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Despite the accomplishments presented in this thesis, several challenges and 

limitations were encountered in the research which will be further addressed in this 

chapter. In addition, it will be discussed which models are (most) suitable for studying 

glycosylation changes in cancer as well as the integration of multiple omics 

approaches for a better understanding of the mechanisms underlying cancer 

pathogenesis. Finally, current therapeutic strategies that utilize glycosylation as well 

as future perspectives will be discussed. 

TECHNICAL CHALLENGES 

O-GLYCAN RELEASE 

A major bottleneck in O-glycan analysis is the lack of a broadly acting enzyme that 

would release all types of O-GalNAc cores from the proteins. Therefore, the release 

is largely performed chemically under reducing conditions. The latter results in glycan 

alditols which lack the reducing end for labelling with fluorescent tags that allows 

fluorescent detection in combination with separation mechanisms such as liquid 

chromatography (LC) or capillary electrophoresis. Recently, a microwave assisted 

non-reductive release with 2-AB labelling for O-glycans was developed, however, 

further improvements are needed to minimize peeling and enhance separation2. Other 

studies have attempted to make use of mucin specific endoglycosidases to facilitate 

mucin specific epitope analysis3. However, the limitation of this approach is the partial 

loss of valuable information such as core structures that are not amenable to 

enzymatic release. Despite the fact that discovery of a mucin-specific protease for 

glycoprotein analysis is a great improvement4, it still creates glycopeptides that contain 

multiple glycans per peptide backbone. This makes the analysis of specific glycan 

signatures and obtaining information about site occupancy very challenging. 

Therefore, the quest for a novel broad acting O-glycosidase is still ongoing, and its 

identification will for sure change the field for studies in which a near comprehensive 

release is warranted. Additionally, this would also allow to detect acetylation of sialic 

acids, as this modification is currently lost due to the high pH β-elimination step that is 

required for the chemical release method. As O-acetylation is assumed to have 

important implications in the immunomodulatory interaction with Siglecs5 the 

exploration of mucin glycan acetylation is still largely pending but is expected to be 
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scientifically highly rewarding. Moreover the availability of such an enzyme will 

facilitate region-specific O-glycan profiling directly on tissue using MALDI-MS imaging 

(MSI), as it was applied previously for the analysis of N-glycans in CRC6.  

GLYCAN ANALYSIS 

Despite the many advantages of porous graphitized carbon nano-liquid 

chromatography coupled to mass spectrometry for the analysis of mucin type glycans, 

the stationary phase does not retain monosaccharides, and has limited retention of 

neutral disaccharides. This makes the analysis of well-established cancer associated 

Tn- and T-antigens very challenging if not impossible7. We attempted to increase the 

retention of the single HexNAc, by changing parameters in the sample trapping phase 

and sample cleanup with PGC-SPE, yet our attempts were unsuccessful. Thus, 

different methods for detecting the Tn antigen were used. First, we enabled the 

unambiguous detection of the permethylated HexNAc in the matrix region of MALDI-

FT-ICR-MS spectra, by using adsorption mode data post-processing8. This was 

confirmed by internal standards. Next, we contributed to establishing a semi-

automated, high throughput approach for permethylated O-glycosylation profiling of 

cell lines by MALDI-FT-ICR-MS9. We applied this approach on a set of 21 CRC cell 

lines, aiming to compare the expression of Tn antigen. However, no conclusive restuls 

were obtained about the origin of the detected HexNAc, as no specific internal 

fragment ions were found that would allow confident differentiation between the 

GalNAc or GlcNAc (unpublished data). Therefore, we established a RP-C18 

separation platform to analyze permethylated O-glycans and achieved separation of 

O-GalNAc from O-GlcNAc, confirmed by commercially available standards. This 

approach provided a complimentary strategy to PGC-LC-MS/MS enabling detection 

of small glycan structures, such as the important cancer markers Tn and T antigen, 

and allowed for their separation from the O-GlcNAcylation that are known to be mainly 

present in cytosolic proteins10. Unfortunately, neither of these methods allowed the 

distinction between the O-GalNAc modification of intracellular proteins, intracellular 

mucin type glycan precursors and the plasma membrane expressed cancer 

associated Tn antigen (O-GalNAc). Since this type of analysis is not possible once the 

glycans are released from proteins, an enrichment strategy would be highly beneficial 

to exclude contributions from the intracellular glycan precursors in the profile. While 

previous studies used ultracentrifugation for enrichment of membrane fractions11,12, it 

