTz  579.79
19G A EEQFMSTYR P01861 587.75

IgG, lgGand IgG are captured by protein Ayhile protein G capturedgG, which exists ithe form of two
allotypes of peptide sequencelgG?and IgG°

1.4.3 Analysisat the level of intact protein

In this approachanalysis of the target proteins is made directly or indirectly without purification or
isolation by immunepurification methods [53,5¢59]. This is the method commonly used in routine
diagnostic clinical chemistry laboratories, research laboratories, gqphrmaceutical companies in
product quality controls.

1.4.4 Mass spectrometric techniques for glycananalysis

Mass spectrometry (MS) relies on the ionization of biomolecules in the sample and identifies
substances by sorting them based on their mi@ssharge ratio i/z) [230]. Generally there are
three mainparts that constitute themass spectrometerTheyinclude the ion source (electrospray
ionizer for ESlor laserfor MALD), whose task is taonizethe analyte the massanalyzer which
separates the ions according to theirassto-chargeratio, and the detector, which outputs the
resultant ions as relative intensities that form the mass spectf@80-232]. Mass spectrometry
platforms are normally used in hyphenated forms witliffdrent types of spectrometerswhich
include time of flight (TOF), orbitrap, ion trap (IT), quadrupole (Q), and FRotr@asform ion
cyclotron resonance (FTICR). The use of a particular spectrgnastespposed to anotheiis a
function of the nature of work, the mass range required, laser power and the accuracy levels of the
analyzef230, 233] The mostommonly useanass spectrometry platformere matrix-assistedaser
desorption/ionization mass spectromettyme of flight (MALBTOFMS), surfaceenhanced laser
desorption and ionization mass spectrometry (SELIOFMS) and electrospray ionization mass
spectrometry (ESI).

MALDITOFMS is the most commonly used M§$latform in glycobiology. It is soft ionization
technique thatutilizesa matrix mixed with the sample to identify substances by sorting them on the
basis of theim/z. The preferential usage of the MALDDFMS in glycobiology is founded on its good
sengtivity and reproducibility, which enables seamless profiling and characterization of aberrant
protein glycosylation resulting from disease or malignant procesdds®e MALDITOFMS

measurement begins by directing a laser beam to therystals formed by ring equal volmes of
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the matrix and sample. Thaatrix absoristhe energy so thathe in-source analyte fragmentatioof
protein/peptide is minimized[8, 232] which leads to an explosive transition from saligstalto
atomizedplume, causing the sapie to ionize In the TOF tube, the atomized sample ions move
quickly through the region of the freffight electric field(Figure 1. Molecular separation is then
achieved when energy gain during accelerationpdravith an increase in mass, meaning smaller ions
fly faster because they are lighter than the bigger i@82]. Finally, a mass spectruis then plotted
from the masgo-charge ratiom/z) computed from the period of time between laser imation and
when it is detected at the opposite en@the most commonly used matrix in glycan analysis is 2,5
dihydroxybenzoic acid (DHB)whereas 4chloroh-cyanocinnamic acid is mostlysed in
measurements of thglycopeptides.

Sialic acid moieties afgencelabile during measurement by the MALIDDFMS,and some are lost
due to insource and possource fragmentation producing broad metastable pef@gst]. Moreover,
sialylated glycans tend to show different adducts of saltsich interferes with mesurements due

to a lot of noisebeinggenerated for a single glycan composit[@84]. It is for this reason that glycans
are derivatized to eradicate posburce fragmentatiorf80, 235] The advantage of MALDDFMS
over other methods is that it haa high tolerability of saltsnevertheless, thorough desalting and
cleartup of excess reagents is necessary for goododyecibility. Other advantages include the ease
of studying the structural profile, and the ability to measure a broad spectrum of ranges.

Another platform that is frequently used ir¢g SELBTOFMS platform whichis a hijh-throughput
platform that analyses the biomolecwaisinga chromatographic protein chipoupled to the TOF
separatorand MS detectarlt selectively binds the glycoprotein or glycan by fractionating and
isolatingthem based on their charge and hydrophobicigndthen analyzes usg laser desorption
ionization TOMS[236, 237] The advantagef SELBTOFMS is that it only requires minuscule
amountof the sample, and haahighturnaroundtime.

The ESbperates either by direct infusioof the sample solution or by connecting to liquid
chromatography. A voltage of positive or negative polarity forces the liquid sample containing the
analyesto come through the needle as nebulized partickekichreadily evaporag to form analyte
ions[180, 202, 238]
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Figure 10. lllustration of thenethod of MALDITOFMS measurement
[218].

15 Study dmsand rationale

The high mortalities associated with OC are largely ascribed testage definitive diagnosis that
takes place at a time wherancer has extensively spread ahe treatment optins are therefore
greatly depleted. Late diagnosidgrighe majoritya consequence of a lack of effective early diagnostic
biomarkers and the unspecific OC symptoms that often lead to the misdiagnosis of pagients
patient survivais stronglylinked tothe tumor stage at which the diagnosis is matlee resistance

to chemotherapy agents by the cancer cedls well asthe lack of an effective biomarker for
monitoring the response or the efficacy of anincer agerdalso contribute to the high mortalities
of EOC patientsThe current routine biomarker for EOC, CA125, lackgehaisite specificity and
sensitivity for eagl diagnosis of EQ&3 well as imonitoringLJ (1 A Bsfiange @ chemotherapy. It
is against tk backdrop othe weaknessesnherent n CA125 regarding early OC diagnosis and in
monitoring the efficacy of anttancer treatment agentthat new effective biomarkers angrgently
neededto improve patient survivadnd reduce mortalitiesRoutine screening afnderlyinginfectious

agents suchas HIV, HBVand HCVin EOCpatients scheduled for chemotherapy is one of the
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approacheghat mayhelp contribute to enhanced patient survivdidroughthe informed application

of optimal treatment strategies.

Glycomics, the systematic study of glycans expressed in biological systenmpened new leads in
the arena of biomarker research. ModulationsMfjlycosylation are increasingly being observed in
various diseases and cancdreluding ovarian cancetndependent research groupmcluding our
own, havepreviouslyreported malignant transformation dfl-glycosylation and IgG Fc glycosylation
in many cancettypes including OCwhich showed greatpotential for new biomarkers Previous
findings of our research groughowed alteratios in serum totalN-glycosylationwhere four high
mannose N-glycans were significantly downregulatedwhile 7 complexype structures with
conformational features of sialylation and fucosylatisare upregulated in Caucasian cohorts of EOC
patients compared to thie control counterpars (BOD and healthy women). Furthermore, analysis of
I9G, 1gG and IgG glympeptidesrevealed an increase in the degree of agalactosylatiovith a
correspondingdecrease in galactosylation among the EOC patients compared to the controls.
Interestingly, eports from previous studies indicad interethnic variations inN-glycosylation
although the availableesearchdata on glycomebased liomarkers for OC have owglfocussedon
cohorts of patientsf Caucasian or Asian origwhileto my knowledge, no data is available to date
with sampledrom African ethnicity. In additiorthere is no research datvailableon glycone-based

biomarkers fomonitoringclinicalresponse to chemotherapysing EOC cohorts of African ethnicity

Thus, the first objective of this study addressed the identificatioN-gfycanbased biomarkers for
effective monitoring ofEOCpatients' response to chemotherapy in a cohort of Africathnicity.
Further, in the second objective, for the first time, an analysis was carried dotalrN-glycome to
identify markers for the diagnosis of EOGha African cohat. Additiondly, an analysis was carried

out on the IgG Fc glycosylation in EOC patients of African and European cohorts to identify the
potential common IgGand 1gG glycosylation signatures thabuldrobustly discharge an improved

diagnosis of EOC.

Other than the early diagnosis of OC and effectivenubierapy monitoring strategies, optimal
management of OC patients is equally fundamental in reducing mortasitidsimproving patient
survival. Underlying infectious diseases such as HIV and HBV have also been linked with early deaths
of OC patients whenoptimal treatment strategies that simultaneously curtail viral
reactivation/replication and suppress tumor cells are not appliedias reported irprevious studies
that patients ofgynecological cancemfected with HIV and/owith HBVhad reduced survivathen
they weresubjected to chemotherapy without first establishing their infective stétuguidanceon
the most beneficial treatment strategieor where adherence to antiretroviral treatment alongside
chemotherapy was not followse Currently, there is no data available the prevalence rates of HIV,
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HBV, and HCV in Kenyan OC patiealthough the prevalenceof HIV and HBV in the general
population is in the range of high endemicitioreover, the question of establishinthe
seropositivity status of HBV, HIV and HCV among EOC patients scheduled for chemotherapy was not
routinely carried out irthe study etting at the time of this studyConsequently, the third objective

of this thesiswas todeterminefor the first timethe burden of HIV, HBV, and HCV in Kenyan EOC
patients to give directiomas to whether it was relevant to carry out routine testing of EOC patients
scheduled for chemotherapyBy establising the infective status of EOC patients before
chemotherapy, patientcan benefit from the selection aptimal management strategieaimed

towards the overall desire teeduce early deaths anthcreaseof the quality of life.

In summarythe current study sought to identifgew effective glycomitased biomarkers that will
complement CA125 tamprove early diagnosis of EOC as wtll monitor the response to
chemotherapy towards reducing mortalities aimdprovingthe survival of EOC patients. The choice
of BOD subjects as tlwmntrols for these experiments was based on thet that BOD is one of the

most prominent causes of EOC misdiagnosis.
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2.0 Materials andmethods
2.1 Study setting

Recruitment of the African cohort was domemulti-centers within Nairobi, Kenya as per the ethical
vote obtained fromthe Kenyatta National Hospital / University of Nairobi ethics review committee
(KNH/UOMNERCQC) reference no P701/12/2017The ecruitment centers were Kenyatta National

l 2ALAGIE 6YbI O {d® al NBEQA | 2Thddhidat comnjiskion aflthé I >
CharitéUniversitatsmedizin Berlin granted the use of the samples for laboraoajysis (approval
number EA4/071/19)A total of 136 samples were collected’lhe European sampléa= 57)were
obtained fromthe Department of Gynecologef the CharitéUniversitatsmedizin Berljras perthe
Charité Institutional Ethics Committe@pproval numberEA4/073/06) Written consent was
obtained for all the study participants.

2.2 Study cohort

In this study Africanadultwomenof 18 yearsand aboe attending the Gynecology clinics and wards
within the study setting were recruited as participants and their venule blood samglescollected
after giving their written informed consent. Thepmprised86 women withhistologically confirmed
EOCwith their agematched (£5 yearstontrol counterpartscomprisinggOwomen withBOD Of the

86 EOC patients, 19 patients were primary, whereas 67 had receavedrying number of
chemotherapysessions Recruitment and collection of blood samples from the African cohort
commenced in April 2018 and ended in April 20B0r the European(Caucasiantohort, they
comprised 35 women with confirmed EOC and theiragdched(x5 yearstounterpats of 22 BOD
subjects. The inclusion and exclusion criteria for the study subjects wemen of age 18 years and
above, not pregnant, hanga definitive diagnosis of ovarian cancer or benign ovarian disbagsy
free from any other cancemnd not suffering fromiver or kidney insufficiencyrhese samples were
used to address three different research questions in this thesisexplainedn the rest of this

section.

To analyze theprevalenceof HBV, HIV, and@YV/ in Kenyan OC patients 38IEOC and 50 B®&nyan
subjects were usedit this stageall the serum samples that tested positive for HBV, HIV, and HCV
were excludedrom the analysis of the remaining research questidnghe secondtudy question
which involved an evaluation ofthe total N-glycomefor the diagnostichiomarker of OCand
monitoring chemotherapyresponse a total of 53 EOGind 46 BOD serum samplegre analyed

after excluding the HBV, HIV, and HCV seropositive saniflédse 53 EOC patients, 19 were primary
EOC patients (preatment group), while 34 were chemotherapy responders who had already

undergoneavaryingnumber ofchemotherapy session4 { 6 cycles). The sameé\fricancohortsof 19
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primary EGC and 46 B@ patients (minus one EOC sample whose volume was insufficigetg
carried overto addressthe question ofpotential commonlgG/IgG; glycopeptide biomarkers for

multi-ethnic diagnosis dEOC

EOCn =86 BOD n=50
[ | [ |
A 4 L 2 A 4 A 4
Seropositive EOC Seronegative EOC Seronegative Seropositive
n=33 n=53 BOD n = 46 BOD n =04

.Y

[ Q
Discarded) y Discarded

4 - 6 chemotherapy
cycles, n=22

1. Determination of
HBV, HCV and HIV
seropositivity

1 -3 chemotherapy

cycles, n=12
2a. N-Glycan
Pre-treatment analysis for EOC
n=19 diagnostic markers
2b. N-Glycan analysis for
markers of chemotherapy
monitoring y
African primary African BOD
EOC n=18 n=46
3. IgG glycopeptide
analysis for EOC
diagnostic markers
Caucasian primary Caucasian BOD
EOCn=35 n=22

Figure 11. Flow chart diagram of study cohorts and activities

2.3 Specimercollection andhandling

Blood samples were collected B ml vacutainers with a serum clot activator (Becton, Dickinson
GmlH, Heidelberg, Germany). Samples were thefbhto stand in a test tube holder for around 30
minutes to 2 hours at room temperature to allow clot retractiéoljowed by centrifugation at 1,200g

for 15 minutes to separate serum from the cells. Approximately 2 méming was aliquoted into the
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Eppendorf tubes and stored 80°Cfor the entire samplecollection periodefore shipment toProf.

Dr. Véronique'sdboratory atthe CharitéUniversitatsmedizin Berlin, Germany. Shipment was done

in accordance with thdnternational Air Transport Asociation (IATAprotocol on shipment of
biological samples and alsafter obtaining the necessary approvals in Kenya. These included;
KNH/UoNERC Ref no., KNERC/shipment/40Ministry of Health Kenya, letter of no objection Ref.

No. MOH/F/HRD/01/VOL.11 and the Kenya Pharmacy and Poisons board export permit Ref. no.
CD202000PPB321J0002550623.

2.4 Instrumentsand reagents

All the materials, that were used in this studyvhich included instruments, reagents and
consumablesare listed in Table 2 and Table 3.

Table 2.Instrumentsand consumables

Instrument Manufacturer Town, Country

Cobas e 801 immunoassay system  Roche Diagnostics GmbH Penzberg, Germany

MALDITOFMS equipped with a smari Bruker Daltonics Bremen, Germany
beam laser
Flexanalysis Bruker Daltonics Bremen, Germany
Centrifugal evaporator Uniequip Martinsried,Germany
Thermo mixer Eppendorf Netheier Hamburg, Germany
Ground steel target Bruker Daltonics Bremen, Germany
Vortex mixer Cole Palmer St. Neots, Unitec
Kingdom
Centrifuge Eppendorf AG. Hamburg, Germany
Mini centrifuge VWR Atlanta, GAU.S.A
Incubator Eppendorf AG. Hamburg, Germany
Consumables
C18 cartridges Alltech, Deerfield, IL USA
Graphitized carbon columns Alltech, Deerfield, IL USA
Vacutainers Becton, Dickinson GmbH, Heidelberg, Germany
Eppendorf tubes Eppendorf AG. Hamburg, Germany
10 ul filter tips (for affinity Greiner BieOne Kremsmiunster, Austria
chromatography)
100% cotton wool pads Greiner BieOne Kremsmiunster, Austria
Pipette tips Sarstedt AG Numbrecht, Germany

Table 3Reagents

Type of Reagent Manufacturer Town, Country

Analysis

CA125 Elecsys CA12511 Roche  diagnostic: Penzberg, Germany
GmbH
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HBV Elecsys HBsAg Il Roche  diagnostic: Penzberg, Germany
GmbH
HCV Elecsys ardHCV |l Roche  diagnostic: Penzberg, Germany
GmbH

HIV Elecsys HIV Duo (HAg and Roche  diagnostic: Penzberg, Germany
anti-HIV) GmbH
Milli-Q water Merck Darmstadt, Germany
Protein A sepharose beads  GE Healthcar Eindhoven, The Netherlands
Phosphate buffer Honeywell Fluk Steinheim, Germany
Formic acid Honeywell Fluk Steinheim, Germany

% Ammonium bicarbonate Merck Darmstadt, Germany
Trypsin Promega Madison, W] United States
4-chloro-" -cyanocinnamic acic SigmaAldrich Steinheim Germany
(CICCA)
peptide calibration standard Il Bruker Daltonis Bremen, Germany
PNGase F Promega WisconsinlJSA
Acetonitrile (ACN) VWR chemicals France
sodium hydroxide (NaOH) Merck Millipore Darmstadt, Germany
Dimethylsulfoxide (DMSO)  Applichem Germany
2 5-dihyroxybenzoic acid SigmaAldrich Steinheim Germany

= (sDHB)

% Peptide calibration standard Il Bruker Daltonics Bremen, Germany

z Dithioerythrytol (DTE) SigmaAldrich Steinheim Germany
lodoacetamide SigmaAldrich SteinheimGermany
graphitized carbon columns  Alltech Deerfield, IL
Chloroform MerckMillipore Darmstadt,Germany
Ethanol Merck Millipore Darmstadt,Germany
Trifluoroacetic acid Merck Millipore Darmstadt, Germany

2.5  Analytical methods

251 N-Gycan analysis

N-Glycans were enzymatically released fr@@rum glycoproteirs, then purified using the C18

cartridges and porous graphitized carbon columns, and finally permethytetfede MALDITOFMS

measurements

2.5.1.1 N-Glycan release

N-Glycandrom total serumglycoproteirs were releasedand purifiedas described209]. Briefly, 10

‘| of serum was diluted in®‘ | of 200 mM phosphate buffefpH 6.5. The preparation was then

reduced by mixing with 2.5 of 200 mM dithioerythrytol (DTE) and incubated af@&®n a shaker

for 45 minutesThe purpose of DTE is to denature the glycoprotein by disruptindishdfidebridges
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to unfold it to allow the enzyme accesssthe glycosylation site The preparationwasthen alkylaied

in 10* | of 200 MM iodoacetamide for oa hour at room temperature in darknes¥he purpose of
alkylation is to prevent the reformation of digide bonds by blocking the sulfhydryl groups, hence
bringing stability to the unfolded glycoproteinSubsequently, the reaction was stopped by the
addition of the excess DTHE-Glycanavere then enzymatically released froserumglycoproteirs
after adding5 ‘ | of 100mU PNGase, 2.5 | of 200 mM DTE, 30d of Milli-Q water, and 100 | of
200 mMphosphatebuffer by incubatingor 16 hours at 3%C.

2.5.1.2 Purificationand enrichment é N-glycans

The released\N-glycars werethen purifiedby reversephase chromatography using the C18 cartridges
to remove peptidedrom the glycarcontainingfraction. This wadollowed by desalting the fredl-
glycansand removing the excess reageltng porous graphitized carlgpaphcolumns.Theprotocol
was as followsC18 and the porous graphitized carbon columns weraditioned simultaneously
using 600 | (carbographcolumns) or 400 | (for C18) of 80% ACND.1%trifluoroacetic acid (TFA)
This was repeated twic&his was followed bgn equilibration step consisting of eith8rx 600" |
(carbon) or 400 | (C18) oMilli-Qwater + 0.1% TFAfterward, the C1&artridgewasplacedon top

of the carbograph columnmhe free N-glycan serum sampl@reviouslyacidified to pH<4 using 1%
TFAwas applied to the C18 cartridg@dditionally,3 x of 400 | of 0.1% TFA iMilli-Q waterwas
passed through the C1&his stepvasaimed atremoving unboundN-glycandrom the C18 cartridge
by beingadsorbed onthe carbograph column. The C18 columns were then removed and discarded.
The carbograplkolumrs underwentafurther 3x 600° | of 0.1% TFA Mlilli-Q waterwash,to remove
excess reagents and salfhen N-glycans were elutedith 500° | 25% ACNO0.1% TFA (x2) atiten
with 500 | 50% ACN +0.1% TFA (x2)e eluates were then dried under a reduced atmosphege in

vacuum concentratoin preparation for permethylation.
2.5.1.3 Permethylation

To stabilize the negatively charged sialic agasples were derivatized by permethylation usthg
protocol reported bywedepohl et al[219]. Briefly, avolume of 40 | of DMSO saturated with NaOH
wasadded into the driedN-glycanpreparation whichwasthen incubated for 30 minutes on a shaker
at room temperature.Subsequentlythe free hydroxyl groups of glycans wemethylated by the
addition of 40°'| methyl iodide and ingbated at room temperature for | hour on a shaker
PermethylatedN-glycanswere finally cleaned up using chloroform/water as solveatspurified by
liquid/liquid extraction. The chloroform phase was washed with watera neutral pH. The
chloroform phasewas evaporated under reduced pressure in ttentrifugal evaporatoto end up

with the permethylatedN-glycangeadyfor MALDITOF measurement.
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2.5.1.4 MALDITOFmeasurementsof N-glycans

The driedN-glycans were dissolved in 100f 75% aqueous acetonitrile. Equal volumes {0).5f N-
glycans and the super 2dhyroxybenzoic acid (sDHB) matrix were spotted in triplicate on the
MALDITOFMS ground steel target. A glucose ladder was used for calibration and the measurements
were made in reflector positive ionization mode in the mass range of {0B000 Da. For eah
spectrum generated, at least 4,000 las#iots were made and baseline correction and peak picking
were done by FlexanalysiBhe raw mass spectra were exported as ASCIfaexurther processing

to generate the assigned-glycan structuresvith the GlycoWorkbench software
2.52 Analysis ofigG and IgG glycopeptides

Preparation of serum samples for measuremehigG and IgG glycopeptidewas done through a
series of steps that included affinity purification, tryptic digestion, cotton HILIC purification and finally
MALDITOF measurement.

