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resumo

 

As vacinas contra o cancro que exploram neoantigénios são capazes de 

provocar respostas imunes contra células tumorais com poucos efeitos 

adversos, sendo assim promissoras para o tratamento do cancro. Estas vacinas 

são capazes também de induzir memória imunológica contra recidivas, o que 

é essencial para a terapia. Os epítopos mais promissores são os péptidos 

derivados de mutações genéticas. No entanto, muitos tumores sólidos 

apresentam baixa carga mutacional, dificultando a generalização dessas 

abordagens e exigindo a exploração de outras classes de biomoléculas. 

Alterações na glicosilação de proteínas, traduzidas pela expressão de O-

glicanos de cadeia curta na superfície das células tumorais oferecem um 

tremendo potencial para esse objetivo. Apesar da sua natureza associada ao 

cancro e papel relevante no desenvolvimento do mesmo, estes glicanos 

também contribuem para a imunossupressão, impedindo assim de se 

desenvolver vacinas à base de glicanos. Com vista a este objetivo, este trabalho 

descreve um método quimioenzimático para sintetizar glicoepítopos derivados 

de mucina 16 associada ao cancro (MUC16) que expressa diferentes classes 

de O-glicanos de cadeia curta neutros e sialilados. Paralelamente, os 

glicopéptidos MUC16-Tn foram conjugados com hemocianina linfocitária 

(KLH), prevendo o desenvolvimento de formulações vacinais convencionais 

glicano-proteína. A segunda parte do trabalho explora o potencial dos 

nanoveículos para melhorar as formulações de vacinas. Resumidamente, as 

nanopartículas de PLGA foram funcionalizadas ou adsorvidas com MUC16-

Tn e caracterizadas por TEM e 1H RMN. As nanopartículas apresentaram 

natureza esférica e homogénea, baixo índice de polidispersão, dimensões 

abaixo de 200 nm e alta estabilidade ao pH fisiológico. Os limiares de 

toxicidade e capacidade de internalização por células apresentadoras de 

antígeno foram determinados usando macrófagos. A terceira parte do trabalho 

diz respeito ao desenvolvimento de um modelo celular que expressa o antígeno 

Tn, que foi utilizado para inferir as implicações funcionais desse antígeno, 

com ênfase na evasão imunológica. Resumidamente, o genoma das células 

uroteliais T24 foi alterado através da tecnologia CRISPR / Cas9 para produzir 

um knock-out estável de C1GALT1. Essa linha celular expressa níveis 

significativamente altos de Tn à superfície e obliterou completamente a 

expressão de glicoformas estendidas, traduzidas por citometria de fluxo, 

microscopia de imunofluorescência e análise glicómica. Além disso, os 

estudos de glicoproteómica confirmaram a expressão de MUC16-Tn, 

apoiando a utilidade do modelo no contexto das construções de vacinas. 

Curiosamente, a expressão do antígeno Tn não teve impacto na proliferação, 

migração e invasão celular, bem como na expressão de moléculas importantes 

para a imunossupressão. No entanto, ensaios de co-cultura com células 

dendríticas sugeriram que as células tumorais que expressam Tn podem 

influenciar negativamente sua diferenciação e regulação de moléculas 

relevantes envolvidas na apresentação do antígeno. 

Em resumo, foi criada uma base para apoiar o desenvolvimento e a melhoria 

de vacinas à base de glicano para o cancro, prevendo estudos in vivo. 
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abstract

 

Cancer vaccines exploiting cancer neoantigens have been proven capable of 

eliciting powerful immune responses against cancer cells with limited off-

target effects, constituting the next cornerstone in cancer treatment. Cancer 

vaccines are also capable of inducing immunological memory against 

recurrences, which is key for cancer management. The most promising 

epitopes remain peptides derived from genomic mutations. However, many 

solid tumours present a low mutational burden, hampering the generalization 

of these approaches and demanding the exploitation of other classes of 

biomolecules. Alterations in protein glycosylation translated by the expression 

of short-chain O-glycans at the surface of cancer cells offers tremendous 

potential towards this objective. Despite their cancer-associated nature and 

relevant role in cancer development, these glycans also contribute to 

immunosuppression, frustrating attempts to develop glycan-based vaccines. 

Envisaging this goal, this work describes a single-pot chemoenzymatic 

method for synthesizing glycoepitopes derived from cancer-associated Mucin-

16 (MUC16) expressing different classes of neutral and sialylated short-chain 

O-glycans in mimicry of cancer cells. In parallel, MUC16-Tn glycopeptides 

wereconjugated with immunogenic protein key lymphocyte hemocyanin 

(KLH), foreseeing the development of conventional glycan-protein vaccine 

constructs. The second part of the work exploits the potential of 

nanoconstructs for improved vaccine formulations. Briefly, PLGA 

nanoparticles were functionalized or adsorbed with MUC16-Tn and 

characterized by TEM and 1H NMR. Nanoparticles showed a spherical and 

homogenous nature, low polydispersion index, dimensions bellow 200nm and 

high stability at physiological pH. Toxicity thresholds and internalization 

capacity by antigen presenting cells was determined using macrophages. The 

third part of the work concerned the development of a cell model expressing 

the Tn antigen which was used to infer the functional implications of this 

antigen, with emphasis on immune evasion. Briefly, the genome of T24 

urothelial cells was edited through CRISPR/Cas9 technology to produce a 

stable C1GALT1 knock-out. This cell line expressed significantly high levels 

of the Tn antigen at the cell surface and completely obliterated the expression 

of extended glycoforms, as translated by flow cytometry, immunofluorescence 

microscopy and glycomics analysis by mass spectrometry. Moreover, 

glycoproteomics studies confirmed MUC16-Tn expression, supporting the 

utility of the model in the context of the developed vaccine constructs. 

Interestingly, Tn antigen expression did not impact on cell proliferation, 

migration and invasion as well as in the expression of important molecules for 

cancer immune escape. Nevertheless, co-culture assays with dendritic cells 

suggested that Tn expressing cancer cells may negatively influence their 

differentiation and downregulate relevant molecules involved in antigen 

presentation. 

In summary, a rationale has been created to support the development and 

improvement of glycan-based vaccines for cancer foreseeing in vivo studies. 

Given the pancarcinomic nature of these glycoepitopes, the generalization of 

more efficient vaccines to different cell models may be envisaged. 
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1. Introduction 

Cancer is a multifaceted disease originated from most cell types, being characterized 

by uncontrolled cell proliferation, healthy tissue invasion and metastasis to other organs1. 

Classically, cancer is discerned as a result of alterations in proto-oncogenes governing cell 

growth, division and survival2,3. Furthermore, lifestyle and environmental exposure to 

cigarette smoke, radiation and oncogenic viruses can contribute to neoplastic processes3-5. 

Despite its high mortality rates at advanced stages, cancer management has improved 

over the years due to a more profound understanding of the disease at the molecular level. 

This has led to the development of targeted therapeutics, including humanized monoclonal 

antibodies against many relevant cancer-associated proteins6,7 and immune check point 

inhibitors8. In fact, immunotherapy is the next cornerstone towards innovative, more 

effective and safer cancer therapeutics. In particular, the vaccination of cancer patients with 

tumour neoantigens is an established concept that recently gained ground with the 

introduction of high-throughput genome sequencing technologies. These powerful analytical 

tools enable the large screening of patient genome for unique cancer fingerprints 

(neoantigens) that have been successfully incorporated into vaccines capable of eliciting 

powerful and highly-specific anti-tumour responses. The strategy has been effective for both 

tumour eradication and long-lasting protective effects against recurrence and metastasis. 

Moreover, it is well tolerated by patients in comparison to other therapies9. However, 

neoantigen discovery is significantly challenged by the low mutational burden exhibited by 

many primary lesions and metastasis10. This poses a significant limitation for the 

generalization and clinical success of anti-cancer vaccines. 

Targeting glycoproteins at the cancer cell surface may present the necessary means 

to identify cancer-specific molecular signatures, thus overcoming limitations associated with 

low mutation frequency. In fact, oncogenic transformation, disease progression and 

dissemination are accompanied by profound alterations in protein glycosylation pathways11. 

Amongst the most common differentiating patterns in cancer are changes in glycan 

branching, length and terminal epitopes, as well as glycosylation sites distribution and 

density on a given protein12. These molecular features contribute to alter protein function, 

playing a key role in disease progression13. Moreover, they are often amplified by 

upregulation of certain membrane glycoproteins, creating cancer-unique molecular 

signatures at the cell surface that may be used to selectively target cancer cells14,15. 
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Supporting the existence of cancer-specific glycan-associated molecular studies, many 

studies report autoantibodies against abnormally glycosylated proteins produced by cancer 

cells in the serum of cancer patients16. Therefore, aberrant glycosylation of cancer cells is 

being exploited in the context of immunotherapies and cancer vaccines, with some 

glycoprotein-based cancer vaccines being tested in clinical trials17,18. However, many 

glycophenotypes presented by cancer cells exert a cancer immunosuppressive function, 

which has challenged the generalization of cancer glycoimmunotherapy16. In this context, 

recent studies support that nanodelivery vehicles may be tailored to override 

immunotolerance, providing the necessary biotechnology solutions for exploiting cancer-

associated glycoepitopes as cancer vaccines. Based on these considerations, the present 

document aims to set the molecular bases and cell models for the future development of 

innovative glycan-based cancer nanovaccines. This includes the establishment of easy 

methods for glycoepitope synthesis, the development of immunogenic protein 

glycoconjugates and glyconanoconstructs for potential vaccine applications. Envisaging 

these goals, cancer associated MUC16 glycoforms, expressed by many solid tumours and 

associated with cancer malignancy, are exploited as model glycoepitopes. Lastly, a 

glycoengineered cell model expressing the cancer-associated Tn glycan at the cell-surface, 

thus mimicking more aggressive tumours, was developed. This work also devotes to 

exploiting the functional implications of this antigen in relevant cancer cell features 

(proliferation, migration, invasion) as well as immune modulation. The goal is to provide a 

well characterized model capable of supporting the development of innovative cancer 

therapies, with emphasis on cancer vaccines. Facing this objective, we have elected the T24 

urothelial cell line isolated from a solid tumour typically expressing the Tn antigen at 

advanced stages. 

1.1. Protein Glycosylation in Cancer 

Glycosylation is the enzymatic process responsible for the glyosidic linkage of 

saccharides to proteins and lipids12, being the most common post transcriptional  

modification (PTM) 19. This post transcriptional process occurs in the endoplasmic reticulum 

(ER) and Golgi apparatus (GA) through the coordinated activity of nucleotide sugar 

transporters, glycosyltransferases and glycosidases20. The two main classes of glycans found 

in membrane glycoproteins are N-glycans and O-glycans. Briefly, N-glycosylation starts 

with the covalent attachment of a 14-sugar glycan from the lipid precursor 
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Glc3Man9GlcNAc2-P-P-Dol to Asparagine (Asn) residues in Asn-X-Ser/Thr sequons (X 

denotes any amino acid except proline) of newly synthetized peptides21. Previously N-

glycosylated glycoproteins are subsequently O-glycosylated through the action of 

polypeptide GalNAc-transferases (ppGalNAcT) which α-link GalNAc moieties to serine 

(Ser) or threonine (Thr) residues, forming the simplest O-glycan Tn antigen. Subsequently, 

the attachment of Gal to Tn by C1GALT-1 (T synthase) originates the core 1 T antigen in a 

chaperone COSMC-dependent manner22. O-glycan extension beyond the Tn or T antigens 

can be blocked by sialyltransferases, giving rise to sialyl-Tn (STn), sialyl-T (ST) or di-sialyl-

T (dST) antigens (Figure 1). Furthermore, O-GalNAc glycans can be extended to form core 

1 to 4, which are the most common in humans. 

 

Of note, glycans display essential functional roles in several development and 

physiological processes, including normal embryonic development, cellular differentiation, 

Figure 1. Biosynthesis of core 1 to 4 and sialylated short-chain O-GalNAc glycans. 
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growth, adhesion, signalling and endocytosis, protein folding, molecular trafficking and 

clearance, receptor activation and host-pathogen interaction13,23-26. Accordingly, changes in 

glycosylation patterns may be found in several disease settings as congenital disorders of 

glycosylation (CDGs)27, immunodeficiencies28 and cancer24. It has been long known that 

advanced tumours present severe dysregulations in glycosylation pathways, with tumour-

associated carbohydrates arising from incomplete or neo-synthesis processes29. Of note, 

incomplete synthesis originating truncated structures is more common in early 

carcinogenesis11, while the de novo synthesis of neoantigens is more frequent in advanced 

stages of several cancers30. The most reported alterations associated to cancer include the 

over- and/or de novo expression of short-chain O-GalNAc glycans (Tn, T, Sialyl-T, and 

Sialyl-Tn), Lewis blood group related antigens and their sialylated counterparts [sialyl-

Lewis A (SLea) and X (SLex)], as well as complex branched N-glycans31,32. Many of these 

structural features are common to most advanced solid tumors and often associate with poor 

prognosis, suggesting common molecular mechanisms, which is yet to be proven. 

Nevertheless, distinct proteome signatures, glycosylation density, and glycosite distribution 

may ultimately dictate organ, cell-type and cancer-specific molecular signatures and 

clinically relevant glycoforms. The subsequent sections will specially focus on the premature 

stop of O-glycosylation extension, giving rise to the overexpression of Tn, T, ST, and STn 

short-chain mucin-type O-GalNAc glycans.  