7

149550 Madunic BNW.indd   153149550 Madunic BNW.indd   153 07-03-2022   11:1407-03-2022   11:14



Chapter 7 

154 

remained unclear how much contamination is present from the other cell 

compartments. Therefore, different approaches were attempted in our group to enrich 

for plasma membrane proteins, however, the procedures were time-consuming, 

laborious and with low recovery making them unsuitable for subsequent glycomic 

analysis (unpublished data). Further studies are required to establish an efficient 

plasma membrane protein glycosylation profiling from complex biological samples. 

Additionally, to tackle this issue a glycoproteomic approach was developed to 

distinguish O-GalNAc and O-GlcNAc bearing glycopeptides based on the specific ratio 

of oxonium ions in MS/MS13 relying on the literature-based preselection of plasma 

membrane associated and secreted proteins. This, however, has limitations as many 

proteins can be located in different cell compartments. Significant insights into the cell 

O-glycoproteome were achieved using the “Simple Cell” methodology developed by 

the Copenhagen Center for Glycomics. This technology allows for the discovery of O-

linked glycosylation sites upon simplification of the cell O-glycome at the level of Tn 

and Sialyl-Tn antigen, enabling enrichment and bottom-up analysis of cell O-

glycoproteome14. It significantly broadened the map of human O-glycoproteome 

identifying more than 600 glycoproteins and almost 3000 distinct sites from protein 

extracts of various cancer cell lines14. Moreover, an additional 649 glycoproteins were 

successfully identified from human blood including plasma proteins, endothelial cells 

and platelets15. These valuable studies gave us insights into over 10.000 O-GalNAc 

glycosylation sites, and the knowledge that up to 80 % of all proteins going through 

the secretory pathway are O-glycosylated. However, despite the advantages, this 

approach might not fully represent the O-glycosylation sites in nongenetically 

engineered cells, as polypeptide GalNAc transferases have lectin binding domains 

and the simplification of the cell glycome might cause a difference in their glycosylation 

capacity of specificity16. Additionally, further insights into the occupancy of the 

individual O-glycan sites are needed, as the current lectin enrichment approaches 

create a bias towards the occupied peptides, and cannot give a full picture about their 

relative occupancy16.  

In the past decades, there has been a rapid growth of new technologies measuring 

molecular signatures of single cells. While RNA sequencing already offers high 

throughput measurements of single cell transcriptomes, the proteomic 

characterization of single cells is a rapidly emerging field17. Moreover, the 
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development of mass cytometry (CyTOF, cytometry by time-of-flight) allowed 

simultaneous detection of around 50 proteins revealing cell surface molecular 

signatures on single cells17,18. Although glycomic analysis of single cells is still not 

possible, recent advances in N-glycan profiling by MSI offer reasonable resolution that 

could soon enable dissection of glycan signatures of only a few cells within a pixel19. 

Similarly, capillary electrophoresis electrospray ionization-mass spectrometry (CE-

ESI-MS) approach offers excellent sensitivity for the analysis of labeled N-glycans 

from complex biological samples at the attomole level20. However, developments to 

enable highly sensitive detection of O-glycans are still lagging behind. In Chapter 2 

we describe the downscaling the cell amount needed for a robust analysis of both N-

and O-glycans from cell lines following the previous published protocols for MALDI-

TOF N-glycan analysis21. In Chapter 3 we describe our research to increase sensitivity 

of our analysis by using different dopant solvents. We showed that alcohol-based 

dopant-enriched nitrogen (DEN) gas outperforms acetonitrile and approaches without 

dopants. In addition, isopropanol was found to increase the fragment spectra (MS/MS) 

intensity, while methanol provided the best results in terms of signal to noise ratios on 

the MS level. Additionally, the bias in ionization that was created by the low organic 

solvent content in the elution gradient was corrected for the early eluting species, 

significantly increasing the abundance of small O-glycans, important tumor associated 

antigens such as sialyl Tn antigen. Finally, in Chapter 6 we successfully analyzed the 

glycome of approximately 2 x 104 tissue-derived cells, from different regions of the 

tumors and healthy mucosa. However, further developments in regard to sensitivity 

are needed to facilitate the analysis of single cells, thereby fully excluding the possible 

contamination coming from stroma and immune infiltrate, as well as analysis of 

specific cells in the invasive front of the tumor.  