2.52.1 Affinity purification

IgGglycopeptidesn the subjectsserumwere isolatedaspreviouslycarried outby Wuhrer et al and
Wieczorek et al57, 82] Briefly, 30 ubf immobilizedprotein A42 Sephaose beads in an Eppendorf
tube were equilibrated by 400 pl of phosphate buffer (1x PBS) by spinning on a mini centrifuge for 30
sec. The beads were then allowed to setdeenable separation from theupernatant (about 350 pl)
which was then aspirated from the tube adicarded.The process was repeated two more times
using 350 pl (1XPBSnevolume of the beads was then brought up to 400 pthiy addition 0f350

ul of 1 x PBSollowed by the addition 0of0 pl ofthe serum The samplenixturewas then incubated
on a rotor for 650 revolutions per minute for one hour at room temperatu#ger incubation, the
sample mixtureunderwent a series of wash&s phosphate buffe solution @ x 200 pl ofL x PBS)
and 3 x 200 pMilli-Q water through ashortened200 pl filter tip. Finally, capturettjGwaseluted
using3 x 100ul of 100 mMformic acid followed by drying under a vacuum centrifudeis ofnote
that protein A sepharoseompletelycapturesthe threelgGsub-classes IgG, IgG, and IgG- in the

serum.
2.52.2 Tryptic digestion

The diy IgG and IgGisolated fromserumwere dissolved iBO pl of 50mM ammonium bicarbonate.
This was followed by the addition of 5 pl@P pg/ul lyophilized sequencingrademodified trypsin
(reconstituted asper the manufacturer’s instructionspnd subsequent overnight (16 hours)

incubation at37°C. The digestedlycopeptides were then driednder reduced pressure
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2.5.2.3 Cotton HILIC purification

ThelgGglycopeptides were enriched by satfade micrespin cotton hydrophilic interaction liquid
chromatography (HILIC) columns of 10 ul filterdippreviously describday Selman et aJ221]. This
stepisaimed atremoving salts, nowglycosylated peptides, and reagents through fteav-through
while capturing the glycopeptide3.he filter tips were filled with fibersf 100% cotton from the
cotton wool pads and then conditioned with 3 x 50 ul Millwater and 3 x 50 ul @&0% ACN. The
dried samples were then reconstituted in 50fiB0% ACN and loaded into the columifise columns
then underwent 3 washes of 80% ACN containing 0.1%fdlleAved by another three washes of 50
pl of 80% AN without TFAThe glycopeptidesdsorbed on the stationary phaseere subsequently
eluted using 50 pl of MilQ water (X 6)and then dried underreduced pressurein a vacuum

centrifuge. At this point, the samples were ready for MALOFMS measuremerst
2.52.4 MALDITOFMS measuremerg of IgG glycopeptides

The measurements of serum IgG glycopeptides were demie MALDITOFMS The serum IgG
glycopeptide samples were reconstituted in 5®fMIlli-Q water. One microliter of the sample was
spotted on the MALDI target and allowed to dry before overlaying tyithof 2.5 mg/ml 4chloro-h -
cyanocinnamic acichatrixin 70%ACN+ 0.1% TFAThe MALDBTOHRNstrumentwas first calibrated

using peptide calibration standard Il. The measurements were made within the mass range of 1000
¢ 5000 Da irreflectron negativeionization mode The neasurements were done in theflectron
negative ionization mode to enable the detection of both nagdy charged and neutral sialylated
IgG/1gG; glycopeptidesFor each sample spotted, 4000 laser shots were taken by random walk laser
movement mode. The raw mass spectra data produced by the MALDI were then retrieved as ASCII
text for further processing that included recalibration, baseline subtraction and pdekctionusing

the Massy tools softwarf239]. Recalibration was done using sixilg§copeptideswhichincluded
fucosylated agalactosyGQHR, fucosylatedmonogalactosyl G1F, Bisectedfucosylated agalactosyl
(GOFN, fucosylated digalactosylG2H, bisectedfucoslated monogalactosylGALFN and Sialylated
fucosylated digalactosylGRFSL The absolute intensities of the detected glycopeptides were
normalizedto the total area for IgGand IgG. IgG only accounts for a very small percentage of the
total IgG(4%)and produces a very low signal in the ordethe femtomole and subfemtomole range

[57], and moreover, some of its masses overlap with the afucosylateddby@Gopeptides, hence it

was not considered in the current analysis.

25.3 Repeatability of the N-glycan and 1gG glycopeptideorkflows
The totalN-glycans and IgG glycosylation methods were evaluatedhfair ability to reproduce

results Regatability was evaluated as per previous studizgl, 240, 241 }which involvedntra-day
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(within a day)and inter-day (in between day)analysis.Intra-day repeatability was assessedy
preparing a healthy serumsample 3 timesin parallel on the same day, whildor inter-day
repeatability, serumsamplewasprepared every dafor three consecutive days. The mean, standard

deviation (SD), and coefficient of variation (CV) waraluated.
2.5.4 Analyticalmethod for CA125HBYV, HCV and HIV

SerumCA125saluesof the study subjectand their HBV, HCV, and HIV statese determined using
the enzymelinked immunoassay technique @nCobas e 801 immunoassay systéireCobas e 801
immunoassay system &highthroughput, fully-automatedimmunochemistry module designed to
carry out electrochemiluminescence sandwich immunoassays. The reageckvere Elecsys CA125
I, Elecsys HBsAg Il, Elecsys-ld@i/ Il, and Elecsys HIV Duo {Ai\nd antiHIV) reagentAll the
reagents are packed idosed cassettes and ready to use. The analyfipatesgs forCA125HBVY,

HCV, and HIWere conductedin afully automded mode, as pe the flow chartin Figurel2.
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Elecsys — CA125/HBsAg II/Anti-HCV 11/ HIV Duo on Cobas e 801 using sandwich ]

Y

First incubation ]

HBV

20ul sample was added into
reagent containing 2 biotinylated
monoclonal  anti-CA125 and

HCV

Y

30ul sample was added into reagent containing 2 biotinylated
monoclonal anti-HBsAg, and a mixture of monoclonal anti-HBsAg and
polyclonal anti-HBsAg labeled with ruthenium complex® to form a

monoclonal anti-CA125 labeled
with ruthenium complex® to form
a sandwich complex.

HIV

30ul of sample was added into reagent containing biotinylated HCV-
specific antigens and another reagent containing HCV-specific antibodies
labeled with a ruthenium complexa’, then reacted to form a sandwich
complex

CA125

Second incubation

HBV/HCV/HIV/CA125

30ul of sample was reacted - with biotinylated monoclonal anti-p24
antibodies and ruthenylated monoclonal anti-p24 antibodies (for HIV Ag
detection) -or with biotinylated HIV-specific recombinant antigens with
ruthenylated” HIV-specific recombinant antigens (for anti-HIV detection)
forming a sandwich complex in both case (in separate vessels)

Measuring cell |

HBV, HCV/HIV/CA125

After addition of streptavidin-coated microparticle, the complex was
eventually bound to the solid phase via interaction of biotin and

i

Readout

L

HBV, HCV/HIV/CA125

The reaction mixture was transferred to measuring cell where
microparticles are captured onto the surface of the electrode. Unbound
substances were removed with ProCell/Procell M or ProCell Il M (for HIV)

A voltage was applied to the electrode to induce chemiluminescent
emission, which was then measured by a photomultiplier by comparing
electrochemiluminescence signal of the sample product with the signal of
the calibrant.

HBV, HCV and HIV result output — (reactive or non-reactive)/ CA125 in concentration ]

Figure 12Methods for CA125, HBV, HCV and HIV measurement

2.6 Statistical analysis

The participants’ demographic and clinical data were expressetiérform of mean, median,

standard deviation (SD), range, interquartile rantpgal counts and percentages depending on the

nature of the variable (continuous or ngenontinuous) The MannWhitney U test was used to

compare the expression patterns of the detectéglycansand IgG glyqueptidesin the EOC patients

against theBOD (controlsubjects which were therpresented as medias) range, and alues.The

biomarker signatures wereselected by plotting thepeak intensities ofN-glycans and IgG

glycopeptides on to th&®eceiveiOperatingQurves (ROGInd the correspondingvalues of the area
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under the curve (AUC, 95% OQagre subsequently usedo describe theaccuracy levelof
discriminatng EOC patients from the contrélurthermore,the ROC curves were used in evaluating

the performance ofthe N-3f @ OF'y &A3yl Gdz2NBa Ay RSUGSN¥YAYyAy3
chemotherapy byliscriminating patientstratified into threecategories based on chemotherapy use.

The three categoriegicludedthe pretreatment group primary EOC patients1-3 chemdherapy

cycles and 46 chemdherapy cycles. AUC values ahe ROC curve greater than 0.9 indicateal
outcome oféexcellentt O O dzNuhil® @atues from 0.8 to O@dicatedd 322 R | OOdzNI O& ¢ @
from 0.7 to 0.8 indicated moderate accuracy, while values between 0.5 and 0.7 were interpreted as
Gdzy AYyFT2NXYI GAGSéd . 2E LX 2034 ¢SNB ARySHaAN-ghea (2 F
index GLYCOVand the CA125 in theprimary EOQpatients EOC patients on chemotherapy
(carboplatin and paclitaxel) drontrol subjectsTocorroborate the previous studsdfindings orthe

effect of ageon IgG galactosylatiofb4, 149] box plotswere generatedof the sum ofthe relative

peaks of galactosylated IgG glycopeptides of the control subjetityy different age clusters to

describe the distribution patterns of galactosylation.

In addition, the datan the burden ofnfectiousdiseasesn KenyanOCpatientswere analyzedusing

similar statisticswhere mean, median, standard deviation (SD), range, and interquartile range were
appliedto continuous variable such as ageFurthermore,comparative tests were applied on the
non-continuous variablesuch astumor stage (late or early), cancer managemapproaches of

surgical debulking (surgical debulking done or not done), @amdr not on chemotherapy The
comparative tests useihcludedthe Chi-& lj dz- NB S84 cAakSNnRa SEFOG
Mann-Whitney U test as appropriate. The oddgios (OR) were also determined for risk estimation.

Statistical analyses were conducted using SPSS ve&{&P381c, Chicago, lllinois, USA).
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3. Results
3.1 N-Glycan gynatures forthe diagnosis of EOC and monitoring response to chemotherapy

| analyzedor the first time the totalN-glycomeof a cohort of African EOC patients and BOD (control)
subjectsto identify signaturedor monitoring theclinicalresponse to chemotherapy as well as for
complementing the CA125 test to improve eatlggnosis of EOChe analyss were performed on

serum samplesf EOC patients and contraigo were HIV, HBV and HCV seronegative.
311 {dzo62SO00GaQ RSY23ANI LIKAO& YR Of AYyAOLFft FI OG2NJI

The study subjectsomprised53 EOC patientand 46control subjects ofAfrican ethnicity above the
age of 18 years (Table.9)f the 53 EOC patients, Werein FIGO stages | and Il (gastiage) while
38were in stages Il and IV ¢attage).Further classication of EOC patients according to their status
at enrollment inb the study showed thal9 were primaryEOCcases (preareatment), while 12
patients had received between one to three cycles of chemotheragy ¢hemdherapy cycles
group), and the remaining22 had received from four to six cycles of chemotherapy6 (4
chemdherapy cycles groyp The patients who were onchemotherapy wereall responcers to
carboplatinpaclitaxel combinationtterapy that was bieg administeredat the time of enroliment.

¢ KS & dzo 2 £AlP%Ievelswersdedrmined on a Cobas e 801 immunoassay sysiefOC
patients had serum CA125 levels ranging from 5.0 to 31Z14#1Q with a medianvalueof 92.4kU/L
Converselythe CA125 valuefor the control subjectsranged from 4.2 to 998.RU/L, with a median
valueof 25.9kU/L Thereferencevalues for CA125 were up to RB/L.

Table4. Demographics and clinical factors of tAérican cohort

Factors BOD (n=46) EOC (n=53)
Age (years)

Mean £SD 37+11 50 £16
Range 18-74 20¢ 81
Median 34 50
Interquartile range 28¢ 46 38¢ 65
Stage

FIGO stage | + Il (early stage) - 15
FIGO stage Il + IV (late stage) - 38
EOC patient (chemotherapy) categories

Pretreatment (Primary EOC patients) - 19

1 ¢ 3 chemotherapy cycles - 12

4 ¢ 6 chemotherapy cycles - 22
CA125 values (KU/L)

Mean £SD 76.0 £165.2 991.6 +4318.4
Range 4.2¢998.0 5.0- 31214
Median 25.9 92.4
Interquartile range 12.1¢ 65.5 77.2¢ 1017

EO(atients were categorizeihto the early and late stagewhile chemotherapy treatmentvasstratified into 3 categories
depending orthe chemaherapycyclestakenat the time of patient enroliment into the study.
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3.1.2 Evaluation of methodepeatability for the total N-Glycans

N-Glycans were released from denaturtdal serum glycoproteinghrough the proteolytic activity
of the PNGase F. After isolation and purification, they were permethylated prior to MEQEVS
measurementsyielding 46 signals corresponding Kbglycans Inter- and intraday reproducibility
were assessed as described in secdah Four N-glycansignalsof the highmannose type namely
NoHs (m/z 1579.8) NeHs, (M/z 1783.9) NoH;, (m/z 1988.0) and NHs (Mm/z 2192.7), were selectedor
this evaluatiorbecause they were previously described by our research group as potential signatures
of EOCin cohorts of Caucasianghese four N-glycansare highlighted in bold letters in the
supplementarymaterialssection TableSl). The elativepeakintensities ofthe four N-glycansignals
were exported toan Excelvorksheetin order to calculatetteir mears, standard deviatioa(SD), and
coefficient of variatios (CV)YFigure 13)TheCVdor intra-daymeasurementsvere 4.5%(N;Hs), 4.0%
(N2He), 4.0%(N:H7), and 3.8%(N:Hs), while for intra-day measurementghe CVs weret.8%(NzHs),
8.8%(N:2Hs), 10.6%4N2H), and 1.7%N:Hg). The coefficients of variation of both intrand interday
repeatability were low (3.8; 10.6%) and within the acceptable limithereCV <10%yery good) and
10-20%, (goo} despite the fact that theN-glycan signals had low relative intensiti@ghich is also

an attribute ofthe good sensitivity of the methad
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Intra-day CV% 45 40 40 38

NoHs  NaHe NpHz  NoHg
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Figure 13. Evaluation of totalN-glycan method repatability. The relative intensities of thdour highmannoseN-
glycanspreviously describedby the Blanchard groups potential signature biomarkers for EQ@re used in this
experiment (A) intraday repeatabilitywas determined with onsample of primary EOC patietfitat was analyzeth
triplicate within the same day(B) interday repeatabilitywas determined with one sample of primary EOC patient t
was analyzed in triplicaten three consecutive days

3.1.3 Comparison of theN-glycans expressiopatterns betweenprimary EOCpatients and controls

From theserumsamples ofl9 primaryAfricanEOQpatients and 46&ontrol subjects 46 signalsof
permethylatedN-glycans were obtained andssignedn the MALDITOFmassspectrumof each
individual (Supplementary materiad, Table S} Figure 15 shows a representaiWIALDITOF mass

spectraof an African control subject against an EOC patieft the mass spectrathe signals
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corresponding tchighrmannosewere decreasedn the EOC patientvhen comparedo the control
subject, while thesignals corresponding tthe complextype tri- and tetrantennaryN-glycans
characterzed byhighsialylation and fucosylatiowere increasedn the EOC patient compared the
control subject. The46 N-glycansdentified in the current analysisorresponded with theN-glycan
structures previously detected by our research groujp a Caucasiarcohort of similar clinical
description[64]. Aninvestigaton of the differencedn the N-glycansexpression between the African
primary EOC patients and the control subjegés carried outising anon-parametric ManAWhitney
U test. The differencesin expression oN-glycansvere describedrom the mediansandthe rangeof

their relative intensities as well gsvalues

Thirty-nine of the 46detected N-glycans were found to bdifferentially expressedbetween the
primary African EOC patients and their control counterpgpts<0.05)(Supplementary raterials,
Table S1)Of the 39 N-glycans27 hadtheir peak intensitiesignificanty decreasedn EOC patients
compared to controlsand in addition, theim/z valuesweresmaller than 3600Theycomprisechigh-
manno®s (4) hybridtype and monoantennariN-glycans (4)and complextype multiantennary(bi-
, tri- and tetrantennay)N-glycans(19). Converselythe remaining12 of the 39 N-glycars were
significantly upregulated in primary EOC patients compared to the control sulgeets from having
m/z values of more than 3600 Theywere also multantennary structuresbut of either tri- or

tetrantennary complextype N-glycans characterized by high sialylation and/or fucosylation.
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Figure 4. Representative MALBIIOF mass spectra of the permethylatdeylycansof (A) a BODsubjectand (B) a
primary EOC patienfrom an African cohortThered dotted arrows in(B) representdownregulaed highmannoseN-
glycan peaks and the bludotted arrowsin (B)representupregulaed complextype N-glycan peaksin the primary EOC
patient compared to the BOD subjedfleasurements werearried outin postive-ion modeand molecular ions are
present in their [M+N&]form.

3.1.4N-Gycosylation changes iepithelial ovarian canceupon intake of chemotherapy

The permethylated totaN-glycansin serum samplesf EOC patientsbroadly categorized as pre
treatment or primary EOC patientsnd others undergoing chemotherapywere measuredn the
MALDITOFMSplatformto identify changeén glycosylatiortaused by aefficaciouscombination of
platin-taxane therapy. EOC patients werestratified into three categories namely prior to
chemotherapy(primary/pre-treatment), 1-3 and 46 chemotherapy cyclds facilitateidentification,

and description ofsuch glycan changesmediated by the effective chemotherapy strategyhe
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alterations of glycosylation were describedterms of how theN-glycars wereexpresgd (aseither
upregulation or downregulation)and the alterationswere relatedwith the N-glycan type, (high
mannose, hybridype and complestype), antennarity, compositional profile (sialylation and/or

fucoglation) and the mass range.

Representative MALBTOF mass spectfar patients in variougreatment categoriesare shown in
Figure 16 where 16Ais a spectrum foa patient in thepre-treatment category while 16 Bis for a
patient in the 1-3 chemotherapy cyclegroup and 16 Cis for a patient in the category of-6
chemotherapy cycled-igure16 shavs that the N-glycans of m/z <3600, which includedhe high
mannose (reccontinuousarrows),had reduced peak intensities primary EO(patients (Figure 16
A). However, the peak intensities of the samdeglycans(highhmannose)are higher h Figurel6 B,
(dotted red arrows) compared tBigure 16A, but lower (pink dotted arrows}han those of patients
in the category of4-6 chemotherapy cycleg-igure 16C). Conversely, e change in thepeak
intensities of the N-glycans oim/z >3600 was the oppositeof those with m/z <3600, whichwere
solely of complextype. Their peak intensities were increaselighes) in primary patients (blue
continuousarrows) asshownin Figurel6 A, which decreased in patients within subsequent groups
of 1-3 chemotherapy cycled-{gurel6 B) (skyblue dotted arrows)with the lowest peak intensities
in Figurel6 C(dotted purple arrows)

The 39N-glycans \ith altered expression(27 downregulated and 12 upregulateh) primary EOC
patientswere furtheranalyzed amon§O(atients undergoing artancer treatment to determine
whetherfurther alterations in glycosylation that resati from the use of the chemotherapgould be

exploited forclinicaluseinY2 Y A G2 NAYy 3 LI GASyGaQ NBaLRyaS G2
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Figure 15. MALDI -TOF mass spectra of the permehylated N-glycans of three representative EOC patients in
the course of chemotherapy:A, prior to chemotherapy; B, 1+ 3 chemotherapy cycles C, 4t 6 chemotherapy cycles
Measurements were performed in positive ionization mode and molecular ions are present in their [M+Na] *
form.