 

1.1.1 Expression of short-chain O-glycans in cancer 

The most widely occurring glycosylation modifications in cancer stems from alterations 

in glycan length, often toward shorter O-glycans. The structural nature of O-GalNAc glycan 

alterations in cancer and underlying biosynthesis mechanisms have been comprehensively 

reviewed in recent years12,20,33 . Briefly, these events are associated to an underlying 

disorganisation of secretory pathway organelles, mutations on Cosmc, a gene encoding the 

molecular chaperone of T-synthase 34, and absence or altered expression and/or activity of 

glycosyltransferases 35. Altogether, these alterations functionally impact tumour cell fate. 

Namely, core 1 β1,3-galactosyltransferase (C1GALT1, responsible for Tn antigen 

biosynthesis) overexpression in hepatocellular carcinoma activates hepatocyte growth factor 

(HGF) signalling via modulation of MET kinase O-glycosylation and dimerization, thereby 

enhancing cell proliferation in vivo and in vitro36. In ovarian cancer cells, the knockout of 
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core 1 synthase chaperone Cosmc, resulting in Tn and STn O-glycans expression, leads to a 

reduction in cellular proliferation compared to the parental cell lines37. Notwithstanding, 

little is known on the functional impact of the simplest form of O-glycosylation in cancer.  

In turn, STn is expressed by more than 80% of human carcinomas and, in all cases, it 

associated with adverse outcomes and decreased overall survival of patients 38, making it a 

potentially low risk biomarker for targeted therapeutics. Notably, most studies relayed on 

glycoengineered cell lines to demonstrate STn functional impact in cancer, since the antigen 

is rarely expressed at high levels in cell culture settings 39-41. Such observations emphasize 

the intricate relationship between STn expression and the tumor microenvironment 11, which 

remains to be fully disclosed. In fact, in bladder cancer, it has been suggested  that decreased 

oxygen levels may promote STn biosynthesis by suppressing the expression of 

glycosyltransferases involved in O-glycans elongation 11; however, the microenvironmental 

factors driving STn expression should be further addressed in future studies. Nevertheless, 

gastric cancer (GC) cells glycoengineered to overexpress ST6GALNAC1 and, consequently 

the STn antigen, displayed enhanced invasion capacity in vitro and increased metastatic 

ability in nude mice than the corresponding negative controls 41,42. Moreover, MUC1 and 

CD44 were found to be major STn carriers 41,43, suggesting that STn might negatively impact 

on GC cell adhesion towards more metastatic phenotypes 42. Furthermore, GC cells induced 

to overexpress ST6GALNAC1 and ST6GALNAC2 displayed lower proliferation rates than 

control cells, mostly due to an increase in the percentage of apoptotic cells and not to a G1 

cell cycle delay 41. STn expressing cells also showed markedly reduced homotypic cell–cell 

aggregation but increased adhesion to ECM components as collagen and fibronectin 41. Other 

studies have disclosed a novel STn-dependent mechanism for chemotherapeutic resistance 

in GC cells 44. Namely, STn increased galectin-3 intracellular accumulation by decreasing 

its interaction with cell surface glycan receptors. In this process, STn decreased 

chemotherapy sensitivity of cancer cells, highlighting the importance of developing novel 

strategies targeting galectin-3 and/or ST6GalNAc-I in GC 44. In addition, studies involving 

glycoengineered COSMC knock-outs demonstrated that O-glycan shortening was 

accompanied by the acquisition of mesenchymal-like traits, while promoting transcriptomic 

remodelling towards overexpression of SRPX2 and RUNX1 genes (both commonly 

upregulated in GC tissues) 39. STn overexpression also lead to the activation of ErbB tyrosine 

kinase receptors ErbB2 and EGFR in these models, implicating STn in the constitutive 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/srpx2
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/runx1
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activation of oncogenic signalling in GC 39. COSMC knock-out mouse xenografts 

demonstrated decreased survival compared to wild type xenografts, vowing for the more 

aggressive nature of short-chain O-glycan overexpressing GC cells 39. These findings 

highlight the role of STn in the acquisition of malignant features related to increased 

migration, invasion and chemoresistance in GC. In addition, overexpression of 

ST6GALNAC1 enhanced STn expression in colorectal (CRC) stem cells (CSC) 45. 

Particularly, STn was carried by the CSC marker CD44, and increased the sphere-forming 

ability and resistance to chemotherapeutic agents of CRC-CSC 45. Furthermore, 

ST6GANAC1-overexpressing cells constitutively activated the Akt pathway, which was 

blocked by LGALS3 (Galectin-3) gene knockdown. These findings suggest that 

ST6GALNAC1 has a role in the maintenance of CRC-CSCs by activating the Akt pathway 

in cooperation with galectin-3 and that ST6GalNAC1 or STn antigen might be reasonable 

molecular targets for CSC-targeted therapy 45. Similarly, other studies reported CD44 as a 

major STn carrier in colorectal cancer 46, suggesting that CD44 glycosylation may be 

implicated in cellular adhesion alterations. The observations made for GC and CRC agree 

with previous reports from different types of tumours (breast, ovarian, prostate, bladder) 

where STn was also implicated in key oncogenic features favouring invasion and metastasis 

development, supporting the pancarcinoma and aggressive nature of this PTM 38,47,48. 

Moreover, STn antigen is mainly observed in non-proliferative tumour areas of highly 

proliferative bladder tumours49, while being overexpressed in less proliferative hypoxic 

bladder cancer models11, suggesting a yet unknown indirect regulation of proliferation by O-

glycosylation in bladder cancer. Moreover, STn reduces cell adhesion in prostate cancer50, 

while increasing migration and invasion in bladder11 and breast41,42,51 carcinomas in a 

ST6GalNAc.I-dependent manner. Also, the increased and de novo expression of the STn 

antigen in bladder cancer cells is part of an array of molecular events underlying the 

establishment of mesenchymal traits11. Moreover, STn was mainly found in densely O-

glycosylated adhesion proteins such as integrins and cadherins11,30. It is likely that the 

transition from extended to shorter and heavily sialylated structures may impair these 

proteins normal function and induce molecular and spatial reorganization at the cell-cell and 

cell-matrix interfaces. In agreement with these observations, STn expressing cells are 

frequently simultaneously observed in invasion fronts, near blood vessels and corresponding 

lymph nodes, as well as in distant metastasis49,52. Moreover, it has been recently reported 
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that most circulating tumor cells (CTC) in the blood of metastatic bladder cancer patients 

present a highly undifferentiated and more aggressive basal phenotype, while 

overexpressing the STn antigen52. As such, STn expression seems to confer a competitive 

advantage to neoplastic bladder cells by enabling not only invasion but also the necessary 

mechanisms for successful cancer dissemination. Similarly, ST6Gal.I-mediated α2,6-

sialylation of breast cancer cells mediates reduced cell-cell adhesion and enhanced invasion 

capacity53. Overall, immature truncated O-glycophenotype of cancer cells directly induces 

oncogenic features, including enhanced migration and invasive capacity54. Both Tn and STn 

antigens have been classically associated to mucins due to their high glycosite density and 

are frequently termed simple-mucin type O-GalNAc glycans55. Nevertheless, virtually all 

glycoproteins presenting extracellular motifs prone to be O-glycosylated may express these 

glycoepitopes 56.  

Recently, the nature of T antigen sialylation, namely the sialyl‐3‐T(S3T) and sialyl‐6‐

T(S6T) sialoforms was explored in a series of bladder tumours with differing 

clinicopathology for short‐chain O‐glycans30. A predominance of sialoglycans over neutral 

glycoforms (Tn and T antigens) in bladder tumours was observed. In particular, the STn 

antigen was associated with high‐grade disease and muscle invasion, in accordance with our 

previous observations. The S3T and S6T antigens were detected for the first time in bladder 

tumours, but not in healthy urothelia, highlighting their cancer‐specific nature. These 

glycans were also overexpressed in advanced lesions, especially in cases showing muscle 

invasion. Glycoproteomic analyses of advanced bladder tumours resulted in the 

identification of several key cancer‐associated glycoproteins (MUC16, CD44, integrins) 

carrying altered glycosylation. Of particular interest were MUC16 STn+‐glycoforms, 

characteristic of ovarian cancers, which were found in a subset of advanced‐stage bladder 

tumours facing the worst prognosis. In summary, significant alterations in the O‐glycome 

and O‐glycoproteome of bladder tumours seem to hold promise for the development of novel 

non-invasive diagnostic tools and targeted therapeutics. Furthermore, abnormal MUC16 

glycoforms hold potential as surrogate biomarkers of poor prognosis and unique molecular 

signatures for designing highly specific targeted therapeutics.  
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1.1.2 Short-chain O-glycan immune response modulation 

As described in previous sections, advanced stage tumours are frequently characterized 

by profound deregulations in glycosylation pathways, resulting in the presentation of 

aberrant structures at the cell surface. Importantly, these structures only render cancer cells 

mildly antigenic and rarely immunogenic57. This may occur because most cancer-associated 

structures have an embryonic origin or are mildly expressed in healthy tissues, allowing them 

to be perceived as “self” by immune system effector cells58. Furthermore, specialized B 

lymphocytes producing high-affinity antibodies against these structures might even be 

eliminated during development. However, glycans play a key role in the regulation of 

various aspects of immune response, ultimately enabling immune suppression by interacting 

with lectin receptors in immune cells. For instance, enhanced tumour sialylation often 

culminates in immune suppression and anti-inflammatory microenvironments. Accordingly, 

the presence of sialylated structures on melanoma cells impedes T cell mediated anti-tumour 

responses while promoting tumour-associated Treg cells and decreased NK cell activity59. 

Moreover, sialoglycans interact with sialic acid-binding immunoglobulin-like lectins 

(SIGLECs) to induce an antigen-specific tolerogenic programming, enhancing Treg cells 

and reducing the generation and propagation of inflammatory T cells59. For instance, 

macrophage associated Siglec-15 preferentially binds the STn antigen in myeloid tumour 

cells, resulting in increased TGF-β secretion into the tumour microenvironment and tumour 

progression60. Moreover, in bladder cancer, STn expression has led to impaired DC 

maturation while significantly reducing the production of Th1-inducing cytokines IL-12 and 

TNF-α61. Consistent with this tolerogenic profile, T cells primed by DCs pulsed with STn-

expressing glycoproteins displayed a FoxP3(high) IFN-γ(low) phenotype and little capacity 

to trigger protective anti-tumour T cell responses61. More importantly, blocking STn-MUC1 

and CD44 glycoforms partially reverted DC maturation, suggesting that targeting STn-

expressing glycoproteins may allow circumventing tumour-induced tolerogenic 

mechanisms. Similarly, sialylation of the T antigen in MUC1 on breast cancer cells creates 

the MUC1–ST antigen which engages Siglec-9 on tumour-associated macrophages to 

initiate inhibitory immune signalling through the activation of the MAPK/ERK pathway62. 

In line with this, sialylated ligands of singlec-7 and−9 are expressed on cancer cells of 

different histological types and interactions between these lectin receptors and its ligands 

influence NK cell-dependent tumour immunosurveillance63. Moreover, hypersialylation of 
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tumour ligands for NKG2D receptors, expressed by NK cells, NK1.1+ T cells, γδ T cells, 

activated CD8+αβ T cells and macrophages, is thought to repulse their interaction via highly 

negative charge repulsions, hampering immune response64,65. Tumour-derived sialoglycans 

also inhibit CD8+ T cell cytotoxicity by interfering with lytic granule trafficking and 

exocytosis in response to TCR engagement66. Thus, hypersialylation often observed on 

tumour cells may ultimately be amongst the mechanisms by which tumours evade immune 

system recognition30,49,67,68. Also, C2GnT-expressing bladder tumour cells express heavily 

core 2 O-glycosylated MUC1 which interacts with Gal-3 to attenuate the interaction of 

tumour cells with NK cells, allowing tumour cells to survive longer in host blood circulation 

and potentially metastasize69. Given these insights, sialylated antigens provided by short-

chain O-glycans contribute to create an immunosuppressive microenvironment toward 

tumour cell immune escape. 

 

1.1.3. Glycan-based clinical approaches  

 As previously described, short-chain O-glycans (Tn, T, STn, ST, dST) are the result 

of a premature stop in O-glycosylation of plasma-membrane and secreted proteins, making 

them accessible for serological detection. Accordingly, the CA72-4 (for the STn antigen) 

serological test has been long introduced in clinical practice and frequently support the 

assessment of gastroesophageal and colorectal cancer patients’ status70. However, the CA72-

4 antigen has been found elevated in the serum of healthy individuals as well as patients with 

benign conditions as gastric ulcer, polyps, atrophic gastritis and Helicobacter pylori 

infection 71. These results indicate that routine screening of CA72-4 levels in asymptomatic 

patients may be ineffective due to low sensitivity and low positive predictive value 71. 

Nevertheless, there is still little information on the nature and origin of the proteins in 

circulation carrying this PTM, which will be critical to fully disclose and potentiate its 

clinical meaning. Notwithstanding, the fact that these simple glycans are absent, 

significantly under-expressed or restricted to some cell types in healthy tissues, makes them 

ideal diagnostic and prognostic tools 49. In line with this, there has been a growing interest 

in exploiting circulating tumour cells (CTC) for prognostication, detection of 

micrometastasis and as a mean to obtain more accurate insights on the molecular nature of 

the metastasis, as emphasized by several recent reviews72. Moreover, these cells have been 

observed in the blood of cancer patients with no evident radiological signs of metastasis 73, 
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reinforcing their importance for early and potentially life-saving interventions. Recently, we 

have demonstrated that the majority of CTC of different origins express the STn antigen at 

the cell-surface and that targeting this glycan could greatly expand the number of isolated 

CTC, thus increasing the sensitivity of current CTC detection methods74. Moreover, STn-

CTC were identified in non-metastatic patients that subsequently experienced disease 

progression, further reinforcing the sensitivity of the methodology 74. The presence of STn 

in CTC also provided the missing link between STn promotion of motility, invasion and 

immune escape and its presence in distant metastasis of advanced tumours 74. These 

observations are crucial to further improve liquid biopsies and should now be extended to 

larger well characterized patient cohorts. It also provides the rationale for selectively 

targeting CTC in clinical settings and developing novel glycan-based therapeutics capable 

of controlling disseminated disease. 