STRUCTURAL IDENTIFICATION OF GLYCANS 

Due to a complex, non-template driven biosynthesis glycans can be presented in 

various isomers. MS alone is unable to provide complete information for de-novo full 

structural elucidation of the glycans. The same theoretically possible fragment ions 

can be present in different glycan molecules; therefore, current prediction of glycan 

MS/MS fragmentation is not reliable to allow for confident differentiation and 

identification of glycan species. Substantial improvements are made with ion mobility 

MS, which enables the separation of isomeric glycan species in the gas phase, 
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providing a good perspective for their identification by determining gas phase 

conformer distributions (CDs) upon building a library of collision cross section 

distributions (CCSDs)22,23. Despite the fact that negative ion mode collision induced 

dissociation (CID) generates insightful cross-ring fragmentation, full structural 

elucidation only by MS/MS is not yet possible. In Chapters 4, 5 and 6 we elucidated 

the O- and N-glycan structures based upon a combination of previously established 

fragmentation patterns as well as known biosynthetic pathways and elution orders in 

the PGC column. Additionally, we also relied on the information obtained from well-

characterized mucin glycoproteins such as bovine submaxillary mucin and porcine 

stomach mucin24,25. Additional exoglycosidase digestion was performed in order to 

support structural elucidation of separated isomers in Chapter 4 where we describe 

the detection of more than 150 different O-GalNAc glycans. Nevertheless, not all 

glycans were able to be fully unambiguously assigned, as the tandem MS spectra did 

not contain enough diagnostic ions necessary for the full structural identification. 

Negative ion CID of multiply sialylated glycans results in a spectrum dominated by B- 

and Y-ions which originate from the loss of sialic acids. Unfortunately, these ions are 

not informative for the elucidation of the glycan structures. Previously, we attempted 

to use sialic acid derivatization to obtain more informative fragments from multi-

sialylated N-glycan species (data not shown). Since these particular glycans did not 

show sufficient derivatization efficacy and specificity, additional peaks of the same 

glycan isomers were observed due to various underivatized sialic acids and the 

investigation was discontinued. Nevertheless, the spectra showed more informative 

fragment ions which resulted from the fragmentation of the glycan branches and cores 

which could potentially be used for less ambiguous glycan annotation. The formation 

of multiply charged glycan precursors is also an important aspect facilitating 

informative MS/MS. In Chapter 3 we attempted to use different dopant solvents to 

increase charges for O-glycan species in the mass region from 900 - 1400 Da. While, 

the intensities of the lower charged species were boosted intensively using different 

polar protic dopants, no shift was observed towards the higher charged species in this 

mass region. This effect is likely due to the protic nature of the dopants. Further 

research is needed to investigate if other dopants could shift the precursors towards 

higher charged species.  
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In Chapter 4 we characterized 26 different CRC cell lines and detected more than 150 

different O-GalNAc glycans. In the process all MS/MS spectra were manually 

assigned, as fully automated data analysis software for negative mode MS/MS of 

glycans is still not available. To overcome this bottleneck, we have made our MS/MS 

spectra available in the repository Unicarb DR and contributed to a global project to 

facilitate future robust automated glycan assignments26. This library will be further 

expanded by the glycans identified in the study presented in Chapter 6. Glycomic 

databases which contain fully annotated glycan spectra are an important tool, which 

will facilitate automated identification of tandem MS in the future. However, 

unambiguous de novo glycan sequencing is not possible without the presence of a 

larger library of chemically synthesized standards which are well characterized by 

NMR spectroscopy. Moreover, isotopically labelled internal standards will allow for 

absolute quantification, which will overcome the current limitations in normalization 

methods for biomarker discovery27. This will provide further insights into the MS/MS 

fingerprints of specific glycans and provide deeper understanding of the fragmentation 

patterns of mucin type O-glycans in negative ion mode. Fortunately, a set of standards 

was recently obtained which enabled confident identification of tumor associated 

glycans in CRC that is presented in Chapter 6.  