3.1.5 Changesin the downregulatedN-glycans n/z <3600)of primary EOC patients upon intake of
chemotherapy

Differential analysisby KruskaWallis testof the 27 N-glycansof m/z <3600that were significantly
downregulated in the primary EOC patief®uipplementary materla, Table Sishowed significant

differences in their expression across the thpagienta €ategories of antcancertreatment (p<0.05)
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(Tables). Themediansof the peak intensitiesf the 27N-glycansvere shown tancreaseconsistenly
from the category of prdareatment, which recordedhe lowest mediarvalue to the categoresof 1-

3 and4-6 cycles ofchemotherapywhichhad higher andhe highestmedianvalues, respectively

All the 27N-glycans exqget peakm/z 3037.5discriminated theprimary EOC patient§pre-treatment)
from those inthe category ofi¢6 chemotherapy cyclesvith acceptable accuracigkat ranged from
GY2RSNI 5¢ (2 & &B@Hdiniildlytie £A183est disErimimated théwo patient
categories from each other with good accuradyC= 080). Converselyof the 27N-glycans, a total
of 17 were able @ discriminate patients in the prreatment category from those in the-3
chemotherapy cyclegroup (AUC, 0.7% 0.81). They comprised three higmannoseN-glycangm/z
1579.8, 1783.9 and 1988.0), four hybtyghe and monoantennaryN-glycans rfi/z 1620.8,1416.7,
1982.0 and 2390.2and ten complextype multiantennary(bi-, tri- and tetrantennaryN-glycansi/z
2285.2,2315.2, 2489.3, 28501461.8, 2070.0, 2519.3, 2693.4, 2880.4 and 3058 &) ever CA125
failed to discriminate the two groupsf patients(i.e.,the pretreatment category from those in the
1-3 chemotherapy cycl@éqAUC, 0.54)Interestingly, all27 N-glycans produced neimformative
results (AUCs < 0.70yhen they were applied to discrimimatpatients in thecategory of 1-3

chemotherapy cycles frotoseof 4¢c6 chemotherapy cycles

Thereforean AUC valuef > 0.70was used as the criterfar selectinghe bestperformingN-glycan
signaturedn differentiating primary EOC patients frorthe two categories of patients that had taken
1-3 and 46 cycles of chemotherapy total of17 N-glycansignatures (m/z <3600) were identified as
the bestperformersand tey includedall the N-glycars that differentiated patients in the pre
treatment group from those that had taken-3 chemotherapy cycle©verall, theN-glycan that
showed thebestindication for anticancer agent efficacy marly chemotherapgessiongwithin the

first three cycles of chemotherapywaspeakm/z 1620.8(AUC, 0.81)

Additionally, it was binterestin the present studyhat the four highmannose(m/z 1579.8, 1783.9
1988.0and 21923) previouslydescribedby our group as part of the 11 signatures for diagnosis of
EOQn Caucasian ethnigitvere a part of the 17 selected signatures. Tlu#jerentiated the primary
EOatients from thosethat had takend-6 chemotherapy cyclesith acceptable accuracig¢®\UC,
0.71¢ 0.87) as well aprimary EOQatientsfrom those that had takeri-3 chemotherapy cycles
(AUC, 0.1¢0. 74, exceptfor one of peakm/z 2192.3
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Table5. Changes in the downregulatédiglycansifi/z <3600) of primary EOC patients upon intake of chemotherapy

Chemotherapy cycles

Chemotherapy cycles

i Relative intensity AUC
Descrip Mass N-glycan
. N-glycan Pretreatment 1-3cycles 4-6 cycles p-value Pre Pre-
tion (m/z) structure . X :
Median Median Median treatment/ 1-3/4-6 treatmen
(min-max) (min-max) (min-max) 1-3 t/4-6
H 1570.8 w=ele 0.013 0.021 0.022 0,001 0.74 0.60 0.87
. ® .
2o eeel (0.003-0.020)  (0.0050.032)  (0.0080.038)
(O]
2 0.013 0.019 0.021 0.73 0.59 0.85
2 NoH 1783.9 el <0.001
= : (0.003-0.020) (0.0050.033) (0.0070.039)
=
= ane®® 0.004 0.006 0.006 0.71 0.65 0.85
NzH 1988.0 e <0.001
£ 2 (0.001-0.009)  (0.0020.011)  (0.0030.015)
0.008 0.012 0.014 0.68 0.67 0.82
NoHs 2192.1 uell o 0.001
. (0.001-0.019) (0.0040.020) (0.0060.026)
: 0.001 0.002 0.002
NaHs 1620.8 nueg we <0.001 0.81 0.51 0.84
- = 0.00030002 0.0010.003 0.0010.004
£ 5
@ 1416.7 . 0.001 0.002 0.002
o £ NaHs meelle 0.030 0.73 0.55 0.71
s 2 0.00040.003 0.00030.003 0.0010.004
-5 ®
T 1982.0 0.004 0.007 0.006
8 § NsHsS maelimoe 0.005 0.75 0.50 0.79
> 2 0.0010.008 0.0020.011 0.0040.012
0.003 0.004 0.005
NaHeS. 2390.2 el <0.001 0.70 0.69 0.90
0.0010.007 0.001-0.006 0.0030.007
2111.1 0.002 0.041 0.004
>  NsHs elll® 0.041 0.66 0.53 0.73
g 0.0010.007 0.001-0.009 0.0030.008
c
0.001 0.002 0.002
£ NoHs 2315.2 neellle 0.001 0.73 0.54 0.83
& 0.00020.002 0.00030.003 0.0010.003
o)
e - 0.001 0.001 0.001
o NsHiR 2285.2 weolnl S <0.001 0.74 0.60 0.87
g 0.00020.002 0.00030.002 0.00080.002
3 0.002
g NsHsh 2489.3 0.001 0.00040.003 0.002
€ - 0.001 0.74 0.53 0.84
S 0.00020.003 0.0010.004
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NsHsS: 2676.3 seo e 0.004 0.005 0.007 0.017 0.59 0.67 0.75
° ' emcn 0.001-0.008 0.0010.011 0.0040.014 ' ' ' '
NsHsSiFu 2850.4 L 0.002 0.005 0.005 0.002 0.73 0.55 0.82
° ' m 0.00040.011 0.00080.011 0.0030.010 ' ' ' '
_— 0.002 0.003 0.003
NsHsS 3037.5 IS4t 0.027 0.51 0.65 0.64
0.001-0.004 0.00040.006 0.001-0.004
NyHs 1661.8 eeca 0.001 0.003 0.002 0.014 0.75 0.62 0.72
N : 0.00030.005 0.00%-0.010 0.001-0.006 ' ' ' '
: 0.003 0.006 0.007
N 2070.0 LL - <0.001 0.75 0.59 0.89
s 0.00%-0.007 0.00%-0.010 0.0040.013
. 0.001 0.002 0.002
N 2519.3 nue R0 <0.001 0.78 0.57 0.88
s 0.00020.002 0.00040.003 0.001-0.004
2764.4 .n 0.003 0.004 0.005
N e 3o 0.001 0.68 0.63 0.84
b 2 0.00%-0.006 0.001-0.008 0.0030.009
2040.0 ——— 0.009 0.015 0.018
N peeeal 0.032 0.63 0.60 0.74
uhd! 0.0020.024 0.0030.026 0.0080.0.27
2227.1 o 0.007 0.011 0.010
N wmola oo 044 64 57 7
iHS 0.0020.015 0.0030.014 0.0060.022 0.0 0.6 0.5 0.73
2605.3 nel) 0.006 0.007 0.009
N 01 . . 7
sHbSh 0.00%0.015 0.0030.011 0.0040.017 0.019 0.58 0.65 0.76
0.001 0.001 0.001
N 2693.4 et <0.001 0.74 0.59 0.86
b 0.00020.002 0.00030.002 0.00%-0.002
0.009 0.014 0.017
N 2880.4 LTS <0.001 72 . 84
6HeS 880 0.0030.022 0.0020.027 0.0080.032 0.00 0 0.60 0.8
e 0.002 0.003 0.005
NyH 2244.1 <0.001 0.67 0.75 0.86
b 0.00030.006 0.001:0.008 0.0030.008
nmeBO 0.090 0.105 0.129
NyH 2431.2 o <0.001 62 7 .
S 3 0.0530.152 0.0350.165 0.1020.172 0.00 0.6 0.73 0.86
: 0.001 0.002 0.002
N 3054.5 piale * 0.019 0.70 0.54 0.75
sHeSh 0.00040.003 0.001-0.005 0.00%-0.003

Mediansin each cluster of study subjeatgere calculated from the relative peak intensities of tiiglycans generated from the MALDOFMS. MinMax is the minimum
and maximum value of the relative intensities of tRalycan peaks in each cluster of stugbjects. AUGarea under the curve) values evaluated the accuracy of Bacl
glycan in discriminating EOC from BO®aues less than 0.05 were considered as statistically significant. The founaigioseN-glycan signatures for EOC diagno:

previously desgbed by our research group are highlighted in bold.
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3.16 Changes in the upregulatel-glycans n/z >3600) of primary EOC patients upon intake of

chemotherapy

The 12 complextype multiantennaryN-glycansof m/z >3600 that showedsignificantincreases in
their peak intensities among thprimary EOQatients (Supplementary material Table Siwere
evaluated for the differences in their expression among the EOC patients thréhe categories of
chemotherapytreatment. The dfferential expressin of nine N-glycars in the three categories fo
treatment was found to be statistically signifidap<0.05) They comprisedN-glycanpeaksof m/z
3415.7, 3776.9, 3864.9, 3951.0, 4226.1, 4400.2, 4587.3, 4761.4, and 4938bl&6). The median
peakintensitiesof the nine N-glycanswere loweramongpatientsin the categories that had taken
chemotherapycompared to patientshat had not commencedhemotherapy (prereatment). The
category of4-6 chemotherapy cycles Hathe lowest decreas, followed by the category of -3

chemotherapy cycles

Interestingly, unlike th&7 N-glycansignatures (m/z <3600 that were downregulated in primary EOC
patients, thenine N-glycansignatures identified in this sectiorwould not discriminatgatients in the
categoryof pre-treatment from the patientsin the categoryof 1¢3 chemotherapy cyclefAUC, <
0.70),exceptfor peakm/z 4587.3 (AUC, 0.74nstead eight of the nineN-glycan peaksdiscriminated
the patients in categdes of 1-3 chemotherapy cycledrom those inthe category of4¢6
chemotherapy cyclefAUC, 0.70¢ 0.81) which was alsaunlike the N-glycansof m/z <3600.
Interestingly all the nine N-glycansignatures, just like the 17N-glycan signatures ah/z <3600,
discriminatal patients in the pretreatment categoryfrom those inthe 4¢6 chemotherapy cycles
group (AUC, 0.7@; 0.87).Of all the nineN-glycansignatures the m/z 4935.5peakwas the best
discriminator for both 1-3 against 4-6 chemotherapy cycles and pbteatment against 4-6

chemotherapy cycleGAUC, >0.80)

Therefor, using the criteria of AUC Bf0.70 for selecting the begerformingN-glycan signatures
for discriminatingEOC patients according their treatment categories 1-3 chemotherapy cycles
from 4-6 chemotherapy cycles and pteeatment category from4-6 chemotherapy cycles, eight
glycansfulfilled the conditions anavere subsequently selecteas potential signature§.hey included
peaks oim/z 3415.7, 3776.9, 3864.9, 3951.0, 4226.1, 4400.2, 4761.4, and 4935.5

It was alsomportant to notefor the present stug that, of the nine complextype N-glycanidentified
as differentially expressedseven were among the 1&igratures previously described by our
laboratoryasbiomarkers for EO@mong the Caucasian populatiofhe other four(highhrmannose)
of the 11N-glycan signaturewere previouslydescribed in section 3.1.9he severN-glycan peaks

werem/z 3776.9, 3951.0, 4226.1, 4400.2, 4587.3, 4761.4, and 4986i6hformed the component
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of theupregulatedN-glycansini KS & D[ , /As aresulytReQE-glycan structures previously
described by our groupvere demonstrated to showsufficiercy indescribng the total N-glycome

changesassociated witiEOC anthe response tacchemotherapy in the present African cohort.
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Table6. Changes in the upregulatédiglycansifn/z >3600) of primary EOC patients upon intake of chemotherapy

Chemotherapy cycles

Chemotherapy cycles

Mass N-glvean Relative intensity AUC
N-glycan gy Pretreatment 1-3cycles 4-6cycles p-value Pre- 1-3/4-6 Pre-
(m/z) structure ) : .
Median Median Median treatment treatment
(min-max) (min-max) (min-max) /1-3 14-6
2238 0.026 0.018 0.018 0.68
NeH 4413.2 e 100 0.071 0.69 0.58
/S =os 0.0100.042 0.0040.076 0.0020.051
oo 0.013 0.014 0.012 0.54
NeH 4052.0 T R 0.818 0.56 0.50
S 2l 0.0050.024 0.0020.036 0.0030.021
3602.8 o 0.067 0.060 0.077
NsH, aelm0t 0.391 0.62 0.63 0.54
S 0.0320.091 0.0150.106 0.0170.108
o 0.006 0.005 0.003
NsHeSFL 3415.7 pee R0 0.023 0.53 0.71 0.73
0.001:0.011 0.001:0.018 0.0010.012
NS, 47760 peat223 0.056 0.035 0.018 0,001 0.68 0.74 0.84
° ' fRESE (0.011-0.095) (0.0020.088) (0.0010.082) '
3864.9 o 0.003 0.003 0.002
NgH maa 302 0.043 0.51 0.70 0.70
bR il 0.000%0.008 0.001:0.019 0.001:0.008
NS 20510 cauiot 0.002 0.002 0.001 0.008 0.53 0.77 0.74
° ' Lo (0.0004 0.008) (0.0020.009) (0.00030.007) '
NS, 42261 . 0.009 0.005 0.002 0.001 0.63 0.70 0.83
° ' L (0.0020.017) (0.0020.016) (0.00040.014) '
. 002 001 . 7 7
NS 24002 e 0.003 0.00 0.00 0.004 0.63 0.78 0.76
. (0.00040.014) (0.0020.009) (0.00%0.007)
su0t 0.020 0.014 0.005 0.74 0.66 0.87
N 4587.3 mae 203 <0.001
bHrSF 4oeacl (0.0030.051) (0.0010.025) (0.00040.026)
0.008 0.005 0.001 0.69 0.74 0.83
NeH/SiF> 4761.4 eae20 o <0.001
e (0.00%0.047 (0.00040.021) 0.00030.021)
NS, 40355 e 0.002 0.001 0.0001 0,001 0.60 0.81 0.80
° ' D £ (0.00030.023) (0.00030.007) (0.00020.009) :

Medians in each cluster of study subjects were calculated from the relative peak intensitiedNaglyeans measured by MAEDDFMS. MinMax is the minimum and maximum value
of the relative intensities of thél-glycan peaks in each category of study subje&t#C values evaluated the potential of edélglycan to discriminate EOC from BOBajuesless than
0.05 were considered statistly significant. The compléeype N-glycan signatures for EOC diagnosis in Caucagiaviously described by our research group are highlighted in bold.
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3.1.7 Performanceof the N-glycanindexin discriminatingpatients within categories ofanti-cancer

treatment.

Further analysis was carried out to evaluate the performance of thil-gillycan signaturgsn the
form ofanéN-3 f & O y (GIAYZCEBMB Eotrectly assigning the EOC patients into their respective
treatment categoriesTheN-glycan index was computed as a ratio of the sum of relative intensities
of the seven upregulated complaype N-glycansto the sum of relative intensities of the four
downregulated highmannoseN-glycans in EOC patientaamely: (sum of relative areas afn/z
3776.9, 3951.0, 4226.1, @@.2, 4587.3, 4761.4, and 4935.5%4/ (sum of relative areas ah/z
1579.8, 1783.9, 1988.0 and 2192[B84]. Thebox plot of log2Zransformed values ofhe N-glycan
index in the three treatment clusters showedirrear decreasef medianN-glycan indexalues from

the highest in thepre-treatment category,to the category o#-6 chemotherapycycles, whicthad

the lowest median valugrigure 17)The differences in thenedianvalues ofthe N-glycan index in
each ofthe three groups were statistically significafthe category of prdareatment against 13
chemotherapy cycles was p=0.0123 Themotherapycycles against-8 chemotherapy cyclesas

p=.037 andpre-treatment against 4 chemotherapy cyclesasp=1.3E4).

Conversely, the box plot of the median values of kibg2transformed CAl2%aluesin the three
treatment clustersproduced anirregularpattern that madeit difficult to determine the dficacyof

chemotherapyin earlysessionsThis was supported ke lack of significandifferencebetweenthe

log2transformed median CA125values ofthe pretreatment categories against those in31
chemotherapy cycles (p=0.73#4owever the differences irthe log2-transformed mediarvalues of
CA125 ofhe categoies1-3 chemotherapy cycleagainst4-6 chemotherapy cyclgp=0.021)and the
pre-treatment against4-6 chemotherapy cyclgg=0.001)were statisticallysignificant

The N-glycan indexvas more accurata discriminatingeO(patientsaccording to theicategories of
treatment comparedto the CA125saluesor individualN-glycansignatures. For discriminating pre
treatment patients from 13 chemotherapy cycleshé AUCvalue of the N-glycanindexwas0.77
against 0.54 for CA125 Furthermore, comparison ofthe N-glycan index against CA125 in
differentiatingthe category ofl -3 cyclesfrom 4-6 chemotherapy cyclegeldedan AUC 00.72(N-
glycan indexpgainst 0.74CA125)andfinally, pre-treatment against4-6 chemotherapy cyclesias
0.89(N-glycan inde) against 0.8QCA125)Figure 18.
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Figurel6. Box plots of the log2 transformed values(8f the N-glycan indeXGLYCO\MNd (B)CA125 showgtheir
comparatiwe distribution in the three categories of chemotherapy. The Mann-Whitney U test was applied to
test for the difference in the distribution of N-glycan indexand CA125 values across the patient treatment clust
(NSnot significant, *p<0.05, **P<0.01 and ***p<0.0Q1pretreatment/1-3 chemotherapy cycle®\-glycan index
(p=0.012), CA125 (p=0.734);-B/4-6 chemotherapy cycles,N-glycan index (p=.037), CA125 (p=0.02%1)nd pre-
treatment/4-6 chemotherapy cycles,N-glycan index (p=13E-4), CA125 (p=0.001).
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Figure 17ROC curwof theN-glycan index, CA125 aadcombination ofN-glycan indexand CA125n assessingesponse

to chemotherapy (A) Pretreatment versus1-3 chemotherapy cycles, (B)3lversus4-6 chemotherapy cycles and ((

pre-treatmentversus4-6 chemotherapy cycle¥heN-glycan index had superior discriminative perfanane comparel

to CA125 (AUCs, 0.77 vs. 0.54, 0.72 vs. 0.74 and 0.90 vs. 0.80).
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3.1.8 N-Glycan profiling for signatures ofepithelial ovarian cancediagnosisn an African cohort

BEvaluationof altered N-glycosylaon in primary EO@r potential diagnostidN-glycan ginatureswas
carried out on the 3WN-glycans that were differentially expressed between primary EOC patients and
the controls as shown in section 3.1.4 and in Supplementary maeriable S1 Analytical
descriptions of the changes in glycosidas wereanchaed onclassificationsuch ad\-glycan type,
antennarity and thecompositional profileTheROC curves for each of t88 N-glycanswere built,
representing 27 (m/z <3600) and 12 (m/z >3600) N-glycars that were downregulated and
upregulated in EOC patients, respectivelgd their corresponding AUC values used to describe the

accuracy of differentiatinthe primary EOC patients from the controls.

All the 27 N-glycansthat were downregulated amonthe primary EOC patientsad acceptable
discriminatory accuracies of E@@tients from the controls (AUC; 0.70) (Table7). O the 27 N-
glycans 12 produced excellentliscriminatoryaccuracies (AUC, 0.¢0.96), andthey included four
highrmannose (atm/z 1579.8, 1783.9, 1988.0, and 21.9), two monoantennay (m/z 1620/8 and
1982.0),and six complexype N-glycans(m/z 2285.2 2070.0, 2519.3, 2244.2431.2 and 2693.4).