The cell-surface nature of glycans and glycoconjugates (glycoproteins and 

glycolipids) holds great potential for developing targeted therapeutics, including selective 

drug delivery, precise inhibition of key oncogenic pathways and immunotherapy75-77. 

Several monoclonal antibodies exist to target STn78, which may be used to induce antibody-

dependent cellular cytotoxicity (ADCC)79,80, a mechanism by which many clinically 

available therapeutic antibodies promote anti-tumour effects81, or block relevant oncogenic 

receptors 82. These antibodies have been key tools for biomedical research but have shown 

limitations for theragnostic (cancer detection and therapy), including guiding drugs, CAR-

Ts and immunotherapeutic agents. Again, the refinement of the glycoimmunogens poses as 

a critical milestone towards this end. In addition, the identification of glycoepitopes involved 

in interactions with the immune system may lead to the development of novel antibodies for 

immune check-point inhibition; however, this remains a rather unexplored field of research. 

As such, antibody-targeted therapies for glycoconjugates remains intimately dependent on 

the development of bispecific antibodies targeting glycodomains in functionally relevant 

proteins.  

Another emerging approach relates with exploiting chimeric antigen receptor (CAR) 

T cells engineered to target glycosylated moieties in cancer cells, promoting selective cell 

death 83. Despite boosted by advances in cell engineering, this is an old concept explored for 

therapeutic proposes in oncoglycobiology. In fact, the first-generation of CAR-T retrovirally 

transduced to efficiently target the TAG-72 glycoprotein (a well-known STn carrier) in 
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gastrointestinal tumour cell lines dates back to the nineties 84. Nevertheless, the concept has 

only been recently translated into a clinical trial for metastatic CRC 85. However, CAR-T 

cells were not able to elicit clinical response, potentially due to CAR antigenicity related to 

the murine origin of the scFv 86, lack of T cell co-stimulatory signalling, vowing for the 

inclusion of co-stimulatory molecules in CAR design, or the modest affinity of the CC49 

anti-STn monoclonal antibody explored by this study 87. In addition, Loureiro et al. has 

recently reported that CAR-T cells can be efficiently and safely targeted to STn-expressing 

cells exploiting the recently developed L2A5 monoclonal antibody 88. These have been 

effective against breast- and bladder-associated tumour cells both in vitro and in vivo, but 

were not yet tested in digestive tract tumors89. Loureiro et al. also reports some degree of 

cross-reactivity between the most explored anti-STn antibodies and immune cells. 

According to this study, L2A5, B72.3 and 3F1 (also referred to as HB-STn-1) showed no 

affinity for NK cells; however, B72.3 and 3F1 reacted with CD4+ and CD8+ T cells but not 

B cells. The L2A5 antibody recognized B cells and showed weak binding to a subpopulation 

of CD4low T cells 89. These critical observations demonstrated that CAR-T cells based on 

these antibodies carry the potential risk of fratricidal activities against T- and/or B 

lymphocytes. There are also concerns that STn-targeted CAR-T may significantly react 

against inflamed tissues, known to upregulate this glycan 90. Collectively, these observations 

suggest that, even though vaccination and consequent induction of circulating STn 

antibodies have been proven safe 91, more potent CAR-T therapy might encompass 

significant and potentially limiting off-target effects. Consequently, the future of glyco-

targeted CAR-T remains dependent on the identification of targetable glyconeoantigens. 

Immunotherapy based on vaccination with short-chain cancer associated glycans is 

an appealing concept already explored in clinical trials, even though not for gastroesophageal 

and colorectal cancers. A pentavalent carbohydrate-based vaccine bearing several 

carbohydrate antigens, including STn, on a single polypeptide backbone, conjugated to 

keyhole limpet hemocyanin (KLH) and mixed with the QS-21 immunological adjuvant has 

entered in phase 1 clinical trials for patients with ovarian, fallopian tube and peritoneal 

cancers 92. However, the most promising approach continues to be Theratope, an STn-KLH 

vaccine that reached phase 3 clinical trials for metastatic breast cancer. Despite well tolerated 

by the patients, vaccination did not translate into an overall benefit in terms of time to 

progression and overall survival 93,94. However, it has been suggested that a prior knowledge 
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of the STn status of the tumours could have been crucial for patient selection and study 

outcome 95. The efficacy of these approaches could also be compromised by immunological 

barriers raised by the STn antigen. In fact, cancer-associated glycans as STn present variable 

immunogenicity depending on the distribution and nature of the glycopeptide chain 96. 

Moreover, STn may directly induce immune tolerance, including limited dendritic cell 

differentiation and induction of T-cell-mediated immunity, which are crucial for efficient 

cancer therapy 61,97. As an example, densely glycosylated MUC1 sialoglycopeptides, 

frequently explored in the context of vaccine development, cannot be processed by antigen-

presenting cells 98, impairing antigen presentation and consequent T cell activation. 

Nevertheless, these studies provide important lessons for choosing more adequate 

glycoepitopes, setting again the emphasis on glycoproteomics. There have also been 

attempts to overcome glycan-induced immune tolerance by coupling multiple carbohydrate 

antigens to specific carriers to form either clustered and/or multi-epitope conjugated 

vaccines 99. Glycans have also been combined with T-cell derived peptides or 

immunoadjuvant epitopes to produce glycoconjugate vaccines of multicomponent nature 100. 

Another strategy involves chemical modifications of glycans to improve immunogenicity. 

As an example, Song et al. recently investigated the antitumor ability of KLH-conjugated 

fluorinated STn analogues against a murine model of colon cancer 101. According to the 

authors, vaccine constructs with substitution of two N-acetyl by N-fluoroacetyl groups in 

STn significantly prolonged mice survival and reduced tumour burden in the lungs compared 

with Theratope (STn-KLH). The fluorinated vaccine elicited stronger cytotoxic T cell and 

Th1 immune responses and tumour-specific anti-STn antibodies capable of inducing 

complement and antibody-dependent cell-mediated cytotoxicity against human tumor cells, 

even in the absence of an immune adjuvant 101. Collectively, these findings suggest that 

strategic hapten fluorination may significantly improve the efficacy of glycan-based 

vaccines, even though the exact mechanism governing this immune response remains 

unknown. In addition, MUC1-derived glycopeptides associated with cancer are amongst the 

array of glycoepitopes used in vaccines explored in clinical trials 102; however, with yet 

limited success. It was proposed that after first vaccination both tumour MUC1 and MHC 

molecules were reduced, suggesting an upfront response against these cells that was 

followed by therapy scape 103. These findings highlight the need to include a diversified array 

of glycopeptides that mirror tumour diversity. However, surrogate T-cell pre-activation 
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outside the tumour bed, either in culture or by repetitive vaccination, could overcome tumour 

escape in MUC1 transgenic mice, offering an alternative approach to improve therapeutic 

schemes. Furthermore, the effective development of MUC1-based vaccines would be of 

great interest for patients with gastroesophageal and colorectal tumours, among others,  that 

significantly overexpress abnormal glycoforms of this protein 104,105. Collectively these 

studies demonstrate the feasibility of glycan-based anti-cancer vaccines but also highlight 

the importance of more accurate epitope choice and improved vehicle design, which requires 

a more profound knowledge of glycan-immune system interactions. The introduction of 

distinct T helper cell epitopes, Toll-like receptor agonists and other relevant immunogens in 

vaccine constructs together with the use of liposomes and nanoparticles as delivery systems 

may also help paving the way for improved vaccine designs 106,107. 

 

1.2. Nanocarriers for cancer nanovaccines 

Anti-tumour vaccines for cancer prevention and treatment, either alone or in 

combination with other immunotherapies such as adoptive cell therapy or immune 

checkpoint blockade, have become an attractive class of cancer immunotherapeutics in 

recent years. However, cancer vaccines have thus far shown suboptimal efficacy in clinical 

settings. In this context, nanomedicines provide key opportunities to improve the efficacy of 

these vaccines. A variety of nanoplatforms have been investigated for antigen encapsulation 

and presentation, including lipid based particulate carriers (liposomes), metallic and 

inorganic nanoparticles (NPs), virus like particles, biodegradable NPs, gelatine-based NPs 

and nanoemulsions108-110. Among the emerging subunit vaccines are recombinant protein- 

and synthetic peptide-based vaccine formulations111,112. However, protein, peptides and 

glycopeptides have a low intrinsic immunogenicity, which can be overcome through co-

encapsulation of antigens with immune modulators using particulate delivery systems as 

poly(lactic-co-glycolic acid) (PLGA) particles. PLGA is a biocompatible and biodegradable 

polymer approved by U.S. Food and Drug Administration (FDA) for human use, whose 

particulate formulations offer many advantages for antigen delivery. Namely, PLGA 

nanoformulations: i) shield antigens from degradation and clearance113; ii) provide sustained 

release of encapsulated molecules (proteins, DNA, mRNA, among others)114; iii) allow co-

encapsulation of antigens and immune modulators114,115; iv) can be targeted to antigen 

presenting cells116; v) increase uptake and cross-presentation by antigen presenting cells 
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through mimicking the size and shape of an invading pathogen117. Moreover, PLGA 

nanoparticles provide a versatile platform to encapsulate or adsorb vaccine immunogens, 

mostly according to its physicochemical properties 118. Immunogen encapsulation is highly 

affected by frequently modest encapsulation efficiencies and incomplete release, which can 

lead to a weak immune response118,119. In turn, adsorption of immunogens can often lead to 

burst release or premature antigen release, which can compromise APC uptake and 

culminate in hampered immune responses 119. Furthermore, PLGA nanoformulations 

negative charge can compromise nanoparticle uptake by APC to some extent and particle 

aggregation as well as particle size may limit crossing of biological barriers119. 

Notwithstanding, the multifaceted nature of nanoplatforms poses a major advantage in 

circumventing mythology pitfalls.  

As previously mentioned, anticancer vaccines aim to induce tumour-specific CTL 

responses, which require activation of APCs such as dendritic cells DCs and macrophages 

(Figure 2). Therefore, a potent immunostimulatory adjuvant capable of activating APCs is 

an essential component of anticancer vaccines, as depicted in several recent reports120,121. 

Despite the vast panoply of immunostimulatory molecules, as saponins, cytokines and 

bacterial toxins, the most widespread ligands are Toll-like receptors (TLRs) agonists, which 

interact with DCs, macrophages and lymphocytes to incite pro-inflammatory 

responses122,123. In preclinical settings, particulate PLGA formulations have provided 

effective anticancer vaccination. For instance, PLGA NPs loaded with toll-like receptor 7 

agonist, imiquimod (R837) and coated with cancer cell membranes with mannose 

modification moieties have shown enhanced uptake by DC. Moreover, in combination with 

checkpoint-blockade therapy, these NPs further demonstrated therapeutic efficacy against 

established tumours124. An erythrocyte membrane-enveloped PLGA nanoplatform for 

antigenic peptide hgp10025-33 and toll-like receptor 4 agonist monophosphoryl lipid 

(MPLA) also demonstrated enhanced DC uptake in vitro125. Moreover, the nanovaccine 

prolonged tumour-occurring time and inhibited tumour growth and metastasis in 

prophylactic, therapeutic, and metastatic melanoma models, respectively, while effectively 

enhancing IFN-γ secretion and CD8(+) T cell response125. Taken together, these findings 

demonstrate the great potential of nanoplatforms as antigen delivery systems for cancer 

immunotherapy. Another study introduced novel TLR 7/8 bi-specific agonists which 

significantly enhanced cytokine secretion compared to TLR7 mono-selective compounds126. 
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Encapsulation of these TLR 7/8 agonists in PLGA NPs increased co-stimulatory molecule 

expression and antigen presentation via MHC I by DCs compared to the soluble agonist. 

When administered subcutaneously, these NPs migrated to draining lymph nodes and 

triggered DC activation and expansion, leading to expansion of antigen specific CD8 T cells 

and enhanced CTL response. This resulted in significant prophylactic and therapeutic 

efficacy in melanoma, bladder and renal cell carcinoma tumour models, while significantly 

reducing systemic metastasis126. 

 

Figure 2. Immune system activation by antigens present in nanoparticles. In MHC class 

II pathway nanoparticles containing antigens are phagocyted with a formation of a 

compartment. This compartment fuses with an endosome and then antigens are transported 

to cell surface to be presented to CD4+T cells. In MHC class I, nanoparticles in the 

compartment escape from endosome and are degraded in cytosol by proteasome. Then, 

antigens are associated with MHC class I molecules and are presented to CD8+T cells. 

Particulate PLGA nanoformulations have also been used to incite macrophage 

inflammatory responses. Namely, PLGA NP with or without any encapsulated bioactive 

compounds are avidly phagocyted by J774127 and RAW 264.7128 murine macrophage cells, 

however, the extent of inflammatory response in terms of secretion of inflammatory 
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cytokines seems to be dependent on the coupling of endotoxins or immunomodulators. 

Notwithstanding, the functional repolarization of macrophages to enhance their beneficial 

function and limit their detrimental properties is currently the most attractive strategy for 

disease treatment129. In this context, tremendous work is being done using polymeric 

nanoparticles, with most results indicating that increasing the surface ionization or adding 

inert polymers to the surface of nanoparticles reduces their opsonization and prevents 

specific nanoparticle-macrophage interactions, ultimately reducing macrophage polarization 

capabilities. Lessons learned from other polymeric systems could easily bring light into 

novel PLGA nanoformulations. Overall, nanoparticles are a promising treatment approach 

to modulate macrophage polarization in the tumour microenvironment, and researchers 

developing nanoparticle-based cancer treatments should consider the macrophage-

polarizing potential of nanoparticles to maximize therapeutic efficacy. 
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2. Aims and Scopes  

 Cancer management has experienced significant advances in recent years with the 

introduction of targeted therapies and immune check point inhibitors immunotherapy. 