MODELS FOR STUDYING GLYCOSYLATION CHANGES IN CRC 

Analysis of specific glycosylation signatures directly from tissue specimens is 

fundamental to obtain a better understanding of the molecular mechanisms 

responsible for carcinogenesis. However, the limited availability of human tissues and 

ethical concerns are a limiting factor. Therefore, suitable cell models are crucial to 

ensure unlimited availability and functional studies, although studies have questioned 

comparability of results from different laboratories of the same cell lines due to 

differences in culturing conditions, as well as their genomic instability. Nevertheless, it 

has been demonstrated that cell lines do recapitulate the recently established 

consensus molecular subtype (CMS) classification of CRC tumors based on their gene 

expression28,29. Especially, CRC cell lines are widely used models in functional studies 

investigating cancer pathogenesis. However, their N- glycosylation was characterized 

just recently21. In Chapter 4 we have completed the characterization of the same set 

of cell lines focusing on mucin type O-glycosylation. We demonstrated that the O-

glycosylation, of a panel of 26 different CRC cell lines, is very diverse and mainly 
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associated to the differentiation status of the cells. The diversity revealed on the 

glycome level reflects the overall heterogeneity of the tumors from where those cell 

lines were developed. The specific glycosylation phenotypes of the various CRC cell 

lines should be taken into account when selecting in vitro model systems. Additionally, 

differences were observed in glycosylation for the same cell lines cultured in different 

laboratories and media, mainly regarding the relative abundance of different glycans, 

whereas the differences were minor regarding the qualitative expression of different 

epitopes (Chapter 4). 2D cell line models are often criticized because they cannot 

represent the overall microenvironment of the tumors. However, simplification is 

necessary and appropriate when studying cell biological processes, avoiding 

complexity arising from different types of cells in the microenvironment. In Chapter 5 

we studied the glycosylation changes in the CaCo-2 cell line of a 2D model upon 

stimulation with butyrate and compared it with spontaneous differentiation. Our 

previous study (Chapter 4) showed that well differentiated CRC cell lines had higher 

expression of Lewis type antigens and I-branching, however, differentiation of the 

CaCo-2 cell line led to a decrease in terminal blood group H-antigen expression and 

an increase in terminal α2-3-sialylation. No increase in the expression of terminal 

Lewis type antigens was observed upon differentiation. It must be noted that CaCo-2 

cell line showed unique glycomic signatures compared to the rest of the cell lines in 

Chapter 4, visible on the principal component analysis (PCA) scores plot. However, 

this cell line was chosen as a model because of its unique capability to differentiate in 

culture.  

Interestingly, in the culture media the only monosaccharide that was supplied to the 

cells was glucose. This results in a process that is often overlooked, namely, the ability 

to convert glucose into other types of monosaccharide precursors providing the 

availability of different monosaccharides for the glycan biosynthesis. This is a 

particularly important mechanism in the colon, since the cells can take up different 

monosaccharides from their environment using monosaccharide transporters. 

Therefore, it would be interesting to study changes in the glycosylation of CRC cell 

lines when cells are supplied with a mix of different monosaccharide precursors in their 

medium in order to mimic the microenvironment of colon cells in the gut. This simple 

adaptation would likely increase the glycobiological and functional relevance of these 

in vitro models. 
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Despite the advances in 3D cell culture, patient derived organoids have proven to be 

much more robust preclinical models30. Compared to 2D cell models they have the 

multicellular complexity and tissue structure, facilitating functional studies. Phenotypic 

and genotypic profiling showed that they resemble the tumors they originated from, 

and initial studies have demonstrated they can be used as preclinical models for 

patient stratification and therapy choices in personalized medicine31. Recently, 

organotypic 3D skin cell models have been developed allowing for high throughput 

genetic engineering unravelling specific functions of different types of glycans on the 

differentiation of human skin32,33. Moreover, specific targets for different polypeptide 

GalNacTs have been revealed using this approach, unraveling the substrates for O-

GalNAc glycosylation and related to specific phenotypes of GALNT knockouts32. 