Another set of 1IN-glycans comprisingne monoantennarym/z 1426.7),one hybridtype Mm/z
2390.2)and nine complexype N-glycans f/z 2315.2, 2489.3, 2850.4,661.5, 2040.0, 2227.1.
Hcnp®oX HTcn®n YR Hyyn®dno RAAONAYAYF ISR LINRK
I OOdzNI OA S & 6.89% Finally, foucordpiextype N-glycangm/z 2111.1, 2676.5, 3037.5 and

3054.5) hadnoderatediscriminatoryaccuracie®f EOC patients from the controls (AUC, G; 079).

By contrast the 12 upregulated N-glycans in primary EOC patients were eimplextype
multiantennary (tri or tetrantennary)N-glycanscharacterzed by higlsialylationand/or fucosylation

(Table8). Eleven of the 1X-glycanshad the acceptable discriminatory performance of EOC patients

from the controlSAUGCH n T n0 @ ¢ KSANJ RAAONR YA y I (i 2didpeakmixO dzNI O
4587.3 (AUC, 0.91) & 3 2 foRfige peaksat m/z 3776.9, 4400.24413.2, 4226.1 and 4761.4 (AUC,

0.80¢ 0.89) while anothelfive had moderate accuracies (AUC, 0¢A&79).They included pdam/z

of 3415.7, 3864.9, 3951.0, 4052.0 and 4935.5

The N-glycans \ith downregulatedpeaksin primary EOQvere better discriminators of EOC from
controls comparedto those that were upregulatedHowever,to guaranteethe versdility and
dynamismof the new biomarkein a wider scope oEOQpatients it is pertinent tha the different
attributesreflected byeach of theglycans irthe two groups arecaptured in the envisaged biomarker
Therefore, the selection criteria of the poteatisignature biomarkers for EOC diagnosis were based
on the patternof alteration in primary EQ@nd more importantlywith AUC values of dast >0.70

which implied acceptable accuracyhe cutoff AUC valug for the downregulated N-glycan
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signatures(m/z <3600) was therefore establishedat 0.90, while for theupregulated N-glycan
signaturesifi/z >3600) it wasat 0.75.Consequentlya total of 23N-glycan signatures for the diagnosis

of EOC were selected in an African cohort. They inclut2dN-glycan signaturedor those
downregulated in primary EQ@/z 1579.8, 1783.9, 1988.0, 2192.1, 1620/8, 1982.0. 2285.2, 2070.0,
2519.3, 2244.12431.2 and 2693} The otherll N-glycan signature@upregulated in primary EQC
were of m/z 4587.3, 3776.9, 44D2,4413.2, 4226.1, 4761.4, 3415.7, 3864.9, 3951.0, 4052.0 and
4935.5.

Interestingly, the 1IN-glycan signature@ highmannose and 7 completype N-glycars) thatwere
used to compute the GLYC®@ibmarkerof EOC diagnosis Caucasias)as described by our research
group [64, 107] were part of the current 2EOC diagnostill-glycan signatures identified in the
African cohort Evaluation of he 11N-glycan signatureshowed thatthe four highmannoseshad
excellent accurdes (AUG, 0.91¢ 0.94)in discriminating EOfatients from the controls,while the
sevencompkextype N-glycanshad accuraciesangng from & Y 2 R & mldaxc®llent (0.75- 0.91)
(Tablesr and 8). Therefore, the 1N-glycan signaturpeak intensitisfor all the study subjectaere
computed into indicesn section 3.1.%nd subsequentlytheir valueswere plotted in ROC curves to

establishtheir discriminative performance girimary EOC patients from the controls.

Table7. Statistically significant downregulatééglycangm/z <3600)in primary EOC patients

N- BOD (n=46) EOC (n=19)
AU
glycan N-glycan m/z N-glycan Relative intensity Relative intensity p-
descri  Formula structure Media value
tion Median  Min -max Min -max
p n
nuell
N2Hs 1579.8  aet, 0.031 0.0080.059 0.013  0.0030.020 <0.001 0.94
Q
(%]
o e 0.91
= N2Hs 1783.9 "==%.2 0.028 0.0070.065 0.013  0.0020.020  <0.001
]
2‘ e
S  NaH7 1988.0 ""%eg* 0.010 0.0030.021 0.004  0.00:0.009  <0.001 0.92
T
0.91
N2Hs 2192.1 “':E =2  0.018 0.0060.037 0.008  0.0010.019  <0.001
1416.7 pue® u
NsHs d 0.002 0.001-:0.005 0.001  0.00040.003 <0.001 0.85
s
®
Q S NsHa 1620.8 ""e " 0.003 0.001:0.007 0.001  0.00030.002 <0.001 0.96
Q
=
s 3 1982.0 .
s S NsH4S mmol oo 0.008 0.0040.015 0.004  0.001:0.008 <0.001 0.92
> E
T
[ 3 Re8 2
NsHeSt 2390.2 “’.E 0.005 0.0020.012 0.003  0.0010.007  <0.001 0.89
o B 2111.1 s
O g NsHs mmagil 0.004 0.0020.009 0.002  0.00:0.007 0.003 0.74
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NsH4F1 2285.2  ®Regal 0.002 0.001:0.003 0.001 0.00020.002 <0.001 0.91

NsHs 2315.2 ==eial® 0.002 0.001:0.004 0.001  0.00020.002 <0.001 0.89

NsH sF1 2489.3 0.001
LLL - 0.003 0.001-0.005 0.00020.003 <0.001 0.89

NsHsS 2676.3 mmeZpuig 0.007 0.0040.016 0.003 0.001%0.010 <0.001 0.79

NsHsSiFr  2850.4 =meiaiis 0.005 0.0030.013 0.002 0.00040.011 <0.001 0.87

3037.5 .
NsHsS seellilia 0.002 0.0020.006 0.002  0.00:0.004 0.002 0.74
NaHs 1661.8 ==*en 0.003 0.00:0.010 0.001  0.00030.004 <0.001 0.83
NsHs 2070.0 ==eoas 0.009 0.0030.023 0.003  0.00:0.007 <0.001 0.95
o0
NsHs 2519.3 ""“.al 0.002 0.00:0.004 0.001  0.00020.002 <0.001 0.92
2764.4 o
NeHs wee,z oG 0.005 0.0020.010 0.003  0.001-0.006 <0.001 0.82
20400 —u—
N aH 4F1 0.018 0.0060.052 0.010  0.0020.024  <0.001 0.81
22271 _ .em ..
N4H 45t om 0.012 0.0080.022 0.007  0.0020.015 <0.001 0.88
NaHsF1 22441 Treem 0.007 0.0020.017 0.002  0.00030.006 <0.001 0.94
IIC.. = d
NaHsS 2431.2 om 0.144 0.0850.189 0.090  0.0530.152 <0.001 0.91

2605.3 wmmelRll.
N4HsSF1 A ! 0.010 0.0050.021 0.006 0.001:0.014 <0.001 0.86

P
NsHeF1 2693.4 1TeLE 0.002 0.0010.002 0.001 0.00020.002 <0.001 0.90

..'
NsHeS 2880.4 "=,z "’ 0.016 0.0070.029 0.009 0.0030.022 <0.001 0.83

30545 ,..°50.
NsH6SiF1 ke 0.002  0.00:0.005 0.001  0.00040.003 0.012  0.70

Medians in each cluster of study subjects were calculated from the relative peak intensitied\ofilyeans generated from
MALDITOFMS Min-Max is the minimum and maximum value of the relative intensities ofNkglycan peaks in each
cluster of studysubjects AUC (area under the curve) values evaluated the potential of Naglgcan to discriminate EOC
from BOD. Ralues were computedisingthe MannWhitney U test where a value less than 0.05 was considered
statistically significanfTheN-glycan sigatures for EOC previously described by our regegroup are highlighteih bold.
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Table8. Statistically significant upregulated compigpoe multiantennaryN-glycangm/z >3600)in
primaryEOC patients

BOD (n=46) EOC (n=19)
N-glycan m/z N-glycan Relative intensity Relative intensity p-value AUC
Formula structure
Median Min -max Median Min -max
o=
NsHeSF1 34157 ==<i8. %2 0002  0.00£0.016 0006 00010011 0001  O7°
3602.8 mos
NisHSs meelncd 0052 00250111 0067 00320091 0016  0.69
NsHeSsF: 37769  T==eiis 0011  0.00X0076 0056 00110095 <0001 089
3864.9 .
NeH7SoFs =<2 0001 000040013 0.003  00010.008 0001  >7°
NsHeSsF2 39510  I"*ei:i* 0001 0.00030.006 0.002 0.00040.008 0002 27
NeHiS 40520 el es 0008 00040019 0013 00050024 <0001 077
NeH:SoF: 42261 g=<ii = 0001  000030.015 0009 00020017 <0001 88
NeH:SsF 44002 7=<.8°%° 0001 000040006 0003 0.00040.014 <0001 80
NeH:S: 44132  ==<il 0010  00040.056 0026 00100042 <0001 &
- : *
NoH:SF: 45873  1=eli 0.002 0.00030.025 0020 00030051 <0.001 092
NeH:SiF2 47614 see’2:3< 0001 000020015 0008  000:0.047 <0001 O
. 0.79

*ee e

NeH7SsFz  4935.5 :“E 2 0.0001 0.0002.005 0.002 0.00030.023  <0.001

Medians in each cluster of study subjects were calculated from the relative peak intensities\aflyeans generated from
MALDITOFMS Min-Max is the minimum and maximum value of the relative intensities ofNkgdycan peaks in each
cluster of study sbjects AUC (area under the curve) values evaluated the potential of Hagligcan to discriminate EOC
from BOD. Ralues were computedisingthe MannWhitney U test where a value less than 0.05 was considered
statistically significant. ThHe-glycan sigatures for EOC previously described by our research group are highligtgeld.

3.19 Performance of theN-glycan index in discriminating primary African EOC patients from the

controls

TheN-glycan index values of tirimary EOC patients ranged froth36- 10.9, with a mediawvalue
of 3.91, while for thecontrol subjectsthe N-glycan index valuesanged from 0.05 5.05 with a
median value of 0.21 (Thle 9). The cubff for the referencevalue ofthe N-glycan index was
previously set at 0.63 i€aucasian cohortsThisvaluewas adjusted tdl.04, as obtained fronthe
coordinates of the ROC curie the present studydue to adjustments in the methodolgg The

methodology differences between the current and previous analysis happened in the faigbign
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where two fractions of acidified 25% and 50% acetonitrile elutions of the releldsggcans were
used in the final analysias opposed tdhe use of only one fraction of acidified 25% acetonitrile
elution in the previous analysi®n the contrary CA125 values of the EOC patients ranged from 30.1
- 1733 kU/L, with a median value of 122 kU/L, while CA125 values faothteol subjects ranged
from 4.2- 998 kU/L with a median of 25.9 kU/L. The upper limit of normal CA125 vahas85 kU/L.

Both the log2 transformedN-glycanindexand CA125 values showed significantly higher values in
primary EOC patients compared to thentrols (N-glycan index, p= 2.8 CA125, P= 2.08 (as
shown inFigures 2A, 19B and Table 6). Tidglycan index was a bettéiscriminator of EOC patients
from the controls (AUC, 0.94pecificity &P, 98% andensitivity EN, 84%) compared to the CA125
test(AUC, 0.88; SP, 67%, SN, 95%) (Fi@@@dd Table 6). A combination of btk N-glycan ndex

and CA125 producesimilaraccuracyand specificityas theN-glycan indeXAUC 0.94 SP, 98%and

asensitivityof 90%.
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Figure 18. Box plots of log2 transformed values of (A) N-glycan index and (B) CA125 showing their distribution
in primary EOC and BOD groups. The data were log2 transformed to reduce the skewness in distribution. The
Mann-Whitney U test was used to compare the difference in the distribution of N-glycan index and CA125 values
within the primary EOC and BOD cohorts gpx A Y 8(§) Yte ROC curve of the N-glycan index and CA125 values
showing their performanc e in discriminating EOC from BOD subjects.
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Table9: Comparativgperformance of theN-glycan index against the CAlidsiscriminating primary
EOC patients from the controls

Statistics N-Glycan index CA125 KU/L)
BOD(Control) EOC BOD(Control) EOC

Mean £SD 0.52 +0.84 3.97 £2.75 76.3 £165.3 512.5 £590.5

Median 0.21 3.91 25.9 122.0

Range 0.05¢5.05 0.36¢ 10.9 4.2¢998 30.1¢ 1733

Diagnostic performance

Cutoff value 1.04 35

Sensitivity (SN) (%) 84 95

Specificity (SP) (%) 98 67

AUC (95% C.I) 0.94 0.880- 1.000) 0.88 0.801- 0.961)

CombinedN-glycan index +

CA125

Sensitivity (SN) (%) 90

Specificity (SP) (%) 98

AUC (95% C.I) 0.94 0.880- 1.000)
Data showing the comparison of tieglycan indeagainst the CA125 in discriminating primary African EOC patients from
BOD control subjects. The data were presented as mean, SD (standard deviation), range (showing minimum and maximal

values of the biomarker in eadohort), AUC (area under thairve, which showed the discriminatory accuracy), sensitivities
and specificitie of theN-Glycanindex and the CA125 biomarkers.

3.2 Determination of common erumIgG and IgGglycopeptide signaturefor diagnosis oEOC

in African and Caucasiagthnicities

This section aimedst findingcommon glycopeptide signaturésom the two ethnic cohorts African
and Caucasianfor complementing CA125 iimproving accuracy in thadiagnoss of EOCTo begin
with, 1gG, 19G, and IgGwere isolated fromhuman serumby affinity purification using Protein A
Sepharose, whicboes not bindigG. The capturedgGwere then eluted and tryptically digested
The glycopeptides were then enrichaesingselfmade micrespin cotton HILIColumns MALDITOF

MS measurements were carried out in the negative ionization ntodmeasure both neutral and
sialylated glycopeptides in a single experimélite generatednass spectravere exported to the
Massy tools software as ASCII text for recalibration, baseline subtraction and peak extrAction.
representative MALBTOF mass spectrum is shown in Fie@eThepeptide sequences containing
the N-glycosylation site at AsRO7 were: E9:EQYNSTYdRfor 190G, EesEQFNSTERfor 1gG, and
BEosEQFNSTYR for 1gG. A total of 17 glycoforms and 11 glycoforms could be assigned
unambiguously for IgGand 1gG, respectively (Tabl®). Unfortunately, signals assigned to 1gG
glycopeptides had the same mass as same-fucosylatedlgG glycqeptides; as a result, these

peaks were excluded from further analyses.
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Fgure 19. Arepresentative MALBTOF mass spectrum of tryptic IgG glycopeptislasobtained from aBOD subject. Red arrows indicate 1g@hile blue arrows indicate IgC
glycopeptide peaks. lgGycopeptideggreen arrowsyvere notanalyzed in this studigecause of theivery low serum concentrationfence producing very low signals whic
also overlapped with someon-fucosylated structures of Ig@lycopeptides which are highly abundant in serum
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3.21 Repeatability of theglycopeptideanalyticalmethod

Intra and interday repeatability were evaluated for th glycopeptide methodusing one serum

sample from a healthgubject The nean, standard deviation (SD), and coefficient of variation (CV)
for the 9x major IgG and IgG glycoforms namelyG1F, GOF, GOFN, G2F, G1FN, and GRE&L
calculatedFigure 21)Forintra-day repeatability, CVs for both Ig@&nd IgGwere less than 10%ery

good) as theyranged from 0.4 3.8% Similarly, the inteday CVdor both IgG and IgG glycoforms
were also within theating ofd @S NB 13 &72R éxcept for one The IgGglycoformG2FShad
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Figure20. Evaluation ofgG/IgG: method repeatability using the percentage relative intensities of the six mgjer

and 1gG glycoforns. Intra-day repeatabilityis represented byA) for IgG and © for IgG, where one sample of ¢

healthy patient was taken through the same analytical procedure in tripkcatithin the same day Inter-day

repeatability is represented byB)for IgG and (D)for Ig&, where the sameserum sampleas usedfor intra-day

repeatabilitywas analyzed, buince in three consecutive dayScceptable repeatability (<20%).
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average of 37 years, while tli&aucasiamohort averaged 41 years, with ageanging from 18 to 75
years(Tabk 10). However, forthe EOC patients dhe African cohort the ageranged fom 25¢ 80
years whilethe Caucasians rangdtbm 21 ¢ 78 yearsThesum of both African and Caucasig®D
cohortswas 68 subjectavhere 46 were Africapand 22Caucasias) whilethe sum of both African
and CaucasiaBOC cohog wasb3 patientsaccounting forl8 Africars and 35 Caucasiand-or both
ethnicities,the majority of the EOC patientsere inthe late stageof the diseaséFIGO stage Il and
IV, 83.3%or the African cohort ad 74.3%for the Caucasiacohort). The average serum CA125 levels
for both ethnicities in their respective categories of BOD and EOC were above i apper limit

of 35kU/L However, the median CA125 values for BOD subjects in both ethnicities were below the
cut-off limit (African, 25.9 kU/L an@aucasiansl5.5 kU/l), while the median CA125 values for the
EOGatientswere above the cubff limit for both ethnicities (Afrian, 202.5 kU/L an@aucasian252
kU/L)

Table10. Demographics and clinical factors of the participamsed forlgGglycosylatioranalysis

Factors BOD (n=68) EOC (n=53)
African (n=46) European(n=22) African (n=18) European (n=35)

Age (years)

Mean £SD 37+11 41 +16 54 +14 59 +13
Median 34 38 48 65
Range (mirg max) 18-74 18¢ 75 25¢ 80 21-78
Interquartile range 28¢ 46 29.50¢ 50.25 43¢ 65 49-69
Tumor stagéb (n)
FIGO stage I+arly stage) - - 16.7 (3) 25.7(9)
FIGO stage IllI+ [\ate stage) - - 83.3 (15) 74.3(26)
CA125 (kUI/L)
Mean +SD 77.0 £165.2 46.55 +87.8 536.69 £597.8  1024.4 £1588.1
Range 4.2¢998.0 6.0¢ 386 30.1¢1733.3 11.0¢ 7343.0
Median 25.9 15.5 202.5 252
Interquartile range 12.1¢67.15 11¢ 40 81.55¢ 1064.5 63.45¢ 1604.5

Summary of the data of EOC and BOD subjects. Age is presented in years, EOC staging is classified as early and late stage,
and CA125 concentrations are presente&U/L.

3.2.3 Evaluation of the association between galactosylation and age

Theserumsamplesfor IgG and IgGglycopeptidewere prepared as stated in secti@b.2. MALD!
TOFMS spectra yieldedl7 glycopeptide signals for Igéhd 11 for Ig& The relativeintensities of the
detected glycopeptides were normalized to the toitatensityfor IgG and IgG. As IgG glycosylation
is said to beagedependent and directly related to the menopausal statdisvomen [54, 149] an
evaluation of the degree of galactosylation whasrefore carried out orthe combined control cohort

of 68 Africans and Caucasishy classifying thermto sixage-group clusters(Figure22). The degree
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of glycosylation for eachlycopeptidewasdetermined by summing up the relative intensities of all

the galactosylated glycoforms of each IgG glycopeptide

C«

Galactosylation{lgG) = G1+ G1F G1FN+ G1FSH G1IN+mono G1FH G2 G2FN+ G2+
GIN+G2N+G2SH+ G2FS1
Galactosylation (Ig= G1F G1FN+t G1FSH G1S1+ G2H G2FN+ G2FS1

C«

The corresponding boxplots are shown in Figure Ify& galactosylationshowed near constant
values rangingbetween 70% 80% in the age groups of &8, 2938, and 398 yearsAfall in the
degree oflgG galactosylation in theange of 60% 70% wadater observedin the patients that had
49 years and abov€onverselylgG showed a decrease in the degree of galactosylatispatients
age advaned from 18 yearsand above However, asteeper decreasén IgG galactosylationwas
observed between the age groups 898 and 4% 54 yearsalthoughbetween age 55 ¢ 59 years
there was a rise in galactosylatipwhich could be attributed to large effect sizes duesampling
issues within the groupRegardinghe presentlgG galactosylation datdhe study subjectsvere

classifiednto two age categories)amely18¢ 48 years (young) and 49 years (elderly

A
90% —
P =
80% —
S 70% — H é
=
o
Z  60% |
ks
=
& 50% — 1
40% —| * o =
30% —
18-28 yrs 29-38vyrs 39-48yrs 49-54yrs 55-62yrs 63" yrs
B
90% —
80% — T
S 70% | @
"3
o
a" os _ |
8 60%
ks
i
8 50%—
40% —
30% —

18-28 yrs 29-38yrs 39-48yrs 49-54yrs 55-59 yrs 60" yrs

Figure21. Box plots of the degree of galactosylation according to age in the BOD subjéafslgG and (B) Ig&
glycopeptidesGalactosylation was largely stable in 1@ to the age of 48years then it started to decline. In IgGZ
the decrease of galactosylation was gradual from 28 years, but the biggest dip happened after 48 lyeaise in
galactosylation in the aggroup of 5559 years isnost likely due to the small number of patientyge two errox).