Moreover, cancer vaccines based on peptide neoantigens, resulting from genetic and 

epigenetic alterations, have been gaining momentum. So far, several preclinical studies and 

clinical trials have demonstrated its capacity to elicit effective immune responses against 

cancer cells with limited off-target effects. Cancer vaccines also have the capability to elicit 

protective immunological memory against recurrences, which remain a critical aspect in 

cancer management. More recently, cancer vaccines are being tested in combination with 

immune checkpoint inhibitors, with encouraging results. However, the low mutational 

burden of many primary lesions and metastasis has constituted a major challenge for vaccine 

generalization to different tumours, reinforcing the need to explore alternative antigens.  

 In this context, it is well known that cancer cells experience significant 

glycoproteome remodelling, often driven by the overexpression of short-chain O-glycans. 

This may result in unique molecular fingerprints at the cell-surface, which are not reflected 

by healthy tissues, holding tremendous potential for precise cancer targeting. Moreover, 

short-chain O-glycans are ubiquitous drivers of important oncogenic features such as 

sustained proliferation, migration and invasion. Not surprisingly, short-chain O-glycans and 

cancer-associated glycoproteins carrying abnormal glycosylation patterns are frequently 

associated with unfavourable outcomes in most solid tumours. The downside to the 

tremendous potential of cancer glycoepitopes resides in their immunosuppressive or poorly 

immunogenic nature. In fact, short-chain O-glycans such as the Tn, sialyl-Tn, T and 

sialylated T antigens are key regulators of immunological homeostasis. Furthermore, they 

are part of key mechanisms exploited by cancer cells to evade immune responses. These 

include the interaction with lectins at the surface of antigen presenting cells (APCs), 

ultimately leading to immune suppressive signals. This has frustrated the establishment of 

effective glycan-based vaccines exploiting conventional immunogenic vehicles. Therefore, 

the development of effective strategies to bypass or increase the low immunogenicity of 

many glycoepitopes will be critical for the establishment of more effective anti-cancer 

vaccines capable of addressing different types of solid tumours. 

Nanotechnology appears as a promising strategy to help overtaking this limitation by 

offering a nanoscale particle size, which facilitates uptake by phagocytic cells, the gut-

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanoparticle
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associated lymphoid tissue and the mucosa-associated lymphoid tissue, leading to efficient 

antigen recognition and presentation. Namely, PLGA has emerged as an FDA-approved 

biopolymer of election towards this end, given its ability to shield antigens from degradation 

and clearance, provide sustained release of encapsulated molecules, the possibility of co-

encapsulation of antigens and imunemodulators and its increased uptake and cross-

presentation by APCs through mimicking of size and shape of invading pathogens. Based 

on these considerations, the present document aims to set the molecular bases and cell 

models for the future development of innovative glycan-based cancer nanovaccines. This 

includes the establishment of easy methods for glycoepitope synthesis, the development of 

immunogenic protein glycoconjugates and glyconanoconstructs for potential vaccine 

applications. Envisaging these goals, cancer associated MUC16 glycoforms, expressed by 

many solid tumours and associated with cancer malignancy, are exploited as model 

glycoepitopes. Lastly, a glycoengineered cell model expressing the cancer-associated Tn 

glycan at the cell-surface, thus mimicking more aggressive tumours, was developed. This 

work also devotes to exploiting the functional implications of this antigen in relevant cancer 

cell features (proliferation, migration, invasion) as well as immune modulation. The goal is 

to provide a well characterized model capable of supporting the development of innovative 

cancer therapies, with emphasis on cancer vaccines. Facing this objective, we have elected 

the T24 urothelial cell line isolated from a solid tumour typically expressing the Tn antigen 

at advanced stages.  

 As such, this work comprehends the following specific objectives: 

I. Chemoenzymatic synthesis of a library of cancer-associated MUC16 glycoforms 

(MUC16-Tn, MUC16-STn, MUC16-S3T, MUC16-S6T) and potentially 

immunogenic glycopeptide-protein glycoconjugates to support vaccine 

development;   

II. Synthesis and physicochemical characterization of MUC16-Tn PLGA vehicles for 

potential vaccine applications;  

III. Establishment of CRISPR/Cas9 glycoengineered cancer cells displaying 

homogenous Tn antigen expression at the cell surface for future development of 

innovative targeted therapeutics and immunotherapy. 
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These objectives are addressed in chapters III, IV and V of this dissertation. The chapters 

follow a research paper format, including an abstract, introduction, materials and methods, 

results, discussion and conclusions. Chapter VI provides concluding remarks and future 

perspectives.
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3.1 Abstract 

Cancer cells overexpress and often express de novo glycoproteins modified with 

short-chain sialylated O-glycans such as the sialyl-Tn (STn), sialyl-3-T (S3T) and sialyl-6-

T (S6T) antigens. Such events mirror profound deregulations in protein glycosylation 

pathways, creating unique molecular fingerprints holding potential for antibody 

development and carbohydrate-based vaccines. However, the generation of glycopeptide 

libraries composed by pure and structurally defined standards remains a critical step for 

carbohydrate metrology and glycobiomarker identification. Moreover, it has hampered 

glycoepitope determination for therapeutic development. Those antigens can be used in 

immunotherapy as a promising alternative to conventional treatments. However, those 

antigens are uncapable of proper immune system stimulation. This work explores a simple 

and fast multi-enzymatic single-pot method for the generation of a wide array of STn, S3T 

and S6T glycopeptides. Emphasis was set on glycopeptides derived from MUC16 variable 

tandem repeats, given the clinical relevance of this protein in bladder, ovarian and other solid 

tumours. Moreover, it explores combinations of reverse phase chromatography with TiO2 

enrichment to isolate different sialoglycopeptides, setting the basis for carbohydrate 

metrology. Finally, it describes the conjugation of multiple glycopeptides with the 

immunogenic molecule Keyhole Limpet Hemocyanin (KLH) foreseeing multivalent 

glycoepitopes that may pave the way for immunotherapy.   
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3.2 Introduction 

Glycan-based therapeutics face some drawbacks as lack of pure and structurally well-

defined carbohydrates and glycoconjugates to develop analytical methods and therapeutics 

applications1,2. Chemical and enzymatic methods have been developed for oligosaccharide 

synthesis in the development of many applications such as vaccines and antibodies3,4. 

However, chemical synthesis could be hard to perform due to multiple steps of protection, 

deprotection and purification, being expensive and time consuming4. The need for more 

efficient approaches to oligosaccharides and glycoconjugates lead to the development of 

chemo-enzymatic methods in which synthetic oligosaccharides and/or peptides act as 

substrates for glycosyltransferases to give rise to more complex glycans and 

glycoconjugates, allowing the preparation of complex glycopeptides and the establishment 

of glycoconjugates libraries5,6. Some advantages of employing enzymes in biosynthetic 

processed include high regio or stereospecificity with no need of protection and deprotection 

reactions to obtain chemo selectivity. As such, enzymatic methods have been successfully 

applied to the biosynthesis of both O- and N-glycosides that constitute the main post-

translational modification of membrane glycoproteins7,8. 

The exploitation of chemoenzymatic synthesis of immunogenic glycopeptides and 

glycoconjugates to develop antibodies and carbohydrate-based vaccine prototypes has 

significantly increased in recent years9,10. The possibility of acquiring highly pure synthetic 

peptides at accessible prices to use as scaffolds for enzymatic glycosylation contributed for 

this interest11. In addition, the increasing availability of a wide array of recombinant 

glycosyltransferases with distinct substrate specificities and well-defined kinetic properties 

enables a highly controlled glycopeptide synthesis12,13. However, ensuring the desired 

glycosylation pattern of O-GalNAc glycopeptides remains particularly challenging. This 

requires the precision setting of the initial glycosylation step, consisting in the covalent link 

of a GalNAc residue to serine or threonine amino acids, catalysed by polypeptide N-

acetylgalactosamine transferases (ppGalNAcTs) in the presence of UDP-GalNAc14,15. Many 

ppGalNAcTs show both complementary and overlapping activities, acting in a coordinated 

manner defining the O-GalNAc glycosites on a given protein. Moreover, most ppGalNAcTs 

target multiple glycosites in a given peptide chain producing a wide array of glycopatterns, 

which poses a significant challenge for producing uniform products. Notably, bioinformatics 

tools such as ISOGlyP and NetOGlyc have been developed to assist the election of 

ppGalNAcTs better suited for generating glycopeptides of interest as well as predicting the 

diversity and abundance of potential glycosites16,17. After the first glycosylation step, O-
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GalNAc glycans can be further elongated by several glycosyltransferases to produce glycans 

ultimately presenting sialylated terminal structures. As such, these methods have been 

successfully applied to the synthesis of sialyl-Tn (STn)- and sialyl-3-T (S3T)-MUC1 

glycopeptides commonly overexpressed by cancer cells18-20. In addition, many studies 

explored the coupling of these glycopeptides with immunogenic proteins such as the keyhole 

limpet hemocyanin (KLH), foreseeing the development of targeted therapeutics and cancer 

vaccines21-23. Envisaging similar goals, this work describes the enzymatic synthesis of STn-

, S3T- and S6T-MUC16 glycopeptides using synthetic MUC16 variable tandem repeat 

(VTR) peptides as starting point. It further exploits purification methods to tackle the wide 

array of glycosides synthetized. Finally, it focuses on developing multivalent MUC16-Tn 

glycopeptide-KLH conjugates, envisaging novel therapeutics for aggressive ovarian, bladder 

and other solid tumours known to overexpress abnormally glycosylated MUC16 glycoforms. 

It is anticipated that the synthesis and purification methods developed herein may be 

translatable to other targets, ultimately providing the necessary epitopes to support 

carbohydrate-based theragnostic applications for cancer. 

3.3. Materials and Methods 

3.3.1 Bioinformatics-assisted selection of MUC16-glycopeptide epitopes 

The MUC16 protein sequence from NCBI database (NP_078966.2) presents 60+ 

tandem repeats (TR) of approximately 156 amino acids (aa) each. Accordingly, antigen 

synthesis was based on these highly repeated and O-glycosylated epitopes in MUC16. 

Specifically, the 156 aa repeats were analysed using the O-glycosylation site determination 

bioinformatics tool NetOGlyc, following the selection of the 20 aa sequence within the TR 

comprising more O-glycosylation sites. Subsequently, the elected sequence was run using 

the ISOGlyP (Isoform Specific O-Glycosylation Prediction)16,17 bioinformatics tool to 

determine the fitness of human polypeptide N-acetylgalactosaminyltransferases (EC 

2.4.1.41) to O-glycosylate this particular sequence of aa. Hence, GalNAc-T1 was designated 

as the GalNAc-transferase isoform with higher probability of successful activity.  

 

3.3.2 Enzymatic synthesis of MUC16-glycopeptide epitopes 

A MUC16 20-mer peptide (VDVGTSGTPSSSPSPTTAGP) (with a cysteine tag) 

from the TR region was purchased from GenScript Biotech (Netherlands). Synthesis of 

glycopeptides carrying the Tn-epitope (GalNAcα-O-Ser/Thr) was performed in 100 µL 

reaction mixtures containing glycosylation buffer (125 mM Cacodylate, 50 mM MnCl2, pH 
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7.4; Sigma-Aldrich, MO, USA), 0.5 mM UDP-GalNAc (Sigma-Aldrich), 50 μg of MUC16 

20-mer peptide and 0.025 μg GalNAc-T1 (R&D Systems, MN, USA). Tn-epitope 

sialylation, rendering STn-peptides, was performed through the overnight incubation at 37ºC 

of the Tn-peptides in glycosylation buffer, 0.5 mM CMP-NeuAc (Sigma-Aldrich) and 0.020 

μg ST6GalNAc-I (R&D Systems), a human α-N-acetylgalactosaminide α-2,6-

sialyltransferase (EC 2.4.99.3). Synthesis of glycopeptides carrying the T epitope was 

performed in 100 µL reaction mixtures containing the Tn-peptides in glycosylation buffer, 

0.5 mM UDP-Gal, 0.015 μg C1GalT1/C1GalT1C, a N-acetylgalactosaminide β-1,3-

galactosyltransferase (EC 2.4.1.122) and its chaperone. T epitope sialylation, rendering S6T-

peptides, was performed by overnight incubation at 37ºC of T-peptides in glycosylation 

buffer, 0.5 mM CMP-NeuAc (Sigma-Aldrich) and 0.024 μg ST6GalNAc-II (R&D Systems), 

an α-N-acetylgalactosaminide alpha-2,6-sialyltransferase (EC 2.4.99.3) preferentially acting 

upon T antigens over Tn epitopes24,25. S3T-peptides were synthetized following the same 

strategy but in the presence of 0.025 μg ST3Gal-I, a human β-galactoside α-2,3-

sialyltransferase (EC 2.4.99.4). All MUC16 glycopeptides were purified using the High-

Select™ TiO2 Phosphopeptide Enrichment Kit (ThermoFisher Scientific), according to the 

manufacturer instructions. 

3.3.3 BSA-MUC16-STn and KLH-MUC16-Tn glycoconjugates  

Cysteine-tagged MUC16-STn and MUC16-Tn glycopeptides were conjugated to 

bovine serum albumin (BSA, Sigma-Aldrich) and keyhole limpet hemocyanin (KLH, 

Sigma-Aldrich)22 respectively, to render immunogenic glycoepitopes. Briefly, 0.01mg/μL 

KLH or BSA in 0.01 M phosphate buffer (pH 7, Sigma-Aldrich) were incubated for 30 min 

at room temperature under agitation with 0.015mg/μL 3-maleimidobenzoic acid N-

hydroxysuccinimide ester (MBS, Sigma-Aldrich) in dimethylformamide (DMF, Sigma-

Aldrich). Posteriorly, KLH/MBS and BSA/MBS solutions were passed through a PD-10 

desalting column (Sigma-Aldrich) conditioned with 0.05 M phosphate buffer (pH 6). 