These models provide a great potential to obtain further understanding into the 

physiological and pathological roles of glycosylation. Due to great improvements in the 

field of patient derived colon organoids30,31,34, a better understanding of the role of 

glycosylation in colon crypt differentiation and malignancies can be obtained from 

these models. Despite their advantages, current organoids frequently do not contain 

cells from the tumor microenvironment such as immune cells and fibroblasts. 

Therefore, these complex two-way interactions are often excluded from consideration. 

Consequently, patient derived tissue material is still advantageous to capture cancer 

associated changes in glycosylation. However, tissue heterogeneity often poses a 

problem, as glycomic signatures cannot be traced back to different cell types. To tackle 

this issue, an enrichment of different tissue regions containing cells of interest such as 

epithelial mucosa or cancer cells excluding the muscle layers, stromal cells or immune 

infiltrate is an essential step prior to glycomics analysis. In Chapter 6 we have 

developed such an approach for the analysis of N- and O-glycans from patient derived 

formalin-fixed, paraffin-embedded (FFPE) tissues, using laser capture microdissection 

to enrich for tissue regions of interest. We first identified the O-GalNAc linked cancer 

associated glycans from paired CRC tissues, which showed no expression in the 

normal colon mucosa. Moreover, we are currently expanding the study by the analysis 

of N-glycan signatures from the same set of samples and the primary cell lines derived 

from the same patient material. These cell lines are an important source of tumor 

associated antigens present in the tumors, that could be used for validation of anti-

tumor antibody binding. In fact, we observed that the tumor associated carbohydrate 

antigens (TACAs) expressed by the tumors are present in most of the cell lines derived 
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from the analyzed tumors as well (data not shown), which will be an important tool for 

further therapeutic development. Interestingly, the cells show similar glycosylation to 

the tumors from which they were derived from. However, also some substantial 

differences were observed, in particular for mucin secreting adenocarcinoma. The 

possible explanation could be that, when analyzing tissue glycosylation, the proteins 

secreted in the microenvironment of the cells could also be captured, whereas only 

cell pellets were analyzed from the cultured cells. Analysis of the cell line secretome 

is possible, however, this remains challenging as the protein yields are very low and 

can be contaminated by the presence of bovine serum proteins added to the culture 

medium. Recently, differential glycosylation of the intracellular and secreted proteins 

was demonstrated, emphasizing the importance of studying the glycoproteome and 

understanding the functions of differential glycosylation13.  

INTEGRATION OF MULTIPLE OMICS APPROACHES 

The advances in high throughput omics approaches have led to an increasing amount 

of publicly available data from different sources such as genomics, transcriptomics, 

proteomics and metabolomics. Combining the insights of such datasets lead to a 

better understanding of mechanisms behind the development of different diseases. 

Since it has been demonstrated before that cell lines can be good representatives of 

tumors based on gene mutation, gene expression and protein expression29, we took 

advantage of the published transcriptomics datasets of the gene expression in 

overlapping cell lines in Chapter 4. We attempted to correlate the glycosyltransferases 

known to be differentially expressed in colon like versus undifferentiated cell lines to 

validate our glycomic findings and to gain further understanding of the impact of and 

link between transcriptomic expression and glycomic phenotypes. Despite the fact that 

the data was not obtained from the same cell pellets, we observed some expected 

associations with the glycosylation traits such as the correlation of FUT3 and FUT6 

with Lewis type antigen expression, and GCNT3 with I-branching. However, it must be 

taken into account that protein glycosylation is not only influenced by the mRNA 

transcripts of the enzymes, but also the protein abundance, protein activity, different 

enzyme competition and substrate availability16. This can explain why some of the 

expected associations were not found in our data, such as the expression of FUT2, 

the enzyme responsible for blood group H expression in the gut, and blood group H 

antigen expression on O-glycans.  
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Moreover, the regulatory mechanisms of protein O-glycosylation are still poorly 

understood. We, therefore also analyzed well known transcription factors involved in 

colon differentiation. Some new associations were discovered that still needs further 

validation, for example the association of transcription factors MYB and ETS2 in 

regulation of glycosylation. Despite our expectations to find associations with CDX1 

transcription factor, previously shown to be associated with regulation of N-glycan 

fucosylation21,35, no strong associations were found with the O-glycome fucosylation. 