70



ChariteUniversitdsmedizin Berlin Results

3.2.4 Glycopeptideprofiling of IgG and IgG at Asn297 in African andCaucasiarBOD cohorts
and their comparativeinter-ethnic expression patterns

IgG and lgGglycopeptideprofiles foragematchedAfrican and Caucasi BOD cohortsvere carried
out at the AsA297 leve] and ther expression patternsvere described through aomparative
analysido excludedifferentially expressedlycoformswhichwould be irrelevantwhen addressing

common biomarker strategfor EOC diagnos{3ablell).

Fve IgG and two lgGglycopeptideswere identifiedas differentially expressed between the two
ethnicitiesat a significance of p <0.0All the fivedifferentialy expressedgG glycpeptideshad
galactosylatedmoieties and they included the fucosylated bisecting monogalactosyl (G1FN),
fucosylated bisecting digalactosyl (G2FN), fucosylated monosialylated monogalactosyl (G1FS1),
monosialylated digalactosyl (G2S1) and madwacetylglucosamine fucosylated monogalactosyl
(mono G1F). Four of these glycans (G1FN, G2FN, G2SI, and G1FS1) were abundantlyiextpeessed
Caucasiarcompared tothe African ethnicity. Converselythe expression ofmono G1Fin the
Caucasiasiwas lowerin abundanceeompared to the Africaethnicity. Fa the IgG glycoforms, the
differentially expressed glycoforms were also of galactosylated specidsey included
monosialylated monogalactosyl (G1S1) and G1FN, which were abundantly expre€secasians
compared to Africans. Consequently, the fiveilg@ two IgGdifferentially expressed glppeptides

and were therefore excludedfrom the subsequenanaly®s that aimed atfinding a common EOC

glycopeptidebasedbiomarker for the two ethnicities
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Tablell. Comparison of Ig&nd IgG Fcglycosylation between African ai@hucasiatvenign ovarian disease cohorts

IgG 19G
BEosEQYNSTYR BEosEQFNSTER
Glycoform Sructure Mass African Caucasian p-value  Mass(m/z) African Caucasian p-value
(m/z)
R. intensity R. intensity R. intensity R. intensity
Median Median Median Median
(maxmin) (maxmin) (maxmin) (maxmin)
GO
2485.9 0.005 0.006 0495  2453.9 oorotis  oonioars 0125
0.0020.031 0.0020.014 ' ' ' '
GOF
0.311 0.248
2632.0 0.260 0.185 3.6E3* 2600.0 0.002
0.1360.379 0.0960.340 0.2110.579 0.1190.497
Gl
2648.0 0.017 0.021 0.125 -* -
0.0080.055 0.0080.036
G1F
0.391 0.379
2794.1 0.391 0.374 0.704 2762.1 0.665
03180 565 03140 423 0.261-0.598 0.2870.499
G2
2810.1 0.013 0.019 0.002* -* -
0.0030.040 0.0120.033
G2F
0.130 0.175
2956.1 0.136 0.200 0.002* 2924.2 0.008
0.0380 241 0.0690 307 0.0380.239 0.057-0.294
GON
0.007 0.006
2689.1 0.003 0.004 0.521 2657.1 0.132
0.0010.010 0.0020.008 0.0030.026 0.0030.015
GOFN
- 0.043 0.043
3 2835.1 0.035 0.035 0.521 2803.1 0.896
0.0140.140 0.0150.094 0.0230.120 0.0240.096
GIN g .
% 2851.1 0.006 0.008 0.004 = =
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0.0030.013  0.0060.014
GIFN
Fameato 2997.2 0.047 0.075 %;SEE 2965.2 0 02';?03%61 0 Og'gg%% 8.0E5**
0.0240.096  0.0560.144 S S
G2N .
R TL O 3013.2 0.004 0.005 0.002¢ = -
0.0010.008  0.0030.007
G2FN
2 wnchl 3159.2 0.006 0012 SOF 31272 00020018 000s0ne 0021
0.0010.013  0.0050.017 e S
G1FS1
E-mmegyloe 3085.2 0.007 0.011 %;SEE 3053.2 0 02'1(_)(2;%) 9 0 02'%% a0 0004
0.0030.013  0.0050.020 S S
Gls1 0.006 0.013 3.40E
[v] oH| -
SR Cenl e 2907.1 0.0010.013  0.0040.020 5***
G2sS1
Eamellldle 3101.2 0.002 0.004 é;ZSE * -
0.0010.009  0.0020.011
G2FS1
N 0.029 0.006
Famegnle 3247.2 0.022 0.028 0.02 3215.2 0.051
> 0.0030.066  0.0090.055 0.0070.100  0.0100.091
Mono GOF
Zawely 2428.9 0.003 0.003 0.803 - -
0.0010.006  0.001-0.006
Mono GIF
Zamelllmo 2591.0 0.008 0.003 2;95 - -
0.00:0.170  0.001-0.012

Comparison of the lg@nd IgG glycopeptide expression between African and Caucasian control sulljesigans of each glycopeptide in each ethnici
were calculated from the relative peak intensities of all the BOD subjects as generated by MOHNMIE. Samples were ionized the [M-H] form. The
differences in the expression of the IgghdIgG glycopeptides between the two ethnicities were evaluated by their median peak intensities\zaidgs.
The glycopeptides differentially expressed between the African and Caucasian controls are highlighted in bold lettersfeftomiBmrrection (*) wa
calculated fopgvalues as followsgG (0.05/17 =*, 0.01/17 = **, and 0.001/17 = ***)gG (0.05/11 = *, 0.01/11 =**, and 0.001/11 = **ApH < 0.01**
was considered significant. * Isomeric structures of overlapping massesaridEyGglycopetides.
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3.2.5 Comparison ofgGand IgG glycopeptide expressiobetweenEOC and BOD subjedtased
on ethnicity and age

An evaluation of thedifferential expression oflgG and IgG glycpeptides was carried out by
comparingprimary EO(patientsagainst thecontrolsat the levels ofnter-ethnicexpressiorandage
(for combinedcohorts ofAfrican and Caucasiathnicities) (Figure23). A representative MALBITOF
mass spectrum of Ig@nd IgGglycopeptides asvasexpressed in a BOD control individual amd a

EOC patientboth of Africanethnicity, is shown in Figure2

There was a similar trend in tlexpressiorof the major IgGandlgG agalactosylated glycoforpthe
GOF, and théwo galactoglated glycoform$G1F and G3FHn BOD and EOC subjeatshe analytical
levelsof inter-ethnic expressiorand when the two ethnicities are combined\o for African’ Euro
for Caucasian)in both levels of analysis (intethnic and combined ethnicitgge categorization),
GOF was abundantly expressed among the EOC patients compared to the BOD SDbjeassely
the G1F and G2F, which constitute the largest percentage of the galactabygpésieswere less
abundantly expresseith EOC patients compared to BOD subjebther agalactosylated glycoforms
that were abundantly expressed among tB®C patients compared to their BOD counterpasse
GON for both IgG and 1gG) and GOfer IgG), whilethe G2FS1 of Ig@vas less imbundance among
EOC patientsompared to BODGlycoformswhich had peak intensities déss thanl% were not
taken into accountn further analyse. They includeds2Nand G2Sor IgG, and G1S1, G1FShd
G2FNfor IgG. Therefore,only ten IgG and seven lg&glycopeptide peaks were used in the final
analysis of determininthe commonmulti-ethnic signature biomarkers for diagnosis of E@ihin
the age classifications of X848 years and 49 years and aboVéey included GO, GOG1F, G2F,
GON, GOFN, G1N, G1, G2 and mono GOF farwdnie for IgGthey were GO, GOFG1F, G2F, GON,
GOFN and G2FS1.

74



Charité Universitdtsmedizin Berlin

Results
A 100
@ e
if (1]
°
P as
M4 °
Ly " .
—_ o ] e :
2 < Swo PP pep Y e i? i
- [} n
= = : u i: § 2 s §§
7 ! a pep 00O pep . 22 )
= ®
o 3 :: pep pep e B Pep oms ;; L]
= g s i i .d. pep o L
o 50 > : ® o~ eme i ! =4 m pep
= u = O < u pep i
b pep pep [ 8 ~N D pep pep
© I N o N PR |
4 ni P ~
I32)
©
o~
Q N 0
~
2 23
-— o N
™ o ™
B 100 £ L.
]
< 41
& o
0
L ©o id §l -§
" o pep
=. . n 9 pep d o @
= . T S
§ 2 \E =.= i " pep .
2 . s = mopep - H 5o _t
2 Em EE o L i ®  pep on o o um 00
7} ee o9 © : : pep  + . o mn ) i:
£ § o~ e | o .s n ome >
= 50 A E . v 3 ® : u 2 S
u : ] i
= e‘ I : . ~ u : PER, i pep W
@ PEP  pep n BEs : i N o i pep pep
[} : 2 {
: : ' ! o !
¥ ' v L i z
» c o E o o~ 2 et o~ (=} o~ S_
0 M W [+)] o - = 3] @ >
& B 3 0 © - b Yo - e o
S B © © ol o & =) — N ®
0 NNy U' N N N o~ u )| 'l ™ ™
2400 2600 2800 3000 3200 3400

Mass (m/z)

Figure 2. Representative MALEIIOF mass spectra of lgghid 1gGglycopeptideexpressionn (A) a BOBubject and (B)
an agematched EOC subject drawn from African cohort. Red arrows indicate Wiie blue indicates Ig&lycoforms.

Thesignificantly altered Ig&glycoforms aranarkedwith red dotted linesand forlgGwith blue dotted lines
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Figure 3. Comparison of the average relative intensities of the, IglG Cand 1gG (B, D) tycopeptice expression
between BOD and EOC subjects classified according to ethnjéitiBland agg(C, D)Error bars represent the
standard deviation Afra: African ethnicity Eura European (Caucasian) ethnicity.
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3.2.6 1gG andIgG glycoeptide signatures for discriminating combinednulti-ethnic cohorts of
EOC patients from BOD subjects

Statistical analysiswas performed usinghe Mann-Whitney U testto identify IgG and IgG
glycmpeptidesthat showedsignificantdifferential expressiobetween EOC patients and BOD controls
in combined African and Caucasian cohg@ftablel2). ROC curves of thelative peakabundances

of LI i A I8F aindil§izglycopeptidesvere built and ther correspondingAUC valuewiere used to
select the signatures of Ig@nd IgGglycopeptides fodiscriminating EOC patients from the controls
The criteria for selecting a glygeptide for inclusion as a signature biomarkier the diagnosis of
EOGvasbased oranAUC valuef>x n ®1n Ay -8Ryéaks)adddddy @ n ¢ m gsdbjedtsh 0

and a significance of p < 0.05

Evaluation ofthe elderly subjectsyielded seven IgG and four IgG glycoeptides that could
discriminate primary EOC patients frotime controls,which were hence possible signature for
diagnosisof EOC.For te IgG signatures, theycomprisedthree agalactosylated specgGOF
(AUC=0.76), GON, (AHC81), and mono GOF (AEI80}, in addition tofour galactosylatedanoieties

[G1F (AUC=0.70), G2F (A0Z1),G1N (AUC=0.7andG1 (AUC=0.71 IgGglycopeptidesignatures

for the elderly subje ncluded GO (AUC=0.80), GON (AUC=0.85), G1F (AUC=0.70, and G2F
(AUC=0.71).

In youngersubjects three 1gG glycgeptideswere identified as signatures faliscriminating EOC
patients from their control counterparts. Thiéncluded one agalactosylated typ&0F (AUC=0.75)

and two galactosylatethoieties,G2F (AUC=0.76) and G2 (AUC=0R&)thelgGglycmeptides five
glycoforms namel GO (AUC=0.70), GGRUC=0.70), GON (AUC=0.88), G1F (AUC=0.73) and G2F
(AUC=0.78)were sufficiently identified as signatures fdiscriminatng younger EOC patientfrom

their control counterparts.
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Table12. IgGand IgGglycoforms and their discriminative performance of EOC from BOD in a cohort of combined Afri€zauaadiaethnicities

19G (E29sEQYNSTYR) 1gG (B29sEQFNSTER)
BOD (n=68) EOC (n=53) BOD (n=68) EOC (n=53)
Glycqeptid Age Median Rl.) Median RI.) P-value AUC Median R1l.) Median R1.) p-value AUC
es
GO 1848 0.005 0.006 0.856 0.50 0.003 0.006 0.008 0.70
X n ¢ 0.006 0.007 0.688 0.54 0.004 0.006 0.001* 0.80
GOF 1848 0.217 0.307 0.003* 0.75 0.303 0.391 0.015 0.70
Xna 0.277 0.429 0.004* 0.76 0.410 0.499 0.055 0.66
G1F 1848 0.375 0.331 0.127 0.65 0.378 0.334 0.008 0.73
Xn g 0.372 0.271 2.61E4*** 0.84 0.324 0.278 0.024 0.70
G2F 1848 0.168 0.117 0.004* 0.76 0.148 0.090 7.89E4*** 0.78
X n ¢ 0.118 0.064 0.004* 0.76 0.082 0.057 0.017 0.71
GON 1848 0.003 0.004 0.251 0.58 0.007 0.014 1.1EG*** 0.88
X n ¢ 0.004 0.007 7.33E4%** 0.81 0.008 0.016 1.12E4*** 0.85
GOFN 1848 0.033 0.031 0.856 0.54 0.040 0.044 0.314 0.58
X n & 0.052 0.069 0.213 0.61 0.059 0.070 0.387 0.57
G1N 1848 0.007 0.006 0.585 0.52
X n ¢ 0.007 0.009 0.005 0.78
Gl 1848 0.018 0.018 0.933 0.53
X n ¢ 0.020 0.024 0.014 0.74
G2 1848 0.016 0.010 0.009 0.72
Xn g 0.013 0.013 0.933 0.52
Mono GOF 1848 0.003 0.003 0.158 0.59
Xn g 0.002 0.003 9.2E4*** 0.80
G2FS1 1848 0.036 0.028 0.240 0.60
X n 0.021 0.017 0.688 0.52

Comparison of the Ig&nd 1gG glycopeptide expression of combined African/Caucasian controls against combined African/Caucasian EOQviedigatds
of the glycopeptides in each age group were calculated from the relative peak intensities of BOD and EOC subjects as méasiéd BT OFMS. Only

IgG and IgG glycopeptides with similar trends of expression in African and Caucasian controls werkeoehi this analysis. The differences in the express
of the IgG and IgG glycopeptides between controls and the EOC patients in each age category were evaluated by their median peak intensitielsiesd
The AUC values were used to determine délceuracy levels of each glycopeptide in discriminating the EOC patients from the controls (AUC > 0.70 was

acceptable) The pvalues of BOD against EOC were obtained by the Mghitney U test followed byBonferroni correction (*) pralue: IgG (0.0510%,

0.01/10**, and 0.001/10***) IgG (0.05/7*, 0.01/7**, and 0.001/7***), andthe AUC value for each glycoform as obtained when differentiating EOC from
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3.2.7 Performanceof the IgG/1gG glycapeptide signaturesin discriminating EOC patients from
controls comparedo the CA125

The IgGand IgGglycopeptide signaturefor EOQvere subjected to ROC curve dysisto assasthe
discriminative performancef EO(atientsfrom control subjects Theanalysis waperformed based
onage categoriewherein each age categoyvo-biomarkersetsof bothIgG and IgGglycopeptide

signatures were usedas presentedn Table B.

Table B: The selected Ig&nd IgGglycopeptide signature for EQu@imarydiagnosis

IgG subtype Glycopeptide signature sets

Young (1&; 48 years) Elderly (> 49 years)
9G GOF, G2F and G2 GOF, GON, mono GOF, G1F, G2F, &idNG1
19G GO0, GOF, GON, G1F and G2F GO, GON, G1F and G2F

Thecriterion for selecting a glycopeptide for inclusion as a signature biomarker for diagnosis of EQR Ala€
@I f dz§ 2 T thwoungdmdreldeklysubiees.

Evaluationof the category ofyounger subjects showetthat the glycopeptide signature set ftgG
had better discriminativeaccuracyof EOC fronthe controls(AUC = 0.92) compared to the CA125
(AUC = 08 (Figure 3B). In addition,the 1gG glycopeptide signature sgiroduceda moderate
accuracy (AUC = 0.7@)der the category of younger subject&hen thetwo glycopeptide signature
sets (gG/ 1g&G) andthe CA125were jointly applied to discriminatehe primary EOCpatients from

the controls,improvedaccuracy waacheved(AUC = 0.93).

Similarly,evaluation ofthe performance of bothglycopeptide signature setin theelderly subject
showedgood discriminatonaccuracie®f EQC from controbubjects(lgG, AUC = 0.89 and Ig@AUC
= 0.87)compared to CA125 (AUC = 0.8Bhe discriminative accuracy &OCpatients from the
controls improved further when thelgG/IgG glycopeptide signaturesets were tested in

complenmentto CA125AUC = 0.94).
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AUC 95% C.I AUC 95% C.1
CA125 0.86 0.772-0.954 0.83 0.710-0.961
IgG, glycosignatures 0.79 0.648 -0.931 0.89 0.753 - 1.000
IgG; glycosignatures 0.92 0.820-1.000 0.87 0.747 - 0.991
IgG,/1gG,/CA125 0.93 0.830—-1.000 0.94 0.831 -1.000

Figure 2. ROC curves of the performance lgig and 1gG glycgeptide signatures against CA32n
discriminating EOC from BOD based on afysters. [A] 18¢ 48 years ad @. & xn ¢ TaeS

corresponding information on ACvalues and confidence intervals (CI).

3.3 Determination of HBV, HI\And HCV seropositivity status in Kenyan ovarian cancer patients

The third question, whose dataasalreadybeen published in gpeer-reviewed journal, sought to
determine for the first time the burden of HBV, HIV, and HCV in Kenyan ovarian cancer pstients
asto find outthe necessity for routine testing of the HBV, HIV, and HCV in OC patients scheduled for
chemotherapy in Kenya. In this analysis,88llEOC patients and 50 B@ibjects enrolled in the
African cohort were evaluated for their seropositiwgtatus of HBV, HIV, and HCV on the Cobas e 801
immunoassay system. Subsequently, the prevalence of infection of EOC patentieig@rmined as

the seropositivity status of HBV (HBsAQ), (8iMultaneous qualitative detection and differentiation

of HIM1 p24 antigen and antibodies to HIV(groups M and O) and HB)), HCV (aHCV) and
possible coinfection of either formation. A comparisontef HBV, HCV, HIV, and HBV/HIV coinfection

sergorevalence rates of OC patients was then made against that of the control subjects.

The findings showed seroprevalence rates of 29.1% (HBV), 26.7% (HIV), and 1.2% (HCV) in OC
patients, while tie seroprevalence rates for the control group were 3.9% each for both HBV and HIV.
None of the control participants tested positive for HCV, while the only coinfection type reported in

OC subjects was for HBV and HI¥ seroprevalence rate of 17.4%.
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4.0 Discussion
The major findings of the present studye summarized below

1. Thecurrent analysisdentified 25 N-glycan signatures with the potential for use in monitoring
the chemotherapy response. They includEtiN-glycan signaturesf m/z <3600 whichshowed
indicatiors of early response tochemotherapy and a further eightof m/z >3600 as late
indicators of chemotherapy responsemong theAfrican ethnicity.On one hand, e 17 N-
glycans signaturesn/z <3600) indicated response within the first thregcles of chemotherapy
through increases in their peak intensitibat wereinitially downregulated in primary EOThey
included three highmannose fn/z 1579.8, 1783.9 and 1988.0¥pur hybridtype and
monoantennaryN-glycans h/z 1620.8,1416.7, 1982.0and 2390.2) and ten complayxpe
multiantennaryN-glycansifi/z 2285.2, 2315.2, 2489.3, 2850¥561.8, 2070.0, 2519.3, 2693 .4,
2880.4 and 3054) On the other hand, the eighil-glycan signaturesni/z >3600) were
indicators for the late response tochemotherapy throughheir significant decrease of peak
intensitiesfrom 4 - 6 cycles ofcthemotherapyfrom the initially upregulated peak intensities in
primary EOCAIl of them werecomplextype multiantennarity N-glycans(triantennary or
tetrantennary) with conformational features of sialylation and fucosylatiana peak m/z of
3415.7, 3864.9, 3951,@400.2, 3776.9, 4226.1, 4761.4 and 4935.5.