Desalted KLH/MBS and BSA/MBS solutions were incubated with 10 µg of glycopeptides 

in 25 μL DMF pH 7.0 and incubated at 4°C overnight under rotation, following evaporation 

in a SpeedVac. The products of conjugation with BSA were characterized by SDS-PAGE 

on 4–20% precast polyacrylamide gels (BIORAD) and stained with Coomassie blue (Sigma-

Aldrich). In parallel, the products were analysed by western blot in 0.45 µm nitrocellulose 

membranes (Amersham). The membranes were blotted for the Tn antigen with biotinylated 

Vicia villosa (VVA) lectin (Vector Laboratories) and vectastain RTU elite ABC reagent 
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(Vector Laboratories). Membranes subjected to digestion in situ with sialidase were analysed 

in parallel for Tn expression. The products of conjugation with KLH were analysed by dot 

blot in a 0.45 µm polyvinylidene difluoride membrane (PVDF; ThermoFisher Scientific). 

The membrane was subsequently blotted for the Tn antigen with biotinylated VVA lectin 

(Vector Laboratories) and vectastain RTU elite ABC reagent (Vector Laboratories). 

3.3.4 nanoLC-LTQ-Orbitrap mass spectrometry 

Synthesized glycopeptides were characterized by nanoLC-ESI-MS on a nanoLC 

system (Dionex, 3000 Ultimate nano-LC) coupled online to an LTQ-Orbitrap XL mass 

spectrometer (ThermoFisher Scientific) equipped with a nano-electrospray ion source 

(ThermoFisher Scientific, EASY-Spray source). Eluent A was aqueous formic acid (0.2%) 

and eluent B was formic acid (0.2%) in acetonitrile. Samples (20 μl) were injected directly 

into a trapping column (C18 PepMap 100, 5 μm particle size) and washed with an isocratic 

flux of 95% eluent A and 5% eluent B at a flow rate of 30 μl/min. After 3 minutes, the flux 

was redirected to the analytical column (EASY-Spray C18 PepMap, 100 Å, 150 mm × 75μm 

ID and 3 μm particle size) at a flow rate of 0.3 μl/min. Column temperature was set at 35°C. 

Peptide separation occurred using a linear gradient of 5–40% eluent B over 90 min., 50–90% 

eluent B over 5 min and 5 min with 90% eluent B. The mass spectrometer was operated in 

the positive ion mode, with a spray voltage of 1.9 kV and a transfer capillary temperature of 

250°C. Tube lens voltage was set to 120 V. MS survey scans were acquired at an Orbitrap 

resolution of 60,000 for an m/z range from 300 to 2000. Data were recorded with Xcalibur 

software version 2.1. Analysis were conducted in triplicates. Reported ions are presented in 

terms of relative abundance in relation to the total glycopeptides abundance.  

 

3.3.5 MUC16-Tn and MUC16-STn purification for yield determination 

 MUC16-Tn glycopeptides were purified in an agarose-bound Vicia Villosa (VVA; 

Vector Laboratories) agglutinin column. Briefly, the sample containing MUC16-Tn was 

loaded on a agarose-bound VVA column and washed 10 times with 200 L of LAC A + 

glucose buffer (0.4M glucose in LAC A buffer: 20mM of Tris/HCl pH 7.4, 150mM of NaCl, 

1M of Urea, 0.1M of CaCl2, MgCl2, MnCl2 and ZnCl2) followed by 4 times with 200 L of 

50mM NH4HCO3 (all reagents were purchased from Sigma-Aldrich). The glycopeptides 

were then eluted with 3 x 100 L 3% ammonium bicarbonate (Sigma-Aldrich). Finally, 

MUC16-Tn glycopeptides were quantified with Pierce™ Quantitative Fluorometric Peptide 
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Assay Kit (ThermoFisher Scientific). MUC16-Tn yield of synthesis was calculated by the 

following equation: 

Yield of synthesis (%) = 

1 − (
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓𝑖𝑛𝑖𝑐𝑖𝑎𝑙 𝑀𝑈𝐶16 −  𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑀𝑈𝐶16 𝑇𝑛 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑛𝑖𝑐𝑖𝑎𝑙 𝑀𝑈𝐶16
) 𝑥 100 

 

MUC16-STn glycopeptides were purified using the High-Select™ TiO2 

Phosphopeptide Enrichment Kit (ThermoFisher Scientific), according to the manufacturer 

instructions. MUC16-STn yield of synthesis according to MUC16-Tn amounts was 

calculated by the following equation: 

Yield of synthesis (%) = 

1 − (
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑀𝑈𝐶16 𝑇𝑛 −  𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑀𝑈𝐶16 𝑆𝑇𝑛 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑀𝑈𝐶16 𝑇𝑛
) 𝑥 100 

MUC16-STn yield of synthesis according to initial MUC16 amounts was calculated by the 

following equation: 

Yield of synthesis (%) = 

1 − (
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓𝑖𝑛𝑖𝑐𝑖𝑎𝑙 𝑀𝑈𝐶16 𝑢𝑠𝑒𝑑 −  𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑀𝑈𝐶16 𝑆𝑇𝑛 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑛𝑖𝑐𝑖𝑎𝑙 𝑀𝑈𝐶16 𝑢𝑠𝑒𝑑
) 𝑥 100 

 

3.4 Results and Discussion  

MUC16 glycoforms yielding short-chain sialylated O-glycans are frequently 

expressed by more aggressive bladder tumours and, due to its cell-surface nature, hold 

potential for targeted therapeutics and immunotherapy26,27. These glycoforms include the 

STn antigen, associated with poor prognosis and chemoresistance and, possibly, different 

forms of sialylated T antigens, namely S3T and S6T. Therefore, this work has been devoted 

to the establishment of rapid and easy enzymatic synthesis and purification of STn-, S3T- 

and S6T-MUC16 derived glycopeptides. For proof-of-concept, we have elected a MUC16 

20-mer target peptide from the variable tandem repeat region containing approximately 9 

potential O-glycosylation sites (T5, S6, T8, S10, S11, S12, S14, T16, T17; according to 

NetOGlyc). ppGalNAcT1 was elected as initiation enzyme to mimic the O-glycosites 
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presented by cancer cells, given its overexpression in more aggressive bladder tumours in 

relation to the healthy urothelium and association with poor prognosis according to 

Oncomine and the Human Protein Atlas28-30. According to a bioinformatics prediction, 

ppGalNAcT1 will preferentially target the S12 residue (approximately 40% probability of 

O-glycosylation) and, to much less extent, S10, S14 and T17 (approximately 10%). The 

probability of obtaining glycopeptides substituted at other positions is lower than 5%. 

Notably, mixtures of peptides presenting distinct combinations of glycosylation patterns are 

likely to occur using this strategy. While this effect is desirable foreseeing multivalent 

vaccines mimicking the structural diversity observed in solid tumours, it raises concerns 

related with the purity of standards for bioanalytical applications. As such, emphasis was 

also set on exploring potential purification strategies. 

 

3.4.1 MUC16-Tn and MUC16-STn purification for yield determination 

With the objective of determine MUC16-Tn/STn synthesis yields, both 

glycopeptides species were purified by affinity chromatography. For MUC16-Tn 

purification agarose-bound VVA was used, while for MUC16-STn a TiO2 Enrichment Kit 

was employed. Then, both species were quantified by a Fluorometric Peptide Assay Kit. 

Glycosylation of MUC16 with GalNAc, generating MUC16-Tn, presented a yield of 

22,60%, while the sialylation step yielded 9,52% (according to the initial amount of 

MUC16). When compared with the amount of MUC16-Tn, MUC16-STn yielded 34,94 

(Figure 3) .The yields presented herein are lower than others obtained for these kinds of 

glycosylations of other mucins31. These findings may be explained by the use of only one 

enzyme to perform the GalNac incorporation reaction instead of an enzymatic cocktail which 

would probably generate more Tn epitopes in potential glycosylation sites. Therefore, the 

second reaction step will be affected by the number of aa with Tn epitopes, since 

ST6GalNAc-I will add sialic acid moieties to aa carrying Tn epitopes.   
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Figure 3. Synthesis yields obtained for each glycoform of MUC16 mer Cys Tag. 

Determination of yields for MUC16-Tn (total amount of MUC16 as reference) and MUC16-

STn (both total amount of MUC16 and MUC16-Tn as reference). 

3.4.2 Characterization of MUC16 glycosites density 

 The initial step in MUC16 O-glycosylation concerns the substitution of either Ser or 

Thr residues with GalNAc, originating the Tn antigen, which is crucial for defining 

glycosites before downstream O-glycans extension and sialylation. The reaction products 

were subsequently analysed by nanoLC-ESI-MS. According to Figure 4, di-glycosylated 

peptides were predominant in relation to mono-glycosylated forms (43% vs 18% of total 

glycosylated species), followed by the production of similar amounts of tri- and tetra-

glycospecies (11-13%). Lower amounts of MUC16 with up to 8 glycosylation sites could 

also be detected (1-6%). NanoLC analysis further highlighted acceptable chromatographic 

separations for neutral species, suggesting it may be used as starting point for 

isolation/analysis of these molecules. In particular, the used chromatographic conditions 

enabled a reasonable isolation of single and double glycosylated MUC16-Tn glycopeptides 

(Figure 4). Complementary tandem mass spectrometry studies by Electron-transfer 

dissociation (ETD) are now required for glycosite annotation envisaging fully characterized 

products. Notably, only vestigial signs (<1% of total species; data not shown) of 

unglycosylated MUC16 glycopeptides were observed, suggesting complete glycosylation. 
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Figure 4. C18 reverse phase nanoLC-ESI-MS profiles for reaction products resulting 

from the glycosylation of 20 mer MUC16-VRT peptide by ppGalNAc-T1. The main 

products correspond to the mono- and di-glycosylated peptides, followed by tri- and tetra-

glycosylated species. MUC16 glycopeptides with up to eight glycosites could also be 

detected, however in much lower abundance. 
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3.4.3 Synthesis and purification of MUC16-STn glycopeptides 

Efforts were also devoted to the synthesis of MUC16 carrying the STn antigen using 

a combination of ppGalNAcT1 and ST6GaLNAc-I in the presence of UDP-GalNAc and 

CMP-Neu5Ac in a stepwise manner. This led to the formation of a wide array of glycosides 

presented in Table 1. Twenty-seven species were identified, which can be classified in three 

groups: i) neutral glycopeptides, presenting the Tn antigen; ii) hybrid glycopeptides, bearing 

both STn- and Tn antigens; and iii) sialylated glycopeptides, exhibiting STn as sole type of 

glycosylation. Notably, neutral and hybrid glycopeptides were present in similar proportions 

and corresponded to almost 90% of the total amount of identified species (Table 1). 

However, both groups were highly heterogeneous (8 neutral species, 16 hybrid species) in 

comparison to sialylated glycopeptides (3 species). Moreover, experimental conditions 

favoured the formation of neutral and hybrid glycopeptides with two glycosites (2 Tn, 

1Tn/1STn), which correspond to approximately 40% of total glycopeptides. Contrastingly, 

sialylated glycopeptides mainly presented a single glycosite. The prevalence of single over 

multiple sialylation in both hybrid and sialo- groups suggests that multiple glycosites may 

reduce the efficiency of sialylation under the described experimental conditions. It should 

also be noticed that glycopeptides containing up to 8 glycosylation sites could be identified, 

close to the maximum predicted by bioinformatics. Nevertheless, approximately 70% of the 

identified species presented more than two glycosites and were present in very low 

abundance (<3%). In summary, the most abundant glycopeptides arising from this synthesis 

corresponded to the neutral precursor MUC16-2Tn and MUC16-Tn/STn. Therefore, TiO2 

chromatography was introduced to improve the isolation of sialylated glycopeptides32. TiO2 

enrichment significantly decreased the abundance of neutral glycopeptides, while enriching 

it for hybrid glycopeptides (now composing 90% of the sample; Table 1 and Figure 5) by 

reducing the dynamic range of glycopeptides concentrations. 
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Table 1. Products from the single-pot enzymatic synthesis of MUC16-STn glycopeptides analyzed by C18 

reverse phase nanoLC-ESI-MS before and after TiO2 enrichment 

O-glycans 

Glycopeptides  

Monoisotopic  

mass [M+3H]
3+ 

 

Apex  

Retention  

time (min) 

Without enrichment Enrichment with TiO2 

Relative  

abundance (%) 

Relative abundance 

(%) 

Neutral glycopeptides 

1 Tn 669.32 16.18 7.66 0.00 

2 Tn 737.01 15.73 18.28 2.31 

3 Tn 804.70 14.83 4.68 0.59 

4 Tn 872.40 14.45 5.70 0.54 

5 Tn 940.09 14.07 2.48 0.42 

6 Tn 1007.78 13.73 2.41 0.48 

7 Tn 1075.47 13.53 1.51 0.33 

8 Tn  1143.17 12.84 0.24 0.00 

Hybrid glycopeptides 

1 Tn + 1 STn 834.04 16.10 20.13 7.16 

1 Tn + 2 STn 998.77 15.56 1.11 4.12 

1 Tn + 3 STn 1163.49 15.02 0.19 4.96 

1 Tn + 5 STn 1492.94 15.21 0.00 0.14 

2 Tn + 1 STn 901.73 15.21 6.35 3.31 

2 Tn + 2 STn 1066.46 14.83 2.45 11.19 

2 Tn + 3 STn 1231.18 14.64 0.10 3.44 

2 Tn + 4 STn 1395.91 14.64 0.00 1.83 

3 Tn + 1 STn  969.43 14.64 5.93 6.57 

3 Tn + 2 STn 1134.15 14.45 0.89 6.30 

3 Tn + 3 STn 1298.88 14.25 0.11 5.93 

3 Tn + 4 STn 1463.60 14.45  0.00 0.65 

4 Tn + 1 STn 1037.12 14.25 2.84 3.83 

4 Tn + 2 STn 1201.85 14.07 0.97 10.82 

4 Tn + 3 STn 1366.57 14.07 0.04 2.46 

5 Tn + 1 STn 1104.81 13.89 2.97 7.03 

5 Tn + 2 STn 1269.54 13.73 0.48 5.92 

6 Tn + 1 STn 1172.51 13.73 1.45 3.62 

6 Tn + 2 STn 1337.23 13.53 0.00 0.28 

7 Tn + 1 STn 1240.20 13.34 0.09 0.37 

Sialylated glycopeptides 

1 STn 766.35 16.67 9.45 2.11 

2 STn 931.07 16.29 1.43 1.67 

3 STn 1095.80 15.40 0.06 0.80 

4 STn 1260.52 15.40 0.00 0.79 
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Figure 5. C18 reverse phase nanoLC-ESI-MS profiles for the main reaction products resulting from single-pot enzymatic synthesis of 

MUC16-STn glycopeptides before and after TiO2 enrichment. Single-pot enzymatic synthesis of MUC16-STn led to the formation of a wide 

array of glycoforms, including neutral, hybrid and sialospecies. Most abundant glycopeptides correspond to the neutral precursor MUC16-2Tn and 

MUC16-Tn/STn. TiO2 enrichment enabled a significant decrease in the abundance of neutral glycopeptides and increase in di-, tetra and hexa 

glycopeptides containing either 1 or 2 STn residues.