Thus, in Chapter 5 we chose to investigate this further and analyze both the O-

glycome and the proteome of the cells undergoing differentiation in culture in an 

integrative manner. With this approach we tried to understand if changes on the 

glycome level are mainly a consequence of changes in the cell glycosylation 

machinery or changes of the abundance of specific proteins. Despite the fact that our 

analysis covered over 5,000 different proteins, the majority of them were not related 

to mucin type O-glycan biosynthesis. Nevertheless, we did observe a decrease in the 

level of transcription factor HNF1A with differentiation, a key regulator of fucosylation, 

which was in line with a decrease in fucosylation of Caco2 cells with differentiation. 

Additionally, many of the identified proteins that showed statistically significant change 

with differentiation are O-glycoproteins. This indicates that most probably the changes 

in the cell glycome originate both from changes in the glycosylation machinery, and 

changes in the abundances of specific proteins. Interestingly, in the proteome we 

observed changes in the metabolic conversion and transport of monosaccharide 

precursors, indicating that studying changes in the cell metabolome could be the 

missing link for explaining changes in the cell glycome. Additionally, in Chapter 6 we 

took advantage of a large dataset revealing transcriptomic signatures of CRC from 

over 100 patients (The Cancer Genome Atlas (TCGA) dataset). The changes in the 

cancer glycome reflected the changes in the cancer induced expression of mainly 

pathway specific core initiating enzymes such as core 1 synthase (C1GALT1), core 2 

synthases (GCNT1 and GCNT3), and core 3 synthase (C3GNT6), whereas the 

expression of terminal epitopes showed less clear associations. Despite the success 

in supervised associations of glycan data with different enzymes, further development 

in systemic biology approaches is necessary to allow for a comprehensive analysis 

and integration with biosynthetic pathways. Recently an approach was developed that 

decomposes glycan structures into substructures taking into account the shared 

biosynthetic pathways between different individual glycans, as well as their 
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interdependence36. This enables integration with enzyme expression data, taking into 

account the enzyme activities of each step in the substructure biosynthesis and the 

known biosynthetic pathways. However, fully identified glycan structures are needed 

for the analysis in order to understand changes in linkage specific manner. We 

envision that the PGC-LC-MS/MS methodology in combination with the availability of 

synthetically produced standards will become the ideal approach to reveal isomer 

specific signatures to enable integration of multi-omics data with the glycan 

biosynthetic pathways. In summary, integration of different omics approaches 

provides a better understanding of the mechanisms behind differential glycosylation in 

diseases, validating the glycomic signatures revealed by mass spectrometry.  

THERAPEUTIC STRATEGIES EMPLOYING GLYCANS/FUTURE 

PERSPECTIVES  

Profiling overall cell glycomic signatures is an important approach for understanding 

disease related changes in the cell glycome, which can then be linked to changes in 

the cell glycosylation machinery such as expression or activity of glycosyltransferases, 

glycosidases and activated sugar donors. Previous studies showed that cancer cells 

express increased sialylation on their cell surface, resulting in the first targeted 

therapeutic strategy that used neuraminidases to cleave off the sialic acids of glycans 

37,38. However, as shown in our study in Chapter 6, healthy colon cells also express 

many mucin type sialylated glycans. Interestingly, MS revealed that this type of 

sialylation is different, core 3 related α2-6 sialylation, that should not be targeted by 

anti-cancer drugs. This illustrates that targeting sialylation as a whole, can give 

misleading results39. This highlights the importance of targeting specific glycans, 

expressed solely or predominantly by the tumors, with no or limited expression in the 

surrounding normal tissue. In Chapter 6 we selected seven of the most promising 

targets and initiated the validation of their potential as therapeutic targets. Of note, we 

are currently working on expanding this study, which focused on mucin type O-

glycans, by exploring the N-glycan signatures of the same set of samples which will 

give a more comprehensive overview of the cancer associated changes in CRC. 