2. In determiningN-glycanbased signatures of EQliiagnosisat the level ofN-glycome,a total of
23 N-glycan signaturesrere found to be differentiallgxpressed between primary EOC patients
and the contras. Of the 23N-glycans 12 N-glycans ofm/z <3600had their peak intensities
decreased in primary EOC patients compared to controlsdigatiminatedEOC patients from
the controls with excellent accuracies (AUC, >0.98gy includedour highmannose (aim/z
1579.8, 1783.9, 1988.0, and 2192.1), two monoanteyngr/z 1620/8 and 1982.0), and six
complextype N-glycangm/z 2285.2, 2070.0, 2519.3, 22442131.2 and 2693.4T he remainig
11 N-glycansignatures weref m/z >360Q with increased peak intensities primary EOC. They
were complextype multiantennaryN-glycanswith features of sialylation and/or fucosylation at
apeak m/z of 4587.3, 3776.9, 4400.2413.2, 4226.1, 4761.4, 3415.7, 3864.9, 3951.0, 4052.0
and 4935.5.

3. Investigation of EOC diagnostic biomarkers at the level of IgG (IgG1 and 1gG2) yielsiseci#ge
glycopeptide signatures in a muéthnic cohort of Africans and Caucasians. Inybang age
bracket (18; 48 yeas), the glycopeptide signature sets foDEwere comprised of GOF, G2F and
G2 (for Ig@ as well a$50, GOF, GON, G1F and G2F (faoi) Jgile for the elderly (from 49 years),
the dycopeptide signature sets wel0F, GONmono GOF, G1F, G2F, G1N, aadf@ IgG)as
well asG0, GON, G1F and G2F (forz)gG
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4. An investigation to determine th&llV, HBV and NGeroprevalence rates among Kenyan OC
patients showed a heavy burden of HBV (29.1%) and HIV (26wi%h)a low HCV (1.2%)
seropositivity Higher HBV and HIV seroprevalemeere found in Kenyan OC patients compared
to the healthy control groupwhile HCV prevalence was reflective of the general population
Therefore, the heavy burden ¢iBV and HIV in Keny®C patients revealed by the current
analysis shows the necessior routinely establishing the HBV and HIV status in all OC patients
scheduled for chemotherapy. This will in turn allow the selection of optimal treatment strategies
that suppress the viral load, prevewiral reactivation and curtatumor growth for patie/ G & Q

enhanced survival and quality of life.

4.1 Gycomic signatures fothe diagnosis of EOC and monitoring chemotherapy response

Independent research groups including our own have extensively published-gincosylation
changes associated with ovarian canf@#, 7880, 107, 116, 242, 243put mostly on Caucasian and
Asian populationsN-Glycosylation changes of highannosylation, sialylation, fucosylation, and
antennarity havepreviously been reported in cells, tissues, ascites, and blood samples of ovarian
cancer patient$8, 106, 186, 244]Suffice to say that many of these discoveries have been projected
as future biomarkers fothe improved dagnosisof many malignancies, prediction of prognosis and
disease monitoringmong other possible utilities, but are yet to be taken through the full rigor of the
validation process for consideration in clinical applicatiohall other sourcesf biomarlers, blood
remains the most preferred specimen for biomarker analydige to its relative abundance and
continuous perfusion through all body tissues including sites of emerging tumbichgeneratsa

rich biological miliewf various substaces that aresecretd into the blood[245]. Furthermore, its

acquisition procedure is minimally invasive, only reqgi an insignificant fraction of the whole.

So far, the data on EOC glycosylation changes in African populations is Iimdentrast tothe
Caucasian and Asian ethnicitids the best of my knowledge, there is no daisexistence to date
on N-glycone changedhat arise fromthe effect of chemotherapy intake and the ovarian tumor
process on the totaN-glycosylation and IgG glycosylation of African EOC patiBmisnderscore this
point, previous studies have shown variation®Nuglycosylation that are ethnically influencg#6],

making it of fundamental importance to undertake ethiigsed glycosylation studies

Therefore, for the first timethis studyaddressedhe total N-glycan changes associated with the
ovarian tumor process as well as upon intake of chemothebgpgnalyzing EC&hd BOxohorts of
African ethnicity to identifysignaturebiomarkers foiimproving earlydiagnosis of EO&s well as for

monitoring theresponse to chemotherapy. The stualgditionallyexplored for the first time a cross
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ethnic approach, to identifying common lgénhd IgG glycopeptidebiomarkers that result from
changes associated with E@fdcesses in African and Caucasian ethnicfoesmproved diagnosis

of EOC ithe two ethnicities
4.11 Gycome changein EOC omhemotherapyintake: signatures for monitoring response

The high mortalities associated with OC are not only because of late diagnosis but also due to
resistance tchemdherapyas well as its propensity to relapse with resistant tumors after treatment.
CA125the current standard biomarker for monitoring the efficacy of chemotherapyinreliable
because there is no established standard for interpreting serial measnts of CA125 to predict
sensitivity or resistanci47, 248] The lack of a systematic guifte interpretation of CA125 values

in determining the true state of tumor progression during patient managemeteides the full
realization of the benefits accrued by the hierarchical treatment options of Eff€ctive biomarkers

are therefore needed fo monitoring the efficacyof chemotherapy agentdo facilitate the
identification of patients that require reduced dosage or are in need of more aggressive

chemotherapyincludingevena change of treatment strategy altogether.

Resistance to chemotheramgents is a major drawls& in the quest to attain enhanced survival of
EOC patients and improved quality of ljg}. Chemeherapy resistance camrmerge fromintrinsic
factors inherentin cancer celland causes resistance through mechanisms such as increased drug
efflux, inhibition of cellular apoptosis and inhibited uptake of dr{§ys249] Otherfactors causing
chemotherapy resistance aracquiredin nature and they include genetias well asepigenetic
alternations[249, 250]

The types of lgcosylatiorchanges thatake placein cancer biological processa either pro-cancer

or anticancer.The pro-cancer glycosylationhanges are those promotiragtivitiessuch asvasion

of host immune response, inflammation, aadhesion of tumor cells to the endothelium, which
their totality supportcancer progression and metastafd®, 61, 79, 109]By contrast anti-cancer
glycosylation changesuch as bisection are protective against cancer aggression through tumor
suppressioni8]. Previous studies reported abations of glycan structures in various pathological
conditions with changes appearing sometime very early in the acute phase of the diggas252]
and persisting during the progression of the disef@&3, 254] Glycosylation was also shown to play
arole in anticancer drug resistandg&12, 210] a characteristic that can be exploited for new effective
biomarkers for monibring chemotherapy respons&he present study investigated changed\in
glycosylationattributed to the intake of combination therappf carboplatin and paclitaxel dgOC
patients This was achievdaly comparingtheir N-glycosylatiorpatterns to anothercategory of EOC

patients that had not commenced treatmergr{mary EOC patienyts
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Prior to running the study experiments, test siior the methodologythat wasused for measuring
the permethylatedN-glycanswere carried out and found to beepeatable fo both intra- and inter
day analyss. Method repeatabilityis fundamentdly important if a new biomarkeris to gain
acceptanceas well as authorization f@pplicationin clinical settingsin this analysig\-glycosylation
changes of African EOC patientgegorized intdhe three treatment groups of préreatment, 1-3
chemotherapy cycles and-@8t chemotherapy cycles were investigated fpotential signature
biomarkers of monitoring response to chemotherapy. A total of 46 permethylbkgtycans were
detected by the MALBTOFMS from each of the study subjects' serum sampleseflected in their

mass spectrum

A total of 25 N-glycan signatures were identified as biomarkers that can monitor response to
chemotherapy in EOC patients. Of 2&N-glycan signatured,7 N-glycans ofm/zless than 360@nd
downregulated in primary EO@ere identified as signatures for early detection of carboplatin
paclitaxel response within the first three cycles. Tueclusionvasarrived at because #ir relative

peak intensities were lde to discriminate primary EOC patients from patients that had taken
between one to three chemotherapy cycles (AUC, >0.70). They included thremaigiosesrt/z
1579.8, 1783.9 and 1988.0), one hyhiype and three monoantennarN-glycans ifi/z 2390.2,
1620.8, 1416.7 and 1982,(nd ten complextype N-glycans mainly biantennary asialylated and
afucosylated rf/z 2285.2, 2315.2, 2489.3, 2850.4661.8, 2070.0, 2519.3, 2693.2880.4 and
3054.5. This analysis took note of the decreased peak intensities dftiNeglycans among the pre
treatment EOC patients as signature biomarkers of monitoring chemotherapy response following
their significant progressive increases in categories of EOC matiendrding to the number of

chemotherapy cyclegeceived.

Theset of eight complexype N-glycan signatures oh/z greater than360Q, that were upregulated

in primary EOC patients, distinguished themselvemm@isatorsof clinicalresponse in lateycles of
chemotherapyintake. They werecomplextype triantennary or tetrantennaryN-glycans with
features of sialylation and/or fucosylation ai/z 3415.7, 3864.9, 3951,@400.2, 3776.9, 4226.1,
4761.4 and 4935.5. The peak intensities of the eight signatbgé/cans decreased progressively
from the category of patients with $schemotherapy cycles {3) tothe one withthe highest number

of cyles (4-6), although the most signifiant decreases took place in the category o6 4
chemotherapy cyclesThese decreases peak intensities with incremestin the number of
chemotherapy cyclesnabled discrimination of the patientgho had taken upwards of four cycles of
chemotherapy fromthose that had not commenced chemotherapy and those that had taken les
than three cyclesConsequently, the eight signatures were classified as late markers of chemotherapy

response. In summary, the changing expression patterns of the peak intensities 26 N-glycan
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signatures of EO{ the patients on chemotherapfrom the reference primary EOC patients are
indicative of theglycosylatiorrestorative activity of the carboplatipaclitaxel anticancer agentsand

hence,suppression of the cancer activities.

Although very limited data existon glycomiebased biomarkers for monitoring response to
chemotherapy,the available datasupports the findings of the current analysis. Evidence from a
previous study by Miyahara et al. proposed a higdinnosylated glycan ofi/z2010.69 as a potential
biomaiker for the efficacy of gemcitabine monotherapy treatment in unresectable advanced
pancreatic cancer patients as well as for predicting patient surf@g&l. Gemcitabineanucleoside
analog with a broagpectrum effect on solid tumoyds widely used fo managing advanced
pancreatic cancel256]. They identifieda high concentrationof highhmannose glycafm/z 2010.69

as an independent risk factor oéduced duration of tumor progression adliminished period of
survival.Similarly, he present analysis also identifigdree highmannoseN-glycan signatures/z
1579.8, 1783.9 and 1988.that wereamong the 1MN-glycan signatures that could indicate the early
response to/or efficacy of carboplatipaclitaxel treatment among EOC patients addition, Saldova
et al. also observed an increase of the otherwise daseel highmannose lang) glycan in primary
breast cancer patients upon initiation of neoadjuvant chemother@ii]. Their observation was in
agreement with the current findirgy where the highmannose (N2H6m/z 1783.9 was equally
reduced in primary EOC patients but progigedy increased in categories of patients that were
receiving chemotherapy based on the number of cycles redeithe reduction of the higinannose
intensity in cancer andts subsequent increase in response to chemotherapy among responders
suggeststs possibleinvolvementwith canceractivities Howeverthe specifiaole played by the high
mannose in the biologof cancer iget to be explicitly explainetb date, andtherefore requires to

be addressedy future researchThe other ¥ N-glycan signatureshat were identified as early
indicators of chemotherapy responsghibited similaphysicalcharacteristics as the higihannose
discussed hereinForinstance, they wereof m/z <3600, largely asialylated and afucosylated, and

decreased irtheir peak intensities among tharimary EOC patients.

A review of the literature generated from previous findings on the expression of fucosylated and
sialylated complexype N-glycans during chemotherapy are concordant with the current findings.
Reports from independent research groups associated aberramploctype sialylated and core
fucosylatedN-glycans with monitoringhe efficacy of treatment and prediction of drug resistance. A
previously reported in various studieslteaations in the expression of sialic acid and fucose are
functions of either upegulation or downregulation of the sialic acid transferases, ST6Gal 1, and
fucosyltransferasef31, 166] Schultz andoworkersparticularlydemonstratedthis fact when they

found out thattumor cellswere sensitizedo cisplatin treatment in OC patients when ST6Gal 1 was
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knocked out, whilghe converse was the case whewerexpression of ST6Gal 1 caused resistance to
the cisplatin therapy257]. Ther findingsindicated that increased sialylatioim OCcan predict cancer
resistance while fromthe perspective of the current analysis, the reduction of sialylated glycans
during chemotherapy signifies sensitivity of tumorlgdb the platin and taxen drugsHence,
treatment of intrinsicallyplatin-resistant EOC individuaisith the carboplatinpaclitaxel regire
means that thestate of upregulation of sialylated signature glycans will continue to perpetuate

regardlesof testing.

In another independent study, Kamiyama and colleagues reported elevation of the contpfex
sialylated and corducosylated glycansn/z 2890.05 (triantennary) and 3560.29 (tetrantennary)
among hepatocellular carcinoma (HCC) patients who had undergone hepate¢®&@ly They
associated an increased relative peak of glytén2890.05 with recurrent disease, while glycare
3560.29 waglescribed as a significant factor of disease prognésaishermore, they reported that
the two glycanswere promising biomarkers that can monitor characteristics of the HCC after
hepatectomy, including patient survival as well as diséese survival. Myahara et alinvestigaed

the same glycangm/z 2890.05 and 3560.29mong hepatocellular patientsand they further
demonstrated a correlation between tivepeakelevatiors with the progressive disease six weeks
after starting 8farenib treatment[258]. In an interesting turn of events, Miyahara et al. associated
elevated levels of glycam/z 2890.05 with poor survivaand hence a predictor of prognosis, unlike
Kamiyamaet al.who had associatethe glycan am/z 3560.29 with patient prognosis. Their findings
on the two glycansnf/z 2890.05 and 3560.29) suggedtthem as promising biomarkersfor

monitoring the response to Sofarenib among hepatocellular cancer patients.

In boththe studies of Kamiyama et.and Miyahara et alincreased levels of the two compléype
sialylated and coréucosylated glycans in HCC patiemsre associated with poor patient survival.
Poor patient survival is a consequencerafreased sialylatigrwhich promotes tumor progression
through increased integrin activity, suppression of gale8tinduced apoptosis of tumor cells, and
immune evasiofl11]. Another mechanism through which increased sialylation in cancer contributes
to poor survivais by induction of resistance to some ao#hncer agentsas was demonstrated by
Schultz et B [257]. The findings of the two studies on HCC patients with different approaches to
patient intervention lend credence tothe findings of the current study ofiew glycanbased
biomarkers that may find their application the clinical monitoring of response to chemotherapy
agents in EOC patients another study, significant increases of three glycans comprising lewis type
biantennay (m/z 2401.3), triantennary trisialylateé (m/z 298644) and lewis type triantenngi(m/z
3086.39) were reportecamong theplatin-resistant patients unlike in patients who wereplatin

sensitive[210]. These findings are in agreement with the current analygisch founda reduction
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in the peak intensities of the triand tetrantennarycomplextype glycansignatures among EOC

patients, with the same glycans likelyremain elevated in chemoresistant patients.

The Zahradnikova groums®ciated some specific glycans with resistance to platin and taxane
chemotherapyusingtissue and seruraamples of OC patients. In sera, the glycan at pgakl 595.81

was associated with chemoresistanoehile dx tissue N-glycans of bj tri- and tetrantennary
structures with features of sialylatiboand fucosylation were correlated to chemotherapy resistance
in OC patient$112]. They included glycans wi'z 3053.54, 3880.96, 4055.04, 4128.09, 4603.20 and
4777.39.Theirfindings showed a differencia the expression of serum and tissgé/cans where
each specimen yieldespecific glycanthat can beappliedfor the purpose of predicting resistance

to chemotherapyamongOC patients. Suffice to say ththe same glycans can be deployed to monitor
response to platinraxanebased chemotherapyas they exhibited similar conformation features as
the ones describedin the current analysis. Another independent research group examined
glycosylation changes in OC patientstta level of acutephase proteins and reported that high
sialylated and branched glycans as well as those withtesh@edto staylonger in circulatiorf109].
Relating this data with the findings tie present analysisespeciallyregardingthe ability of the
complextype multiantennary structures to stay in circulation falong time explains why many
sessions of chemotherapy were needed to impart a significant change in their expression. Hence,
they are late indicators of response to chemotherapglike the highlychemotherapyresponsive

highrmannoseswhose peak intensitiesorrectedin early cycles of chemotherapy.

ResearcHindings of other independent groups on nerancer diseases have also shown various
potential utilities of glycosylation at the immunoglobulin levBecreased sialylation of Ig@as
reported as an important precursor of the relapse of granulomatosis with polyangiitichence a
significant indicator for premptive treatment[167]. From this finding, masurement of sialic acid
levels in polyangiitisouldtherefore be useful in predicting or detecting a recurrerece well as for
monitoring thediseasecourseduring treatment. Another study that involved patients with Kawasaki
disease and GuillaiBarre syndrome reported a good correlation betwee restoration of the

serum sialylation of the autoantibodies with the response to treatni@68, 169]

In summarythe findings othe current analysis are supported by data fragmevious studies on the
total glycome and its potential utility in providing new biomarkers for monitoring the efficacy of
treatment of many pathologiesncluding malignancies. The changethimrelative intengies of the

25 N-glycan signatures shown in patients on chemotherapy wefiective ofthe restorative activity

of an efficacious treatment strategy. The identifiddiglycan signatures ofm/z <3600 were
distinctivelyearly indicators oplatin-taxanedrug responseand theirperformance in that role was
muchbetter compared to theaCA125AUC, 0.7%, 0.81 agains0.54).Converselythe multiantennary
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complextype N-glycan signatures ah/z >3600distinguished themselves date indicators of drug
resporse after the patient has taken upwards of four chemotherapy cyctagfice to say that the
patterns of response exhibited by tt#b N-glycan signatures in the three treatment categories of
patients implied their possibility to detect early resistance due to the intrinsic factors as well as

resistance due to acquired factors during treatment and in remission.

Important findings were ald made onthe 11 N-glycan signaturespreviously described bthe
Blanchard research grodpr diagnosis of EOC in Caucasian populatiwhsnintegratedinto anN-
glycan indeXGLYCQMs previously describef®4]. The N-glycan index carried on board the unique
characteristics of each of the IN-glycansignatures and hence as a single markeit was more
robustin determining response both in early and late cycles of chemotherapy as opposed to either
the individual glycan or CA12&nother advantage that accradrom using the index as a single
marker is the reduced coefficient of variation and increapegtisioncompared to when all thé1
N-glycan signatures are useddividually The se ofthe N-glycan index in complementarity with
CA125 to determinehemotherapyresponseproduced nearly similar findingse when theN-glycan
index is used alonéHence, the current findings support the application of theNiglycan signature
index tocomplementCA215 in improvinghe monitoring ofthe clinical response of carboplatin

paclitaxel treatment of EOC pents.
4.1.2 Glycomebased diagnosisf EOCtotal N-glycosylation and 1gG glycosylatiagignatures

The delay in the diagnosis of EOC dua tack of effective early diagnostic biomarkers is a major
contributor to the high mortalities ascribed to ovarian cancers. CA125, the routine biomarasr

the limitations of low sensitivity and specificity, which makes early detection of @Rakenge
necessitating the need for new effective biomarkekberrant glycosylation is an established feature

of diseasedevelopment and progression that appears to manifest in all types of human cancers
including OCWhereasit is known that inthe normal homeostat conditionthe process of protein
glycosylation is fairly stable in an individual, the same is disturbed in disease situations or
malignanciesresultingin alterations that are disease or canegpecific.In HakomoiQ review, he
underscored the genesisf aberrant glycosylation as being a consequence of initial oncogenic

transformations and an important step the start of tumor invasion and metastasis spr¢éf].