 

51 
 

3.4.4 Synthesis of MUC16-S3T glycopeptides 

MUC16-S3T glycopeptides were synthesized using a combination of ppGalNAcT1, 

C1GalT1, C1GalT1 chaperone C1GalT1C1and ST3Gal-I, in the presence of UDP-GalNAc, 

UDP-Gal and CMP-Neu5Ac. Table 2 shows that over 65% of the total amount of 

glycopeptides identified in the final reaction mixture (21 glycopeptides) were solely 

glycosylated with the Tn antigen, the initial synthesis intermediate. The second most 

abundant class corresponded to glycopeptides yielding both Tn and ST antigens, whereas a 

small percentage (4%) corresponded to glycopeptides presenting only the ST antigen. The 

di-glycosylated peptides were the most abundant, irrespectively of the type of glycosylation, 

followed by tri and tetra-glycosylated species, in agreement with observations for STn 

synthesis. Notably, no intermediates carrying the T antigen were observed, strongly 

suggesting that the rate limiting step of reaction was core 1 synthesis. The elevated number 

of Tn precursors emphasizes the low reaction efficiency, requiring further optimization in 

future studies. It is possible that C1GalT1C1 could be inhibited by either products and/or 

high substrate concentrations, which should be subjected to comprehensive evaluation to 

improve reaction yields33. Nevertheless, C18 reverse phase chromatography enabled the 

resolution of MUC16-S3T glycopeptides in comparison to other neutral and hybrid species 

present in the mixture, suggesting it may be a useful purification tool in this context. Finally, 

we explored the possibility of TiO2 enrichment to improve purification. This significantly 

enriched the samples for sialylated glycopeptides, while removing neutral species (Figure 

6), as previously observed for MUC16-STn synthesis. Namely, it enriched the sample for a 

wider array of hybrid glycopeptides, with emphasis on glycospecies containing 2 S3T and a 

Tn glycosite.  
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Table 2. Products from the single-pot enzymatic synthesis of MUC16-S3T glycopeptides analysed by C18 

reverse phase nanoLC-ESI-MS before and after TiO2 enrichment 

O-glycans 

Glycopeptides 

Monoisotopic  

mass [M+3H]
3+ 

 

Apex  

Retention  

time (min) 

Without Enrichment 
Enrichment  

with TiO2 

Relative 

 abundance (%) 

Relative  

abundance (%) 

Neutral glycopeptides 

1 Tn 669.32 15.95 2.91 0.00 

2 Tn 737.01 15.43 20.21 0.00 

3 Tn 804.70 14.72 17.63 0.00 

4 Tn 872.40 14.19 17.43 0.00 

5 Tn 940.09 13.85 5.63 0.00 

6 Tn 1007.78 13.46 2.11 0.00 

7 Tn 1075.47 13.08 0.45 0.00 

1 Tn + 1 T 791.03 15.08 0.07 0.00 

2 Tn + 1 T 858.72 14.37 0.03 0.00 

3 Tn + 1 T 926.41 14.72 0.03 0.00 

4 Tn + 1 T 994.11 13.46 0.01 0.00 

Hybrid glycopeptides 

1 Tn + 1 ST 888.06 16.12 14.62 1.55 

1 Tn + 2 ST 1106.80 16.12 0.00 20.02 

1 Tn + 3 ST 1325.54 16.30 0.00 10.22 

1 Tn + 4 ST 1544.29 16.30 0.00 0.36 

2 Tn + 1 ST 955.75 15.60 5.01 0.54 

2 Tn + 2 ST 1174.49 15.60 0.40 6.29 

2 Tn + 3 ST 1393.24 15.41 0.00 1.56 

3 Tn + 1 ST 1023.44 14.84 6.60 0.07 

3 Tn + 2 ST 1242.19 14.84 0.14 0.48 

4 Tn + 1 ST 1091.14 14.37 1.95 0.00 

5 Tn + 1 ST 1158.83 13.85 0.51 0.00 

6 Tn + 1 ST 1226.52 13.66 0.08 0.00 

1 T + 1 ST 942.08 15.60 0.00 1.34 

1 T + 2 ST 1160.82 15.76 0.00 3.60 

1 T + 3 ST 1379.56 15.76 0.00 0.64 

2 T + 1 ST 1063.79 14.84 0.00 0.07 

2 T + 2 ST 1282.53 15.04 0.00 0.06 

1 Tn + 1 T + 1 ST 1009.77 15.23 0.00 1.97 

1 Tn + 1 T + 2 ST 1228.51 15.23 0.00 1.31 

1 Tn + 1 T + 3 ST 1447.25 15.04 0.00 0.16 

2 Tn + 1 T + 1 ST 1077.46 14.65 0.00 0.19 

2 Tn + 1 T + 2 ST 1296.21 14.47 0.00 0.20 

Sialylated Glycopeptides 

1 ST 820.37 16.66 0.88 1.30 

2 ST 1039.11 16.66 3.32 19.77 

3 ST 1257.85 16.83 0.00 26.13 

4 ST 1476.59 17.19 0.00 2.13 

5 ST 1695.34 17.35 0.00 0.04 
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Figure 6. C18 reverse phase 

nanoLC-ESI-MS profiles for 

the main reaction products 

resulting from single-pot 

enzymatic synthesis of 

MUC16-S3T glycopeptides 

before and after TiO2 

enrichment. According to the 

presented profiles, enzymatic 

synthesis produces mostly di-

glycosylated neutral peptides and 

mono-sialylated 

sialoglycopeptides. TiO2 

enrichment enables a significant 

enrichment for sialylated 

glycopeptides, while 

successfully removing neutral 

species. Moreover, it enriches the 

sample for a wider array of 

hybrid glycopeptides, with 

emphasis for glycospecies 

containing 2 S3T and a Tn 

glycosite. Overall, TiO2 enrichment was significantly effective in the removal of neutral species.
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3.4.5 Synthesis and purification of MUC16-S6T glycopeptides 

MUC16-S6T glycopeptides were synthesized using a combination of ppGalNAcT1, 

C1GalT1 and its chaperone C1GalT1C1 as well as ST6GalNAc-II, in the presence of UDP-

GalNAc, UDP-Gal and CMP-Neu5Ac. ST6GalNAC-II was elected ever ST6GalNA-I used 

for STn synthesis based on previous reports supporting its higher affinity for the T antigen. 

Overall 27 species were identified, 7 of them corresponding to Tn precursors that together 

comprehended approximately 80% of the total amount of glycopeptides in the sample, as 

previously observed for S3T. The remaining 20 glycopeptide species derived from different 

combinations of MUC16 with all other types of glycans (T, STn, S6T) in low or vestigial 

amounts (≤5%) (Table 3). Such observations suggest the low efficiency of O-6 sialylation 

under the described experimental conditions. Nevertheless, the introduction of TiO2 

purification steps tremendously enriched the sample for hybrid glycopeptides containing the 

S6T antigen (MUC16-1T/ST, MUC16-1T/2ST, MUC16-2T/ST and MUC16-Tn/T/ST), 

mostly at the expenses of MUC16-Tn glycopeptides (Figure 7, Table 3). Future studies 

should devote to improving the efficacy of T antigen O-6 sialylation and the isolation of pure 

glycospecies.  
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Table 3. Products from the single-pot enzymatic synthesis of MUC16-S6T glycopeptides analysed by C18 

reverse phase nanoLC-ESI-MS before and after TiO2 enrichment 

O-glycans 

Glycopeptides    

Monoisotopic  

mass [M+3H]
3+ 

 

Apex  

Retention  

time (min) 

Without enrichment 
Enrichment 

with TiO2 

Relative  

abundance (%) 

Relative  

abundance (%) 

Neutral glycopeptides 

1 Tn 669.32 16.15 12.46 0.00 

2 Tn 737.01 15.40 40.21 0.06 

3 Tn 804.70 14.73 11.94 0.00 

4 Tn 872.40 14.37 11.40 0.00 

5 Tn 940.09 13.81 3.74 0.00 

6 Tn 1007.78 13.61 1.70 0.00 

7 Tn 1075.47 13.23 0.24 0.00 

1 T 723.33 15.40 0.45 0.36 

2 T 845.04 14.66 0.04 2.65 

3 T 966.76 13.91 0.00 1.55 

4 T 1088.47 12.81 0.00 0.18 

1 Tn + 1 T 791.03 15.02 4.89 1.00 

1 Tn + 2 T 912.74 14.30 0.00 5.23 

1 Tn + 3 T 1034.45 13.17 0.00 0.79 

1 Tn + 4 T 1156.16 12.64 0.00 0.13 

2 Tn + 1 T 858.72 14.30 0.67 0.46 

2 Tn + 2 T 980.43 13.72 0.00 0.73 

2 Tn + 3 T 1102.14 12.81 0.00 0.16 

3 Tn + 1 T 926.41 13.81 1.10 0.00 

3 Tn + 2 T 1048.12 13.17 0.00 0.12 

4 Tn + 1 T 994.11 13.61 0.19 0.00 

5 Tn + 1 T 1061.80 13.23 0.04 0.00 

Hybrid glycopeptides 

1 Tn + 1 STn 834.04 16.33 0.71 0.00 

3 Tn + 1 STn 969.43 14.73 0.48 0.00 

4 Tn + 1 STn 1037.12 14.55 0.04 0.00 

1 Tn + 1 ST 888.06 15.40 5.32 1.10 

1 Tn + 2 ST 1106.80 15.21 0.00 7.83 

1 Tn + 3 ST 1325.54 15.21 0.00 0.37 

2 Tn + 1 ST 955.75 15.02 0.93 0.32 

2 Tn + 2 ST 1174.49 14.83 0.00 0.99 

3 Tn + 1 ST 1023.44 14.55 0.99 0.00 

3 Tn + 2 ST 1242.19 14.30 0.00 0.07 

4 Tn + 1 ST 1091.14 14.20 0.16 0.00 

1 T + 1 ST 942.08 15.21 0.37 12.95 

1 T + 2 ST 1160.82 15.02 0.00 8.14 

1 T + 3 ST 1379.56 14.66 0.00 0.18 

2 T + 1 ST 1063.79 14.47 0.00 10.73 

2 T + 2 ST 1282.53 14.11 0.00 0.79 

3 T + 1 ST 1185.50 13.53 0.00 1.30 

3 T + 2 ST 1404.24 13.17 0.00 0.08 

1 Tn + 1 T + 1 ST 1009.77 14.83 0.04 20.64 

1 Tn + 2 T + 1 ST 1131.48 13.91 0.00 5.63 

1 Tn + 3 T + 1 ST 1253.19 12.98 0.00 0.78 

1 Tn + 1 T + 2 ST 1228.51 14.66 0.00 3.45 

1 Tn + 2 T + 2 ST 1350.22 13.53 0.00 0.35 

2 Tn + 1 T + 1 ST 1077.46 14.30 0.04 2.91 

2 Tn + 2 T + 1 ST 1199.17 13.35 0.00 1.48 

2 Tn + 1 T + 2 ST 1296.21 13.91 0.00 0.37 

3 Tn + 1 T + 1 ST 1145.16 13.72 0.00 0.54 

Sialylated glycopeptides 

1 STn 766.35 16.69 0.08 0.00 

1 ST 820.37 15.97 1.68 0.50 

2 ST 1039.11 15.78 0.11 3.93 

3 ST 1257.85 15.58 0.00 1.19 
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Figure 7. C18 reverse phase nanoLC-ESI-MS profiles for the main reaction products 

resulting from single-pot enzymatic synthesis of MUC16-S6T glycopeptides before and 

after TiO2 enrichment. The enzymatic synthesis of MUC16 glycopeptides with S6T 

modifications presented very low yields, as translated by the high amount of neutral species 

in relation to hybrid and sialoglycans mostly presenting one S6T glycosite. TiO2 enabled the 

enrichment for a wider number of hybrid glycopeptides. 