TACAs can be targeted with antibody-dependent cellular cytotoxicity (ADCC)-inducing 

or complement-dependent cytotoxicity (CDC)-inducing antibodies or with antibody-

drug conjugates40. Similarly, bispecific antibodies could be used to direct immune cells 
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to TACA-expressing tumors especially in the cases where TACAs are expressed in 

normal tissues of another organ system. This may be a beneficial approach, for 

increasing cancer specificity and avoiding off-target effects. In the case of the TACAs 

identified in Chapter 6, the blocking of tumor associated core 2 SLeX glycans on 

leukocytes might be limiting physiological leukocyte homing. Alternatively, chimeric 

antigen receptor (CAR) expressing immune cells could be redirected towards TACA-

presenting tumors. However, there are still many obstacles to overcome before 

effective CAR-T cell therapies for solid tumors such as CAR-T cell trafficking and 

infiltration, immunosuppressive tumor microenvironment and CAR-T cell associated 

toxicities41. Additionally, TACAs can engage immune receptors including inhibitory 

Siglec receptors on T-cells and myeloid cells and different antibody and sialidase 

based strategies can be employed for improving anti-cancer immunity by preventing 

these interactions42. A number of truncated O-glycan (Tn, sialyl-Tn and T antigen) 

targeting antibodies were developed, however, they displayed poor affinity to the 

tumors40,41. Similarly, a vaccine targeting sialyl-Tn antigens was developed for the 

treatment of breast cancer and showed high titers of antibodies, but did not provide 

survival benefit for the patients43. Although targeting individual glycans can be 

beneficial, because of their high relative expression on the cell surface, they are poorly 

immunogenic. Therefore, targeting glycans together with specific protein/peptide 

carriers could increase the immunogenicity. To pursue this, further studies are 

required which evaluate the protein carriers of specific TACAs. O-glycopeptide 

targeting antibodies carrying Tn , T and sialyl-T antigens on MUC1, MUC4 and MUC2 

have been developed to overcome this issue41,44. While they demonstrate a higher 

affinity they may exhibit reduced efficiency due to heterogenous expression and 

relative paucity of the protein in different tumors41,44. Other than the expression of 

specific glycans on specific proteins, it is also important to understand where the 

specific glycans are present on the protein carrier and how a change in the site 

occupancy or a change in the glycan structure affects the function of the proteins. Only 

from that point onwards we can begin to understand which glycans are essential for 

solely protecting proteolytic cleavage and which ones are important for interaction with 

other cells in the environment16. A good example is PSGL-1 where it was discovered 

that core 2 sLeX glycans bind selectins only on the N-terminal tip of the protein in close 

proximity of sulfated tyrosines45. This will allow development of inhibitors that 

specifically target this interaction, which will increase the specificity and affinity to a 
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large extent. However, despite the developments of “Simple Cell” technology to 

facilitate a faster comprehensive analysis of O-glycoproteome site occupancy32,33, 

further research is needed for matching specific glycans to specific proteins together 

with their specific sites in complex biological samples to reveal their functions in 

physiological and pathological conditions. 

In summary, this thesis largely contributed to the development of higher throughput 

methodologies to analyze both N-and O-glycans from complex biological samples 

such as cell lines and tissues. Moreover, it revealed the mucin type O-glycan 

repertoires from commonly used CRC cell lines as well as patient matched CRC 

tissues and healthy mucosa controls leading to the identification of CRC specific 

glycan signatures that will be further validated as potential therapeutic targets for 

antibody-based immunotherapy. Importantly, the research opened up new 

perspectives for the investigation of TACAs, and their functional role in the 

development and progression of CRC using suitable colon organotypic models as well 

as patient derived organoids. 
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