Therefore the changesn protein glycosylatiorassociated withcancer processs have provided a
platform from which new-cutting age biomarkers are hoped to emerge in the endeavorto
revolutioniz the diagnosis of various cancerand specifically OCMany independent research
groups including our own have demonstrated altered glycosylation in various cancers at the levels of

total glycome, immunoglobulin and acupdhase proteinsln the current analysis, the serum samples
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of African andCaucasiarwohotts of EOC and BOD subjects wanalyzedby MALDITOFMS at the
levels ofN-glycangonly Africanand IgG glycosylatiofiboth African and Caucasiat) prospectfor

biomarkers that will complement CA125 in improving the diagnosis of EOC
4.1.2.1 Total seruniN-glycans

Analysis at the level of serum tothl-glycanidentified atotal of 23N-glycan signaturewhich could
differentiate the BOD subjects froprimary EOC patient$he 23\-glycan signatures were classified
into two sets depending on the nature of the alterationgitimary EOCThe firstset comprised 12
N-glycan signaturewhich had decreased peak intensities in EOC, and alsa indzlless than 3600
They included fouthighrmannose(m/z 1579.8, 1783.9, 1988.@nd 2192.1), two complextype
monoantennay (m/z 1620/8 and 1982.0, and sixbi- or triantennarycomplextype N-glycars (m/z
2285.2,2070.0, 2244.2431.2 2519.3 and 2693.4. Thesecondsetof N-glycan signaturesomprised

11 multiantennary (tré or tetrantennary) complextype with features of high sialylation and/or
fucosylationwhich were upregulated iprimaryEOC patientand wereof m/z >3600. They included
peaks atm/z 4587.3, 3776.9, 4400.2413.2, 4226.1, 4761.4, 3415.7, 3864.9, 3951.0, 4052.0 and
4935.5.The problem of late diagnosis of EOC largely arises from misdiagnoses while EOQte still in
early stagesBenign conditions of the ovary are often major causemisdiagnosis because of ihe
shared signs and symptoms with EOC. Furthermore, the routine biomarker foiIGBTX5, hasthe
limitations of inaccuracies amglack of specificitywhereby in some BOD caseabnormal values of
CA125 are reportedas wasshown in the current analysiglsq as highlighted in the literature and
subsequently shown in the current analysis, some EOC pafayps 20%ktill exhibit normal values

of CA125(<35KUL), causinga delay in diagnosif201]. The current finding of the 23N-glycan
signatures are therefore hoped to complement the CA125 in impgihiadiagnosiof EOCGhrough
precision testindgo establish the true state of the patient at a timely stage that allows sufficient time

and strategies to mitigate the condition

The findings of the present studyare consistent withpreviousreports from other independent
research groupswhichlargely carriedut their analyse onnon-African ethniccohorts Manystudies
using different methodological approaches came to similar firglorgthe alteration of the high
mannose and hybritlype N-glycansn OC, where theirelative peakabundances we found to be
decreased compared tceither the healthy or BOD controBy contrastthe multiantennarycomplex
type N-glycans characterized lahighdegree ofsidylation andor fucosylationwere increasedh the

EOC patientfs4, 79, 107, 116, 126, 259, 260]

The fndings ofthe current analysis on some particular glycans replicated previouswork by
Bl y OKIF NRQa NBhicBioundd KN-gBddisigrialures as well suited fothe diagnosis of
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EOCin Caucasian cohorts as well as tumor staging upon collapsing them iftbghtanindex
(GLYCOV®4, 107] The 1IN-glycans included four higmannosylated glycansn(z 1579.8, 1783.9,
1988.0, and 2192.1yvhich were @wnregulated in primary EOC patiengsd seven multiantennary
complextype N-glycansifi/z 3776.9, 3951.0, 4226.1, 4400.2, 4587.3, 4761.4, and 4935.5) that were
upregulated. The N-glycanindex, usedas a sole biomarkein the current analysishad excellent
accuracy{AUC, 0.9 and aspecificityof 84% compared to the CA125 (AUC, 0&&lIspecificity, 67%).
Specificity is one of the major concemegardingCA125 in discharging an accurate diagnosEOC

as many other conditionsboth physiological(pregnancy and menstruatign[261] and with
pathological(liver disease antieart conditons) failure [262], present with dnormal CA125 levels
The gecificity improvel even moe when the N-glycan index was run on the patients in
complementarity with the CA125%P, 0.98 and AUC, 0.98hnsequently, the 1ll-glycan structures
which were previously describedy Blanchard's groups biomarkers for EOC among Caucasian
populations demonstrated sufficiency in discriminating the EOC patients from the controls in the
present African cohortThis finding is interesting iight of areport from a passtudy thatreported
ethnicity as a factor that influences the way glycans are exprg24éd The authors found variations

in glycan expressions amgriealthy cohorts drawn from Ethiopian, Japanese, Indian SR
populations.However, the good diagnostic performance of thiglycan index in the African cohort
just as itpreviouslydid in the Caucasian cohortémplies a lack of significant difference in the
expression of the 1NN-glycan signatures between thevo ethnicities African and Caucasians
Therefore, the current findirgjustify the use ofa common N-glycanbiomarker strategy for the
diagnosis of EOC for the African and Caucasian populafiossiso important to noe that the total
serum glycome, unlike the IgG glycome, is not significantly influenced by2&8g hencethe

stratification of patients according to age is not compelling.

Other studies on now\frican cohorts that generally agrevith the current findings includene by
Hua and colleagues, who useal naneHPL&hip TOFMS methodand reported 26 differentially
expressed\-glycansbetween theEOC patientandthe healthy contrdd. In their observatiors, the
highrmannose and hybrid structures were downregulate&@Cwhile the complexype N-glycans
were increased in their abundancisl6]. Alley et al. also reporteshcreasedabundancs of tri- and
tetrantennary complexype N-glycars, with varying degrees of sialylation and/or fucosylation in EOC

patients while bisectindN-glycans were reduceld9].

Other malignancies in whicHecreases ithe expression ohighhrmannoseN-glycanswere reported
includegastric cancef68, 107, 116]duodenal cance[68], and colorectal cancef264]. Conversely
some studieof breastcancerreported increasedn the abundance ofome specifihighmanno®

N-glycansLiu et al. reportecadramatic increasef a highmannosecontaining eight mannos@ans)
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in the tissue obreast cancer patientgl14]. However, de Leoz armblleaguesusing serum samples
of breast cancer patients, reported an increase in the intensityhefhighmannoseMany (m/z
1905.63)265]. There is a hypothesis that explains the scenario of upregulation of thenmégimose
in cancer to be a result of accumulated precursor structures occasioned by incompé&teation
during the biosynthetic pathway dfl-glycosylation[266]. In the case oforeast cancertherefore,
increasedMarng in the tissug114], and Manyin the serum of patientq265], could be attributed to
an incomplete N-glycosylation biosynthetic pathway, wherim normal circumstanceghe high
mannose are timmed and continue with the maturation proceds form the hybridtype or the
complextype N-glycansAltered expression of higihnannose is a key feature of many cancashas
already beemnreported by many studiemcluding the current onghowever, the exact role played by
the high mannose in tumor etiology is yet to be overtly elucidated. Although Haankesen and
colleagues linked the hexamannosyla{dtans) glycan with decreased mitochondrial fatty abieta-
oxidation [267], Saldovaand coworkerssuggestedthat there wasan increase in cellular energy

production when this glycadecreases in canc§211]

The ncreases and decreasesf multiantennary complextype N-glycanswith features of high
sialylation andbr fucosylation amondfOC patientsn the present analysis is a feature that hast
only beenreported inmanyOCstudies but indeedin manyother malignancies and pathologids a
past study, increases of the cettel, 6fucosylated trimtennary glycan was reported in breast cancer
patients as well as decreases in bigalabtantennary glycan and bigalactore" -1, 6-fucosylated
bisecting biantennary[114]. Indeed conformatioral features of sialylation and fucosylation
expressed on modified glycans in many canderge beenassociated with theprogression and
metastasis of cancers including Q@reased branching, fucosylation, and sialylation helgebeen
reported incancers of theprostate andpancreag81, 268] Fujitaand coworkersalso previously
found increasedfucosylation of the prostatspecific antigen (PSAfjor which they indicateda
possible utilityin the diagnosis of prostate cancfg5]. It isimperative to note thatle currentclinical
biomarker for prostate cancer &P SAest, albeit measured by immunochemistry as opposed to mass
(m/z) measurement.Overexprasion of Fut8 and corlucosylation were associated with high
metastasis and mortdies in patients with breast cancgt25], and nonsmall cell lung cancgi24].
However, irgastric cancer patientgxpression otore-fucosylationwas reported as decreas¢ti?9].

To corroborate theevidence of fucosylatn and siallation in breast cancer progression, Kyselova
and coworkers showeprogressivencreases in the degree of sialylation and fucosylafiem a low

in the earlystageto a high in latestagecancer[209]. Thealterationsin the degree of sialylation and
fucosylatiorthat followed the path of advancing canadso implied the probable use as biomarkers

for staging.
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The significance of multiantennarity in the biology of caradlsocannotbe gainsaidln anotherpast
study, patientswith prostate cancewere reportedto havehigh levels of fucosylated biantewary

I Y R -hnked sialic acidgompared tobenign prostate hyperplasia (BPBl)bjects The same
patients also exhibiteddecreased levels of triantennary trigalactosylated glycans and the bisected
coreffucosylated biantennary81]. The authors further correlated tetrantennary tetrasialylated
glycans and the decrease in abundance of the triantennary trigalactosylated ghsavell aghe
bisected corgucosylated biantennary with the pleural effusig®l]. The correlation with pleural
effusionis more likely due to theositive association of decreased bisectifgglycans withthe
invasiveness ofancer The role played byibecing N-glycanstructures and branching in cancer
biology is interlinkedand hasso farbeen well elucidated. Bisectingglycan structurehave been
correlated withtumor suppressiorthrough inhibition of the further addition of antennas to the
biantennary structurd8]. Increassin the expression ad NI y O K A y 3- 16 et MNjlycaris) |
and MGATS5 are key compants of tumor growth, invasion anthe formation of metastase$269,
270]. Therefore, a decrease of bisectihNgglycansn EOQredicts a poor prognosi®r the patient,

as it promotes tumor progression and metastasis by default. In the current an#igsEQC patients
were found to exhibitincreased multiantennarycomplextype N-glycan structuresand high

sialylationas a consequence

Increasedantennarity orbranching isat the center of promotig cancer growth Firstly,through
increass of tri- and tetraantennary structures which inhibit both the N-
acetylglucosamintransferase Il (GnT Ill) and GnT IV enzymesridugr the formation of the
bisecting strgtures whichareanti-cancer progressiafmhe inhibitory role of the bisecting structures
towards more branchingachievel through GIcNAGTV, GIcNAcIVand MGATowhichcatalyzes the
transfer d GcNAc to the growingN-glycan to form the tri- and tetraantennary structures
Nonethelessthe multiantennaryN-glycansegative response towardke formation of the bisecting
structuresis by inhibiting the GICNAdT [69, 79] The fcond pathway through whib increased
antennarity promotes cancer growth is througioviding more sites for terminal sialic acidand
henceincreased sialylatigrwhichhas been associated withiding the spread of the malignant cells
[103].

Although high sialylation has been associated with cancer progression and metf<€4sis05] the
information that presentlyexists about the molecular changé¢hat resultin increased sialylation
during such tumor eventss still scace [77]. Increased sialylation in cancer is a consequence of
multiple factors that includ upregulation of thesialyltransferases, increased availabjlignd
possibly, reduced sialidaseshich are supposed taleave terminal siali@cids[101, 271, 272]
Deviation from a normal sialic acekpressionis linked tothe alterations that take place in the

epithelial-mesenchymal transition, which is an essential enabler for the invasion of Hrbygssues
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by the tumor cellsandhence, the sprea[77]. The events ofumor progression and metastasisise
from the modification of cell signaling and adhesiampregulation of integrin cadherins and
matriptaseactivities, andsuppression of galecti#-induced apoptosias modulated by MGAT301,
273]. Others include thinduction of resistance to some chemotherapy ageatg] evasion of tumor

cells from the attack by thenmunesystem[103-105, 111]

Increased sialylation in cand@cludes upregulation of sialylated derivatives of Lewis antigens {sialyl
lewis x, slgand sialylewis a, sL®, whichare known to promote metastasis as they are the ligands
of selectind100, 101] Severatancer studietiave reported increased sialylated derivatives of Lewis
antigens.In a studythat involved colorectal cancer patientsan increaseof sL& expression was
reported in the patient)  f @ Y LIK Yy 2 RiScompérisdn &atid: péinsady lesionswhile also
beingcorrelated with relapse as well as poor patient outcorfle®4]. Moreover, in a segrate study
invohing lung cancer patientsncreasecdhighly-sialylated glycanand sLéwere reported [67]. Sialyl
lewis x, (sL® and sLgare the most common terminal glycgnshich arethe ligands of selectins
whose interaction causesthe formation of aggregates datimor cells and plateletén the blood
vesselstherebyacceleraingtumor cell migration and disease progression through extravasdgéan
274]. Nakayama et al. correlated increased expression dfgitle tumor metastases in patients with
colorectal cancef134], while in anotherstudy d colorectal cancera shortened survivalf patients
that expressed an increase bbth Le and sL&epitopeswas demonstrated131]. This is because
expression of both L& and sLé& provides the tumor cellwith an enhanced conducive
microenvronment for cancer spreadvhich is incompatible with prolonged survivAdditionally,in
anotherstudyinvolvingbreast cancepatients increasederminal fucosylation andLe* expressions

were reportedandcorrelated withpoor patient prognosig122].

A study that carried outimmunohistochemicakxamination of thesLe& and sL& expressionin
esophageal, gastrigpancreaticand colorectal cancepatients found an association between the
aggressivenss of esophageal, gastric and colorectal casugth the expression oéithersLé& or sLé
positive tumorscompared to the paents with negative tumors Pancreatic canceshowed no
associatiorj62]. Furthermore, he studyalso reportedhe poor survival oesophageaandcolorectal
cancer patients who expressqumbsitive sLé tumors, and alsogastric cancer patients who had éLe
positive tumors whencompared to patients with negative star sLé tumors[62]. These findings
show the possibility of applying sland sLéas biomarkers for predicting the prognosis of patients
with esophageal, gastriand colorectal cancer Another study alsousedan immunohistochemical
approach to analyze stantigensand associatedhe incidence of positive steith the severity of
malignancy, recurrence and poor survival of colorectal cancer patientauthersdemonstrated a

positive correlation between skpresence andhe depth of tumor invasion, lymphatic invasion,
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lymph node metastasis as well as the disease st@ijeFromthesefindings, it can be deduced that
applications can be found fagialylation derivatives of skein predicting patient prognosis and
detecting relapse immunohistochemital

4.1.2.2 Serum lg{and IgG glycopeptides

The secondevel of evaluatiorof the glycanic-based diagnostic biomarkers for E@@scarried out
onthe IgGglycomeby measuringearum samplesof African and Caucasian EOC and BOD coliitts
MALDITOFMS for the 1gG and IgG glycopeptides Ths analysis sougltor the first timeto find
alteredlgG and IgG glycopeptidein African and Caucasian EOC patients that can be exploited as a
commonstrategyto improvethe accuracy oEOC diagnosis withthe two ethnicities Thereport of
a previous studyshowed inter-ethnic variations of totalN-glycane [246], while the process of
glycosylation proceswithin an individual remainstable in normal homeostatic conditiofS6]. At
the IgG glycome level, variationsdfycosylation have been reported to occurtire physiological
states of aging and pregnancy ordases ohomeostatic perturbationsesultingfrom diseases and
cance processe$s3]. Therefore, todevelopanlgGglycome-basedbiomarkerthat commands wider
approvaland broad-spectrum utility, factors responsible for IgG glycosylatimariations such as
diversities okthnidties/ populatiors,ageandgeographtal aeas, are fundamentally important to be
taken intoaccount For instanceParekh and colleagues reped for the first time thedependency
of IgG galactosylation and agalactosylation on, adpservingthat 1gG agalactosyl G0 glycoform
decreasedrom birth, reaching the minimum level dhe age of 27 yearsand then increasg with
age.They also demonstrated positive correlation oflgGdigalactosyl G2 with age which then

varied inversely to IgG0,while IgGmonogalactosyl®1) remained constanfrom birth [54].

Therefore, to verify the impact of the age factoron IgG galactosylatioran analysis oflgG
galactosylation trait$or the combined cohorts of African and Caucasian control subjeasscarried
out usingthe Wieczorek et alapproach[82]. The degree digG galactosylatiorwas relativelystade
betweenthe agesof 18 to 48years albeit with minor decreases, but the biggest dip in galactosylation
happened betweerthe ages of 39 - 48 years and 49 54 years.Moreover, IgG galactosylation
progressivey decreasd with age,with the biggestdip in the degree of gattosylation also taking
place between theages of 39- 48 years and 49 54 yearsConsequently, the study subjects were
broadly classified into two age groups (88 years andd9 years) for the followup analyses. The
trend of IgGgalactosylatiorin the current analysiagrees withthe findings byParekh et alon the
positiverelationship between age andGgalacosylationThe subsequent studies that confirmtk
findings byParekh et al. arelsoin ageement with the present findingen the correlation of agas
well aslgG galactodgtion andagalactosylation138, 149, 275, 276)Yamala and coworkersfor

instance, not only affirmed the association of age and galactosylation, but also demonstrated the
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differences in the degree of galactosylation with sex. They repdrigter levels of Ig&0 glycoform

in males of the same age as femeg at anapproximate age 025 yeard276].

In the followup analysis whichinvolved identifying 19G glycopeptide biomarker signatures of EOC
theddzo 2S00 a ¢SNBE QQsl4aedadandd B RGEdQyaas. tnidartally, he age

of 48 years,which denoted the cubff for the young subjectén the current analysjsis whata
previous study hadeported aghe median menopausal age in Kerj@@&7], andhence a relativéink
betweenthe degree of galactosylatimndmenopausl age Kristic et alpreviouslyestablisheda link
betweenestrogen hormone and the increase of galactosylation in pregnhasayell ashe decrease

in menopausal agfl49]. Other researchers also correlat@degnancy with galactosylation, where
expression of Ig&2 and Ig&52Siwas shown to increase with the term of pregnan®aching the

peak at week 30, and then decreasing in postpar{f0, 151]

The secondavaluationof IgG and IgG glycasylationsought to finddifferences in the expression of
the glycopeptides betweerthe agematched African andCaucasiarcontrol subjects Fve 1gG
glycqeptides(G1FN, G2FN, G2SI, G1&&Imono Gllrand two IgGglycopeptides (G1S1 and G1FN)
were found to be profoundly expressed in the Caucasian populatioompared to their African
counterparts. Converselynono G1F was less abundanttive Caucasian subjectompared to the
Africars. The differences in the expression of some of the:lg@d 1gG glycopeptidedetween the
two ethnicities point tothe existence of intetethnic variations ingG Fglycosylatios, although to
the best of my knowledge, no studhas outlined ethnignfluenced variationsn 1IgG glycosylatiarnn

a study that may give a closer perspectidard et alpreviouslyreported allotypic variation of amino
acid in the peptide sequence of lg@ycopeptide at the Merminal of AsA227, which causes
differences in masses that are ethripecifig229]. Theallotypic variations of Ig§naycause masses
that are identical to Ig&sequence (EEQYBIFR)which is the predominant allotype in African and
Asian ethnicitiesor may also cause the Ig&equence (EEQFBII'YR)which is predominant among
CaucasianR29]. Therefore, to arrive at commdgGglycomebased biomarker strategider use by
multi-ethnic groupsit is important to carry out a full screeof the IgGglycome profile in as diverse
populations as possibl@nd document their similarities and differences. Tigcopeptides that are
differentially expressedetween ethnicities ompopulations should therbe excluded in the final
analysisthat aims to arrive at thecommon biomarker strategylarge studiesneed to be
commissionedn the future to corroborate the findings of the current analysis concerning heté&nic

variations in the expression specific IgG glycoforms.

The third finding resulted fromthe analysisof the differential expression of IgGand IgG
glycpeptidesbetween combined Africa@aucasiafe OQpatients and control counterpartsasthe

basisfor new diagnostic biomarkerfor EOCIt was found thathe 1gG and IgGglycgeptideswith
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agalactosylatednoietieshad higher relative abundancés both young and elderBEOC patients
compared to thé& agematchedcontrols. Converselythe relative intensities othe galactosylated
species of IgGand 1gG glycgeptideswere decreasedn both young and elderly EOC patients
compared tothe controls The current findingsare in keepingwith reports from ®veral other
independentresearch groupsncluding our ownwhose study populatios were of non-African
ethnidty [83, 87, 212]For instance, Wieczorek al. reportedanincreasein the degree of IgG1gG,
and IgG agalactosylatioras well asa reduction of galactosylation in &aucasiarcohort of EOC
patients conpared to theagematchedhealthy women Theauthorsalso found thatof the three IgG
subclasses, IgGhad the greatest reduction of the monogalactosylated and digalactosylated
glycopeptides[82], while in another study,Theodoratou and colleagues reported decreases in
galactosylatiorand sialylationof the fucosylated Ig@lycan structuresis well asncreased bisecting
GIcNAc in Ig@f colorectal cancer patient§ hesechanges in IgG glycosylatiomere associated with
all-cause anaolorectd cancer patienmortalities[84]. An increase in the bisecting GIcNAc is a sign
of good prognosis for the cancer patieas it is protective of the individual through suppression of
the tumor. Conversely, the decrease of galactosylation and sialylagisultsin a pro-inflammatory
IgG phenotypewhichenhanceghe chronicityof inflammation and cancer progressideading toa

poor prognosis

In a separate studyt was reported thatincrease serum levels of IgG agalactosylated glycans in OC
patientswere partly becauseof depressed Gal activity in the plasma cells alod underexpression

of galactosyltransferasg409], while theamounts of galactosylated biantennary glycalesreased
due to the downregulaton of galactosyltransferase$109]. These changes in glycosylation were
associatedvith the chronic inflammation evident in OC which supgahe invasion of the tumor and

metastasis

The present analysialso showe that the major agaictosylated 19G glycopeptide, Ig&F,was
profoundlyincreasel in IgG compared tathe IgG sub-class in bottyoung and elderfleO(patients
but significantly increased in each case compatedtheir matched controls The biological
implication of increased agalactosylationmalignanciesas alreadybeen elucidatechs far aghe

promotion of prainflammatory responseis concernel.