3.4.6 Synthesis of BSA-MUC16-STn and KLH-MUC16-Tn glycoconjugates 

MUC16-Tn glycoforms have been associated with worst cancer prognosis and 

recently with decreased bladder cancer response to cisplatin26. As such, we have devoted to 

the production of glycoepitopes aiming towards the development of novel MUC16-

STn/MUC16-Tn targeting antibodies and cancer vaccines. To overcome their poor 

immunogenicity, MUC16-STn glycopeptides were covalently linked to BSA, a strategy that 

has been proven capable of inducing antibody production against relevant glycopeptides in 

animal models31. As such, BSA was incubated with MBS (m-maleimidobenzoyl-N-

hydroxysuccinamide ester), an amino-to-sulfhydryl crosslinker containing NHS-ester and a 

maleimide reactive groups at opposite ends of a short aromatic spacer arm. The maleimide 

linker was subsequently used to link MUC16-STn cysteine-tagged glycopeptides. Efforts 

were set on the development of protein-glycopeptide conjugates presenting a diversified 

array of hybrid and sialylated glycoepitopes, in an attempt to translate the structural diversity 

of glycoepitopes presented by cancer cells26,30,34. The efficacy of the conjugation reaction 

was later confirmed by observing the migration of BSA’s major band in SDS-PAGE gels 

above 55 kDa to near 70 kDa upon introduction of the MBS linker. MALDI-TOF analysis 

latter confirmed the presence of a major signal at approximately 66 kDa corresponding to 

BSA that shifted to 70 kDa, suggesting the incorporation of approximately 21 MBS linker 

residues (70613 kDa). The addition of the glycopeptides to the reaction media promoted a 

shift in the BSA-MBS band to approximately 150 kDa, strongly suggesting glycopeptide 

conjugation, which was latter validated by western blot. In fact, as shown in (Figure 8A) 

BSA and BSA-MBS conjugates showed no reactivity to the VVA lectin, which has affinity 

for the Tn antigen. On the other hand, two major bands above 150 and 200 kDa were 

observed in the lanes corresponding to BSA-MUC16-STn/Tn hybrid glycoconjugates. These 

signals were further enhanced after sialidase digestion that exposes cryptic Tn epitopes by 

sialylation. Taken together, these observations support the successful conjugation of both 
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hybrid and sialoglycoepitopes to BSA. Notably, bands at molecular weights above 150 kDa 

could also be observed for BSA, which may relate with protein DTT-irreversible 

multimerization, as previously reported35. SDS-PAGE and western blot analysis suggests 

that these bands may also be experiencing linker functionalization and glycoconjugation, 

which warrants future validation. 

After performing a conjugation of MUC16-STn with BSA as a proof of concept, we 

conjugated MUC16-Tn with a classical immunogenic carrier, namely KLH, using the same 

methodology36. KLH is a high-molecular-weight glycoprotein that is known by inducing 

both cell-mediated and humoral responses in animals and humans. Because of its high 

immunogenicity, low toxicity associated and its availability as a clinical grade product, this 

carrier is used extensively as a natural immunostimulant for basic research and clinical 

applications37. The efficacy of the conjugation reaction was later confirmed by Dot Blot. In 

fact, as shown in (Figure 8B), KLH and KLH-MBS conjugates showed no reactivity to the 

VVA lectin, which has affinity for the Tn antigen. On the other hand, one major dot was 

observed in the area corresponding to KLH-MUC16-Tn glycoconjugates. These 

observations support the successful conjugation of both hybrid and sialoglycoepitopes to 

KLH. In summary, this sets the bases for producing different protein-glycopeptide 

conjugates for biomedical applications, with emphasis on antibody production.  
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Figure 8. A) Monitoring reaction products of MUC16-Tn/STn biosynthesis by SDS-

PAGE, Western blot and MALDI-TOF-MS; SDS-PAGE shows a main band above 55 

kDa, which was later confirmed to be BSA by MALDI-TOF-MS (band at m/z 66433 in the 

left panel MS spectrum). Higher molecular weight bands of lower intensity could also be 

observed above 100 kDa most likely resulting from BSA multidimers. However, these were 

not observed by MALDI-TOF-MS probably due to difficulties in the ionization of higher 

molecular weight species. The addition of MBS to the reaction pot drifted this band to 

approximately 70 kDa, as highlighted by SDS-PAGE and later confirmed by MALDI-TOF-

MS (right panel MS spectrum). Notably, a mass increase could also be observed for the 

molecular bands above 100 kDa, also suggesting substitutions with MBS. The addition of 
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hybrid MUC16-Tn/STn glycopeptides increased the molecular weight to above 100 kDa. In 

this case, a higher amount of BSA was used for conjugation in relation to MBS, explaining 

the presence of unconjugated BSA in the SDS-PAGE gel. Successful conjugation was then 

confirmed by western blot using the VVA lectin targeting the Tn antigen. Briefly, the left 

side western blot supports the presence of Tn expressing proteins above 100 and 150 kDa. 

Membrane incubation with sialidase increased the affinity for VVA for these proteins, also 

supporting the presence of STn antigen. Notably, bands corresponding to BSA and BSA-

MBS were not recognized by the lectin, confirming signal specificity. The arrows in SDS-

PAGE gels attempt to highlight the increase in molecular weight during the different 

conjugation steps leading to BSA-MBS-MUC16-Tn/STn conjugates. B) Monitoring of 

reaction products of MUC16-Tn biosynthesis by DotBlot. KLH, KLH-MBS conjugates 

showed no reactivity to the VVA lectin. On the other hand, one major dot was observed in 

the area corresponding to KLH-MUC16-Tn glycoconjugates. 

 

3.5 Concluding Remarks 

The synthesis of O-glycopeptides for bioanalytical and medical applications has been 

a challenging research topic. Exploiting human recombinant glycosyltransferases for 

glycosites definition and glycan chains extension offers significant advantages over organic 

synthesis, enabling an easy, rapid, less expensive and sustainable production of glycan 

chains with desired conformations. Nevertheless, it requires a fine tuning of the myriad of 

initial ppGalNATs to ensure the correct definition of glycosites. In particular, the enzymatic 

synthesis of short-chain sialylated peptides mimicking cancer-associated epitopes may be 

achievable by one-pot combination of glycosyltranferases, chaperones and cofactors. 

Accordingly, these methodologies have been used to generate MUC1-Tn, STn, T and S3T 

antigens with relative success18,31. However, even though tremendously straightforward, 

these procedures generate complex glycopeptide mixtures with distinct glycosite patterns 

and different combinations of glycan chains, often presenting all synthesis intermediates. 

Mixtures of different epitopes may likely translate the in vivo context and therefore be 

desirable envisaging multivalent carbohydrate-based vaccines. However, the lack of pure 

products still poses difficulties for bioanalytical applications and the design of highly 

specific targeted therapeutics. As such, this work was devoted to setting the synthesis and 

analytical bases for future enzymatic production of glycopeptides of medical interest 
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presenting sialylated short-chain O-glycans and their conjugation with PLGA based 

nanoparticles. It successfully explored one-pot enzymatic synthesis to produce a wide array 

of MUC16-Tn, STn, S3T and, for the first time, S6T glycopeptides. These glycopeptides are 

expressed in bladder cancer and may also be present in other solid tumours overexpressing 

MUC16 as ovarian27, breast38, and pancreatic cancer39. A combination of reverse phase 

chromatography with and without TiO2 enrichment has also been tested to establish 

purification protocols. Reverse phase chromatography allowed a reasonable separation 

between neutral and fully sialylated glycopeptides, irrespectively of their nature. Moreover, 

it enabled a good separation of glycopeptides with different Tn-glycosites which may be 

introduced at initial stages as precursors for downstream glycosylation. Nevertheless, future 

studies should explore combinations of different ppGalNAcTs to diversify the array of 

products. Moreover, the characterization of isolated glycopeptides by ETD-fragmentation 

should be envisaged to support glycosites annotation. Finally, while there is still room to 

improve chromatographic settings, reverse phase chromatography has demonstrated limited 

capacity to fully resolve hybrid glycopeptides presenting both neutral and sialoglycans. This 

limitation may be significantly improved in the future with the introduction of HILIC 

chromatography, which enables good separation between neutral and sialoglycopeptides32. 

A possible combination with reverse phase chromatography in 2D settings may significantly 

increase the quality of these procedures. In addition, TiO2 enrichment may be used to 

improve the isolation of hybrid MUC16-STn glycopeptides as well as sialylated MUC16-

S3T and S6T. These observations suggest that combinations of different 

enrichment/purification strategies may be used according to the outlined objectives. 

Moreover, testing these different settings will significantly improve purification and provide 

an important setup for future glycoproteomics studies supporting glycobiomarkers 

discovery. 

The second part of this work relates with setting up a protocol for construction of 

immunogenic MUC16-STn/Tn glycopeptides-protein glycoconjugates for future work, 

including the generation of antibodies in relevant animal models and carbohydrate-based 

vaccines. MUC16-STn and MUC16-Tn were elected for proof-of-concept studies, given its 

clinical relevance for targeting chemoresistant bladder tumours26. No particular purification 

steps were introduced at this stage in an attempt to provide a multivalent construct presenting 

a wide myriad of glycoepitopes. The future construction of glycoconjugates with distinct 
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glycoepitopes and immunogenic proteins with tailored properties to improve 

immunogenicity, half-life in circulation, amongst other critical aspects may be now 

envisaged. This will pave the way for formulations capable of eliciting antibody production 

in different animal models that may be ultimately tested as carbohydrate-based vaccines. 

In summary, this work sets important foundations for translating O-glycobiomarker 

research into glycan libraries aiding biomedical research and the development of glycan-

inspired targeted therapeutics, namely immunotherapy. Moreover, important observations 

have been made for more in-depth studies towards carbohydrate metrology, a crucial 

milestone for fostering carbohydrate-based biotechnological applications. 
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4.1 Abstract 

Alterations in the glycosyation of proteins at the cell-surface of cancer cells are often 

responsible for creating unique molecular signatures that are not reflected by healthy tissues. 

Amongst the most common alterations in cancer is the overexpression of the Tn antigen, a 

short-chain O-glycan resulting from a premature stop in glycans elongation. Its cancer 

specific nature holds tremendous potential for immunotherapy by vaccination once their 

immunosuppressive nature is overcome. Based on previous reports, we anticipate that 

glycopeptides presentation to the immune system using nanoconstructs may constitute a key 

strategy to surpass Tn immunosuppressive features. Envisaging the molecular rationale 

towards this end, we have synthesized several MUC16-Tn glycopeptides that were 

covalently immobilized at the surface of PLGA nanoparticles. In parallel, we have also 

adsorbed the glypeptide at the surface of PLGA nanoparticles. These nanoconstructs 

presented a spherical nature and dimensions lower than 200nm, a low polydispersion index 

and high stability at physiological pH, suggesting potential for delivery of glycoepitopes to 

antigen presenting cells. The successful immobilization/adsorption of the glycopeptide to 

nanoparticles was confirmed by proton Nuclear Magnetic Resonance (1H NMR). We also 

observed that the nanoconstructs could be internalized by immature macrophages at non-

toxic concentrations. This has created the rational for pursuing the development of 

innovative glycan-based nanovaccines. 

4.2 Introduction 

Cancer cells frequently overexpress at the cell surface short-chain O-glycans such as 

Tn and sialyl-Tn antigens, which result from a premature stop in protein O-glycosylation 

due to profound deregulations in secretory pathways1,2. The substitution of more elongated 

glycoforms by shorter species is known to induce the activation of relevant oncogenic 

pathways such as PI3K/AKT3 and hyperactivation of the mitogenic ErbB2 tyrosine kinase 

receptor (RTK)4, ultimately favouring cancer cell migration5, invasion6 and metastasis 

development7. Consequently, increased levels of these glycans are frequently associated 

with worst prognosis in most human solid tumours8-10, supporting their pancarcinomic 

nature. These events are frequently associated to mucins (MUC) overexpression that, due to 

their elevated molecular weight and dense number of O-glycosites, tremendously amplify 
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abnormal glycosylation at the cell surface11-13. Nevertheless, virtually any protein at the cell-

surface presenting serine and/or threonine residues and undergoing transport across the 

secretory pathways may exhibit these common post-translational modifications14. Short-

chain O-glycans are generally not expressed by non-malignant cells or exhibit a sparse 

expression restricted to cells specialized in secretion and facing the lumen of the 

gastrointestinal and respiratory tracts15. In addition, they have not yet been observed in the 

bloodstream or lymph, suggesting potential for cancer targeted therapeutics and 

immunotherapy.  

Cancer vaccines, alone or in combination with other immunotherapies such as 

adoptive cell therapy or immune checkpoint inhibitors, are considered a promising 

alternative to conventional cancer therapy16. These may stimulate specific and deleterious 

immune responses against tumours with minimal impact on healthy cells17-19. The capacity 

to elicit immune memory and long-term protection against recurrences is also a key 

advantage compared to existing therapeutics20,21. Several vaccine constructs have been 

developed exploiting either synthetic short-chain O-glycans22,23 or abnormally glycosylated 

MUC- glycopeptides24 coupled to different types of immunogens. However, the success of 

such approaches has been challenged by these glycans immunosuppressive nature25. In fact, 

Tn and STn antigens are endogenous ligands of different lectins at the surface of antigen 

presenting cells (APCs) and glycan-lectin recognition has been found responsible by 

preventing APCs maturation and damping effective anti-tumour immune responses26,27. 