The high binding affinities ofagalactosylated IgG glycoforms to tHec RIll to induce a pro-
inflammatoryresponsearises fronmtheir lack ofsialic acid or galactose residuas the glycammoiety
[139, 158] The role of mlic aciddn immunity is to work athe molecular switchwhich turns onan
anti-inflammatory response(when terminal sialic acidd are present) and off (pro-inflammatory
respons@ when terminal sialic acid/sare absent[138, 165] A gastric cancer study previously

correlated increases in sialylation as well as bisecting GIcNAc with better patient survival. They also
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reported increased fucosylation in stage |l and stdgmhcer patientssuggesting its association with
cancer progressiofil42]. Increasel agalactosylation is thought to be a consequence of decreased
expression of galactosyltransferasg®99, 159] howevey, it is still not clear whethethe control
mechanism of galactosyltransferadegppensat the transcriptional or the podtranscriptional level.
Agalactosylated IgGygloforms also trigger pronflammatory activities thraghthe activation of the

complement system through the alternative and lectin pathwigys8, 278, 279]

IgG glycosylation change that involvéscreases in the degree of galactosylatioas also been
reported in other malignanciesincludng multiple myelomg154], prostate[155], gastrid142], lung
[157], and breast cancef446]. Decreases ithe galactosylation of IgG were also reported in patients
with autoimmune diseases such as rheumatoid arthfig, 58]and systemic lupus erythematosus
[59]. van Zeben et al. associatte progression of rheumatoid arthritis characterized by joint erosion
with increasedexpressiorof IgGGO, suggesting its probahblisein indicating the disease patif the
patients [280]. In another rheumatoid arthritis study, the pregnancyrelated increase in
galactosylatiorwascorrelated withimprovement in rheumatoid arthritis among the study subjects,
while the subsequentdeterioration of rheumatoid arthritis was linked tthe decrease of
galactosylation in postparturfl50]. In summary the authors demonstrate thatthe changes irthe

IgG galactosylation traitduring pregnancyare beneficial to rheumatoid arthritis patients, but the
successive galactosylation cigge that takes placeipon deliveryare deleterious to the gairit is
thought that the galactosylation changes caused by pregnancy in RA patients are either cytokine or
hormonal induced.Previously it was observed that B, estrogen and/or prolagt induce
glycosytransferaseshich are responsible for galactosylatidrb0]. The increases in agadtosylation

and the decrease in galactosylation haxaious biological implicationggGFcglycans are necessary

for the effector functions of the antibodyvhichinclude pathogen binding at the Fc receptor (FCcR)
and subsequent eliminatiof281]. However, diseases and neoplastic processes are known to upset
the order of the normal glycosylation proceteading to the alteration of the effector functions of
the 19G.

In the currentanalysisEOG@mediatedalterations of IgG and IgGFc glycosylation in EOC patients
were demonstated, which culminated in the identification of agkependent signaturglycopeptide

sets that had good discriminatory attributes of EOC patients fronttmrols For the youngnixed
cohorts of African/Caucasian subjectd8 - 48 year3, the glycopeptide signature set of lgG
comprised three glyqeeptides(GOF, G2F, and G®2file IgGglycopeptide signatureet had fie (GO,

GOF, GON, G1F, and GZFgnerally, a combination tfie two glycopeptide signature sets a@d125
improvedthe discrimination of EOC patients from the controls (AUZ3)dcompared tdCA125AUC,
0.86)when used aloe. Additionally, seven glycpeptides(GOF, GON, mono GOF, G1F, G2F, G1N and
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Gl)formedthelgGaf @ O2 LISLIGA RS aA3yl Gdz2NB aSi 7T2blbjgesS St F
while the IgG glycopeptidesignatureset had fou (GO, GON, G1F and G2R)hen the two IgG and

IgG glycopeptide signature sets weoembined with the CA12%hetter discriminatoy performance

of EOC patients from the controlgas achieve@AUC, (@4) compared tovhenCAl125vas used alone

(AUC, 0.83). Thefore, thecurrent analysis demonstrated thgotential utility of the identifiedage
specificlgG and IgG glycopeptide signatureof EOCin complementing CA125 tonprove the

accuracyof diagnosingeOC in théwo ethnicities African and Caucasiamsnsidered herein

4.1.3 The burden of HBV, HIV, and HCV in Kenyan ovarian cancer patients

The discussion on this subject is hereby presented in a summary form beaassated earlier, the

data has already been published in a pesviewed journal.The currentanalysis of HBV and HIV
seroprevalence among the Kenyan EOC patients showed higher rates compared to the healthy
control group, whileHCV prevalence was reflective of the general populatRneviously, it was
reported by other studies thatf infections d HIV and HBV among EOC patietsnot accounted

for during anticancer treatment, it has the negative impact of further reducing the patlents
longevity[4]. The heavy burden dfiBV and HIV in Kenya OC patients demonstrated in the current
study, therefore, necessitates routine testinfpr HBV and HIV in all OC patients scheduled for
chemotherapy.This will allowthe selection ofoptimal treatment strategiedo deal both with the

viral load as well as preventing furthgrowth of the tumor.
4.2 Study limitations and future perspective

1. The present studydid not have acohort of EOCpatients that werenon-responders to
carblatin-paclitaxe] hence we did not have the benefit of comparing the expression
patterns of the selectedN-glycan signaturebetween the group of responders againgim
responders Nevertheless, the prereatment group wasassumed ashe alternative whose
glycan expression patterim the thinkingof the present analysjgould be similar to that of
non-responders.However, this viewneeds to be furthercorroborated or disputed by
conducting a compatave large followup study thatis blind toresponaers and possible nen
responders to monitothe expression patterns of thE-glycansso asto detect the point at
which resistance emergeamong those patients with acquired chemotherapy resistant
factors as well asthe inter-patient variationsin sensitivitiesand insensitivities during
treatment.

2. In the present analysighe glycomesignaturebiomarkers were not assessatithe level of
tumor stagesto show their performance incorrectly assigningeOCpatients in their
respective stagem comparisorto the CA 25 due tothe limitation ofsample sizeHowever,
some previous studiealready describedglycan changeat the level of tumor stamg in
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Caucasian cohorts of EQRD, 107] althoughsuch information is ot availableyet for the
African populations. Therefori the future, it will be necessaryo conducta large study
that will evaluateN-glycosylation at the level of tumor stagamong the African ethnities
to determine the difference orsimilaritieswith respect to previous Caucasian results

3. Itis necessary to carry outlarge multiethnic study of healthy cohort#hat also includs
Asian ethnicly to describe similarities or variations in tlepression patterns of the whole
total N-glycane andimmunoglobulin glycosylatioto guide future research ithe area of

biomarker discovery.
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5.0 Conclusion
5.1 N-Glycansignatures formonitoring response tacchemotherapy

SeventeerN-glycan signatures af/z <3600were good indicators of early response (within the first
three cycles) to carboplatipaclitaxel combination therapy. They included three higgmnose ifn/z
1579.8, 1783.9 and 1988.0), folybrid-type and monoantennar (m/z 1620.8, 1416.7, 1982.0 and
23902) and ten complexype multiantennaryN-glycansih/z 2285.2, 2312, 2489.3, 2850.4,661.8,
2070.0, 2519.3, 2693.4, 2880.4 and 3054T$)en againa further eightN-glycan signaturesf m/z
>3600were good late indicatorffrom four cyclespf carboplatinpaclitaxel combination therapy in
the African ethnicity.The eightN-glycans of high massegere all ofcomplextype multiantennary
(triantennary or tetrantennary) withhigh sialylation and fucosylatiom/z 3415.7, 3864.9, 3951.0,
4400.2, 3776.9, 4226.1, 4761.4 and 4935Ihe 11IN-glycan signature index usgals describegdwas
more robustunder Caucasian ethnicitiés indicatingglycosylation changes in both early ancelat
chemotherapy sessions compared to either CA125 or individudycansignatures. Therefore, the
N-glycan indexvould be suitable foEOC patient management through improvadnitoring of the

patients response to the carboplatipaclitaxel therapyamongthe African ethnicities
5.2N-Glycan signatures for EOC diagnosis

A total of 23N-glycan signatures were found to be differentially expressed between primary EOC
patients and the contral and having the potential for use as EOC diagnostic biomarkéisey
included 12N-glycans oim/z <3600(m/z 1579.8, 1783.9, 1988.0, 2192.1, 1620/8, 1982.0, 2285.2,
2070.0, 2519.3, 2244.1, 2431.2 and 2693.4), whiete significanty downregulatedn EOC pagints
compared to the controlswhile the remaining 1IN-glycan signaturesof m/z >3600(m/z 4587.3,
3776.9, 4400.2, 4413.2, 4226.1, 4761.4, 3415.7, 3864.9, 3951.0, 4052.0 and 488Fe5)
upregulated in EOC patient€omparative analysis of th&l N-glycan signature indexsed as
described showedbetter discriminatoy performanceunder Caucasian ethnicitieg EOC patients
from the controls compared to CA12bhe mrformance chareteristics of accuracy and specificity
improved further when the index was combinedth CA125 to differentiate EOC from controls.
Therefore, it can beconcludal that the N-glycanindex can supplement CA12t%® improve EOC

diagnosis in both European and African ethnicities.

To summarize subectiors5.1 and 5.2the versatility and robustness exhibited by tReglycan index

has shown its potential as a cuttieglge biomarker fothe diagnosis of EOC in African and Caucasian
SGKYAOAGASaAazT a ¢Sttt | a TF2N Y2 yhkdmpletdeytaty with G A Sy
CA125.
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5.3 1gG and 1gG glycopeptide signatures of EOC diagnosis

54

. Analysis of IgGand IgGglycopeptides revealed differentially expressed glycoforms between

the control group ofAfrican and Caucasian ethnicities. They incluledigG glycopeptides

of whichG1FN, G2FN, G1FS1, G2S1 had higher abundance in Cayedsiamaono G1F
was higher in abundance among African ethnidigr IgG glycopeptidesG1S1 and G1FN
were abundantly expressed in the Caucasians compared to the Africans.

Analysis of thdgG and IgG glycopeptides oftcombined control samples of #dan and
Caucasiasrevealed that the degree of galactosylation was -dgpendent and reduced as
one approackdold age However the biggest fall in galactosylation happened between the
age of 48 and 49 years.

It was found that somagespecific glycopeptidecould differentiate primary EOC patients
from the BOD subjects when the twolgiicities, African and Caucasiarare investgated.
The glycopeptides identified ithe category ofyoungsubjects(18 ¢ 48 yearsjncludedGOF,
G2F and G2 (for Ig@lycopeptide signature spand GO, GOF, GON, G1F and G2F (fer IgG
glycopeptide signature sgtwhile for the elderly (from 49 yearshey includedGOF, GON,
mono GOF, G1F, G2F, G1N, addfGr IgG glycopeptide signature sgtand GO, GON, G1F
and G2F (for Ig@lycopeptide signature sptAnalysisof the glycopeptide signature sets
under their respective age categorieshowed improved discriminatory performance
(accuracy) of EOC patients from the controls compared to CAL2Her improvemen of
accuracyn correctly assigningOC patients and the controls into their respective grougs

achieved when the glycopeptide setseevaluated alongside CA125.
Theprevalenceof HBV, HCV and HIV infectiamKenyanovarian cancer patients

It was concludeal that Kenya has a highgrevalenceof HBV and HIV seroprevalence in
ovarian cancer patientsThe high HBV seropositivity rate reported could be a consequence
of active infection as well afrom the relapse of previouslyesolved casesdue to
chemotherapy intake following lack of routine testingof HBV infectionamongthe OC
patients to guideon utilization ofthe optimaltreatment options.

The findings of the present stutiavedemonstrated theimperativeness ofroutinely tesing

all EOC patients scheduled for aoéincer treatment to guide clinicians on the optimal
treatment strategies that address both the virus and cancer cells to enhzatest survival.

The seroprevalence rate of H@¥As low andmirrored that of the general popuaition, and

washence not compelling as a routine test on OC patients.
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6.0 Implications for practiceand future research

The cause of early deaths in OGnishe majoritydue to late diagnosis following a lack of effective
biomarkers for early diagnosis when the disease is still treatable as well as the emergence of
resistance to chemotherapy agents. $héwvo aspects are responsible for the description of OC as
the mostlethal gynecological malignancglthough it is comparably rardn the population than
cervical and breast cancers. The findings of the present study, therefore, have the overall effect of
positively impacting the future management of EOC patients thraonginoved accuracy ithe early
detection of EOC and monitoring of patient response to chemotherapy. The net effect of improved
diagnostic accuracy is the reduction in cases of misdiagnasihence a fall in the number of
mortalities following increaseduccessful cures or prolonged patient survival following effective

treatment and monitoring strategies.

Infectious diseases such as HBV and HIV have also been implicated in shortersngyitrad of

patients of gynecological malignanciexluding OC gtients where optimal treatment is not applied

[2-4]. The findings of the present study indicated high prevalences of HBV and HIV in Kenyan OC
patients yet testingfor these viruses is not a routine practice for OC patients. Therefore, to reduce
early OC patient mortalities associated with HBV and HIV infections, routine testing of HBV and HIV
in OC patients should be done as a standard practice prior to the admiiistief chemotherapy.

9adl of AaKRAy IHNOKHBEats jusiiasisih® gagedn@he United States and Hong Kong,

will enable the selection of the best treatment strategies that will suppress the viral load as well as
curtail tumor growthandO2 y aSljdzSy G f @ Sy KI yCoSverdelytesingfigriHE f 2y

should be done onlgnthe basis of necessitgiven the comparatively low prevalence.

The present studyrovidesa bass for more research into new glycorsased biomarkers that can
be applied in the diagnosis and monitoring of the cliniedponse to anttcancer agents byDC
patients across ethnicities. Howeveo, achieve a higheinferential power, the problem of small

sample size neexto be overcome through muksite collaborative studies.
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7.0 Supplementary materied

Table S1Differential features of thé-glycans expression in EOC versus BOD subjectslTe 1
glycansignatures of EOGare highlighted in bold letters.

) BOD (n=46) EOC (n=19)
N-glycan / Assigned
Formula V2 structure Median Min-max Median Min-max  P-value
(R (R (R.1) (R
1416.7 ene®n
1 NaHs . 0.002 0.001-0.005 0.001 0.00040.003  <0.001
it
2 NaHs 1579.8 anete 0.031 0.0080.059 0.013 0.0030.020  <0.001
3 NsHs4 1620.8 0.003 0.0010.007 0.001 0.00030.002  <0.001
4 NaHs 1661.8 eela 0.003 0.001-0.010 0.001 0.00030.004  <0.001
5  NeHs 1783.9 weell 0028  00070.065 0013  0.0020.020  <0.001
01 . 087 0.022 . 07
6 NaHsF1 18359 peees 0.019 0.0060.08 0 0.0080.070 4 554
1982.0 .
7 NaHS wed moe 0.008 0.0040.015 0.004 0.001:0.008  <0.001
[ 3]
8  NzH7 1988.0 mege 0.010 0.0030.021 0.004 0.00:0.009  <0.001
2040.0 @ —u—
9 NaHF =H 0.018 0.0060.052 0.010 0.0020.024  <0.001
10 NaHs 2070.0 muell 0.009 0.0030.023 0.003 0.00:0.007  <0.001
2111.1
11 NsHa L 0.004 0.0020.009 0.002 0.00:0.007  0.003
12 N:zHs 21921 =mell ew 0.018 0.0060.037 0.008 0.0010.019  <0.001
2227.1
13 NaHS maegalos 0.012 0.0080.022 0.007 0.0020.015  <0.001
14 NaHsF 22441 melt 0.007 0.0020.017 0.002 0.00030.006  <0.001
15 NsHsF 22852 L 0.002 0.001-0.003 0.001 0.00020.002  <0.001
16 NsHs 2315.2 mEega® 0.002 0.001-0.004 0.001 0.00020.002  <0.001
17 NsHeS 23902 "*es 0005  0.0020.012 0003  0.00:0.007  <0.001
Il... *
18 NaHsS 24312 .= 0.144 0.0850.189 0.090 0.0530.152  <0.001
NsHsF1 2489.3 i 0.001
19 s 0.003 0.001-0.005 0.00020.003  <0.001
.l':
20 NsHs 2519.3 L+ 0.002 0.00%-0.004 0.001 0.00020.002  <0.001

2605.3  wmesil.

21  NsHsSF 0.010 0.0050.021 0.006 0.0010.014 <0.001

22 NsHsk2 2663.3 g 0.004 0.0020.011 0.004 0.001-0.008 0.462
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23  NsHs& 2676.3 LT LM 0.007 0.0040.016 0.003 0.00%0.010 <0.001
-
24 NsHeF1 2693.4 :":l 0.002 0.0010.002 0.001 0.00020.002  <0.001
2764.4 o8
25 NeHs mme g ox3 0.005 0.0020.010 0.003 0.0010.006 <0.001

27924  wmetuOt

25 N4HsS 0.447 0.3020.550 0.467 0.2920.722 0.273
27 NsHsSF:  2850.4 mmellE 0.005 0.0030.013 0.002 0.00040.011  <0.001
oBO
28 NsHeS 2880.4 b o-¥:{ g 0.016 0.0070.029 0.009 0.0030.022 <0.001
ame O
29  NsHsSF1  2966.5 iooemer 0.011 0.0060.023 0.015 0.0040.023 0.106
3037.5 .
30 NsHsS Ll 0.002 0.0020.006 0.002 0.001-0.004 0.002
30545  ..*%0.
31 NsHeSF: i em 0.002 0.0010.005 0.001 0.00040.003 0.012
32 NeHssF: 200 meaat” 0001  0.00X0.004 0001  0.0020.002  0.071
3241.6 | oex
33 NsHe& mmem O 0.016 0.00%0.029 0.016 0.0080.023 0.604
20
34 NsHeSF1 3415.7 mee Do) "2 0.002 0.001-0.016 0.006 0.001:0.011 0.001
3602.8 293
35 NsHeSs 04 0.052 0.0250.111 0.067 0.0320.091 0.016
oBO
36 NeHS 3690.8 “'.E,E *x2 0.006 0.0030.017 0.006 0.0030.015 0.708
37 NsHeSF1  3776.9 :"::;: 0.011 0.001-0.076 0.056 0.0110.095 <0.001
3864.9 s
38 NeHSFL | * 0.001 0.00040.013 0.003 0.001-0.008 0.001

[ L L]
*ee
A

0.001 0.00030.006 0.002 0.00040.008 0.002

>
LR}

39 NsHeSF2  3951.0 i

40 NeH:S 40520 ‘ ox3 0.008 0.0040.019 0.013 0.0050.024  <0.001
41 NeHiSF1 42261 ox3 0.001  0.00030.015  0.009 0.0020.017  <0.001
42 NeH7SF2  4400.2 :-,. = 0.001  0.00040.006  0.003  0.00040.014  <0.001
43 NeH7S: 44132 ’ 0.010 0.0040.056 0.026 0.0100.042  <0.001
44  NeHiSF1  4587.3 :--:Ef 0.002  0.00030.025  0.020 0.0030.051  <0.001
45 NeHiSF2 4761.4 -- « 0.001  0.00020.015  0.008 0.00:0.047  <0.001

>

46 NeHiSIFs 49355 =se

E «2 0.0001 0.0002.005 0.002 0.00030.023  <0.001

The 11N-glycan signatures are in bold lettefdedians were calculated from the relative intensities of e&kglycan of
EOC and BO&s judged by MALBIOFMS. Min-max, minimum and maximum value of the relative intensities of e
glycan peaks of EOC and B®D, relative intensity of theN-glycan peakssignificant level was set at p <0.05
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