Namely, both Tn and STn antigens are targeted by macrophage galactose type C-type lectin 

(MGL) exclusively expressed by dendritic cells (DCs) and activated macrophages27,28, 

driving the activation of immune-inhibitory programmes characterized by increased IL-10 

production and the induction of effector T cell apoptosis27. Moreover, STn-positive mucins 

secreted by cancer cells impair DCs maturation and lead to DC-mediated induction of high 

levels of the Treg cell-associated transcription factor forkhead box protein P3 (FOXP3) and 

low IFNγ29 in T cells. Recognition by sialic acid-binding immunoglobulin-like lectins 

(Siglecs) expressed at the surface of APCs are regarded to play a key role in these 

events25,26,30. Therefore, more effective vaccine formulations are required to tackle the 

current limitation of conventional vaccination on APCs. Nanomedicine offers unique 

opportunities to improve the suboptimal efficacy of cancer vaccines and may constitute a 

key opportunity to foster the exploitation of glycans in this context31-33. A plethora of 
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nanoplatforms have been proposed to deliver molecular, cellular or subcellular vaccines to 

target cells and lymphoid tissues, while promoting the potency and durability of anti-tumor 

immunity and reducing adverse side effects34-36. Namely, poly(lactic-co-glycolic acid) 

(PLGA)-based nanovaccines have been exploited to improve the delivery of neoantigens to 

APCs37-39. PLGA-formulations have been used to encapsulate different types of 

immunogens (proteins, peptides, nucleic acids, immunostimulatory molecules) preventing 

premature degradation and enhancing their stability38,40,41. Moreover, PLGA nanoparticles 

may be easily grafted by simple click-chemistry reactions with different epitopes and/or 

immunostimulatory molecules such as Toll-Like Receptors (TLR), enabling a more effective 

targeting of relevant APCs subpopulations42,43. Many of these strategies have been elegantly 

used to induce the efficient uptake and presentation of cancer antigens by APCs, promoting 

their activation and capacity to elicit effector T cell responses44,45. 

As such, the present chapter devotes to designing innovative PLGA nano-vehicles 

for selective delivery of Tn-glycoepitopes to immune cells. We hypothesize that PLGA 

nanoparticles may be used to boost more effective immune responses and/or hinder the 

glycopeptides from recognition by APC cell surface receptors, bypassing the downstream 

activation of immunosuppressive signals.  The variable tandem repeat of MUC16 containing 

several potential O-glycosylation sites was used as model glycopeptide. We anticipate that 

this may constitute the molecular basis for the development of a multivalent glycan-based 

vaccine for a wide number of solid tumours overexpressing abnormally glycosylated 

MUC16 (bladder46, ovarian47, cervical48, lung49) and where this glycoprotein plays a key role 

in cancer development towards poor prognosis50-52.  

4.3 Material and Methods 

4.3.1 Nanoparticles production for MUC16-Tn encapsulation  

PLGA-PEG-MAL NPs for MUC16-Tn encapsulation were generated by a modified 

water-in-oil-in-water (w/o/w) double emulsion-solvent evaporation technique53,54,55. Briefly, 

19 mg of PLGA (Corbion-Purac Biomaterials) and 1mg of PLGA-PEG-MAL (for PLGA-

PEG-MAL NPs) were dissolved in 4 mL ethyl acetate (Sigma-Aldrich), following the 

addition of 20, 30 or 40 µg/mL MUC16-Tn and emulsification at 70% amplitude for 30 s 

using a Vibra-Cell™ ultrasonic processor in an ice bath. The second emulsion was achieved 

by adding 2% Pluronic F-127 (6 mL) (Sigma-Aldrich) to the first emulsion, following Vibra-

Cell™ ultrasonic homogenization for 60 s and addition of the resulting mixture to 12 mL of 
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the same surfactant. Ethyl acetate evaporation from the final solution occurred for 5 h under 

magnetic stirring at 250 rpm. Nanoparticles were isolated by ultracentrifugation at 120 000g 

for 40 min. 

4.3.2 Nanoparticles production for MUC16-Tn adsorption or functionalization  

Briefly, 19 mg of PLGA (Corbion-Purac Biomaterials) and 1 mg PLGA-PEG-MAL 

were dissolved in 1 mL ethyl acetate, following the addition of 100 µL Mili-Q water to form 

the primary (w/o) emulsion and homogenization in a Vibra-CellTM ultrasonic processor for 

30 seconds. The second (w/o/w) emulsion was achieved by adding 2% Pluronic F-127 (4 

mL) and homogenization for 1minute. The final mixture was finally added to another 

solution of pluronic 2% (15 mL) and left under magnetic stirring at 300 rpm for 3h 

envisaging ethyl acetate evaporation. This resulted in the synthesis of both PLGA and 

PLGA-PEG-MAL (95:5 % w/w) NPs. Formulations were washed three times with ultrapure 

water using Amicon centrifuge filters (100kDa MWCO) at 1,500g for 10 minutes at 4ºC, 

followed by resuspension in 5,4 mL of ultrapure water.  

MUC16-Tn glycopeptides were conjugated to the surface of NPs by maleimide 

chemistry56,57. To allowmild reduction of C-terminal cysteines in the glycopeptide, tris(2-

carboxyethyl) phosphine hydrochloride (TCEP) was added to MUC16-Tn 20 mer CysTag 

at a final proportion of 1:1 and incubated for 1 hour at room temperature under 70 rpm 

agitation in the presence of 0,1% of TWEEN-20. To this mixture, 2mg of NPs were added 

and incubated overnight at 4ºC under 250 rpm agitation. NPs with adsorbed peptide were 

produces similarly but in the absence of TCEP. After overnight incubation, formulations 

were washed three times with phosphate buffer pH 7 using Amicon centrifuge filters (3kDa) 

at 1,500 g for 5 minutes at 4ºC and finally resuspended in the same buffer. Functionalization 

with 10, 20, 30 and 40 µg of MUC16-Tn were attempted for PLGA-PEG-MAL NPs. The 

supernatants were stored for further peptide quantification using the Pierce™ Quantitative 

Colorimetric Peptide Assay Kit (Thermo Fisher Scientific). The conjugation efficiency was 

determined according to the following equation: 

 

𝐶𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓𝑔𝑙𝑦𝑐𝑜𝑝𝑒𝑝𝑡𝑖𝑑𝑒 −  𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑙𝑦𝑐𝑜𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑙𝑦𝑐𝑜𝑝𝑒𝑝𝑡𝑖𝑑𝑒
 𝑥 100 
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 Fluorescent PLGA-PEG-MAL NPs were produced through a modified 

nanoprecipitation method58. Accordingly, 20 mg PLGA-PEG-MAL was dissolved in 

acetone (Sigma-Aldrich) and added to 0.8 mg of coumarin (C6; Sigma-Aldrich) dissolved 

in acetone. This organic solution was transferred through a 25 G needle to an aqueous 

solution of 1% Pluronic F-127 (15 mL) and solvent evaporation occurred under magnetic 

stirring at 250 rpm for 3 h. Fluorescent NPs were washed three times with ultrapure water 

using Amicon centrifuge filters (100kDa MWCO) at 1,500g for 10 minutes at 4ºC, followed 

by resuspension in 5,4 mL of ultrapure water. Functionalization of 15 µg of MUC16-Tn were 

attempted for fluorescent NPs. 

4.3.3 Characterization of nanoparticles 

4.3.3.1 Nanoparticles physicochemical and morphological characterization  

 The size and polydispersity index (PdI) of formulations were determined by Dynamic 

Light Scattering (DLS), while surface charge of NPs was determined by laser Doppler 

anemometry (LDA). After dispersion, NPs were diluted in 10mM sodium chloride solution 

(pH 7.0) (Sigma-Aldrich) and DLS and LDA were performed with a Nano ZS Zetasizer 

(Malvern, Worcestershire, UK) at 25 °C using the Smoluchowski model. Data is presented 

as the average of the triplicate NP formulations. Surface morphology and NPs size 

confirmation were performed by transmission electron microscopy (TEM) using a JEM-

1400 microscope (JEOL, Tokyo, Japan) at an acceleration voltage of 80 kV. 

4.3.3.2 Nuclear magnetic resonance analysis 

PLGA nanoparticles were washed with ultrapure water and poured into semi-

stoppered glass vials with slotted rubber closures at a maximal formulation volume of 2 mL 

The samples were frozen by ramped cooling at −40ºC for 4 h followed by lyophilization 

using a VirTis Advantage Plus Benchtop lyophilizer from SP Scientific (Warminster, PA, 

USA). The condenser surface temperature was maintained at -60 ± 5ºC. The primary drying 

occurred at -32ºC and 150 mtorr during 24 h, while secondary drying occurred at 20 ºC and 

50 mtorr during 6 h. 

1H NMR spectra of PLGA NPs, PLGA-PEG-MAL NPs, and MUC16-Tn adsorbed 

or covalently linked to PLGA-PEG-MAL NPs were acquired, at room temperature, on a 

Brüker AMX 300 spectrometer operating at 400.13 MHz. The samples were analysed at the 

final concentration of 2 mg/mL in 1:3 H2O-d6:DMSO-d6. The chemical shifts are expressed 
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in δ (ppm) values relative to tetramethylsilane (TMS) as internal reference and coupling 

constants (J) are given in Hz.  

4.3.4 Functionalized nanoparticles evaluation in human macrophages 

 

4.3.4.1 Cell culture maintenance conditions 

The human THP-1 cell line was acquired from ATCC (Manassas, USA) and cultured 

in RPMI 1640 + GlutaMAXTM medium (GibcoTM, Thermo Fisher Sientific) supplemented 

with 10% heat-inactivated FBS (GibcoTM, Thermo Fisher Sientific) and 1% penicillin-

streptomycin (10,000 Units/mL penicillin; 10,000 μg/mL streptomycin; GibcoTM, Thermo 

Fisher Sientific) at 37°C in a 5% CO2 humidified atmosphere.  

 

4.3.4.2 In vitro uptake studies on dTHP-1 

THP-1 cells were differentiated into macrophage-like cells (dTHP) with 100 ng/mL 

phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) for 48 h, following a 24h incubation 

with fresh medium to achieve the M0 phenotype. For NP uptake evaluation, cells were 

incubated with 20, 2, 0.2 or 0.01 ng/µL of functionalized or adsorbed MUC16-Tn-PLGA-

NPs loaded with fluorescent coumarin 6 (C6) as well as with the same amounts of MUC16-

Tn free peptide in OptiMEM. Medium (Gibco) for 4 h at 37 °C. Cells were then fixed with 

4% PFA and stained with CellMask™ Orange 0.5x (Invitrogen) for 10 min at room 

temperature in obscurity. The uptake of fluorescent NPs was evaluated under inverted 

fluorescence microscopy (Leica DMI 6000 from Leica), detecting NPs through the GFP 

channel and CellMask™ stained cells through the TXR channel. Tilescans were captured 

using the LAS X software. 

4.3.4.3 Nanoparticles cytotoxicity profiles 

The cytotoxicity of free MUC16-Tn and both MUC16-Tn functionalized and adsorbed NPs 

were determined by MTT assay. Accordingly, dTHP-1were seeded into 96 well plates at a 

cell density of 10 000 cells/well, and exposed to increasing doses of free glycopeptides and 

NPs formulations. After 24 h exposure, conditioned media was replaced by 100 μL fresh 

culture medium and 10 μL of a 12mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT, ThermoFisher Scientific) stock solution was added to each well, following 

a 4 h incubation at 37 °C in a humidified chamber. 75 μL of conditioned medium was 
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removed from the wells and 50 μL of DMSO (Sigma-Aldrich) was added to solubilize 

formazan crystals. Plates were incubated at 37 °C for 10 min and absorbances were read at 

540 nm in a microplate spectrophotometer. Positive controls (untreated cells; empty NPs 

exposed cells) and a negative control (cells treated with 1% triton-X 100) were included. 

Thus, the metabolic activity (%) of living cells was calculated through the following the 

equation: 

 

𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝑎𝑏𝑠𝑜𝑟𝑣𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 

𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 𝑥 100 

4.3.5 Statistical analysis 

Statistical analysis and data mining Statistical analysis was performed using the 

Student’s T-test for unpaired samples. Differences were considered to be significant when p 

< 0.05. 

4.4 Results and Discussion 

The main goal of this work was to establish nanovaccine constructs for cancer 

immunotherapy. As proof of concept, we have produced nanovehicles to deliver MUC16-

Tn glycoepitopes to antigen presenting cells (APCs). We anticipate that this may constitute 

an important milestone for developing affective anti-cancer vaccines against this antigen, 

which is widely expressed in many aggressive solid tumours, including bladder46, ovarian47, 

cervical48, and lung49 tumours. Moreover, it may help creating a rationale for exploiting other 

relevant glycoepitopes for cancer immunotherapy. 

4.4.1 Synthesis and Physicochemical characterization 

We started by producing MUC16-Tn glycopeptides with the same sequence and 

glycosylation patterns described in Chapter III and using the single pot chemoenzymatic 

synthesis method. This strategy allowed to produce multiple glycopeptides carrying different 

levels of glycosylation, which better reflects the heterogeneous nature at the surface of 

cancer cells.  

In parallel, we have produced PLGA-PEG-MAL nanoparticles by the double 

emulsion-solvent evaporation technique55. Nanoparticles surfaces were subsequentially 

functionalized with MUC16-Tn glycopeptides, originating PLGA-PEG-MAL-MUC16-Tn 
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molecular constructs. The cysteine TAG at the reducing end of the glycopeptide was 

explored towards this end after reduction with TCEP, enabling to control the reaction 

stoichiometry while allowing a more homogeneous orientation of the glycopeptide upon 

functionalization. Alternatively, we have also promoted the adsorption of the glycopeptides 

at the nanoparticles surface, originating PLGA-PEG-MAL/MUC16-Tn molecular 

assemblies. According to Figure 9, using different amounts of glycopeptide (10-40 g), we 

obtained similar adsorption and functionalization yields (80-90%) and immobilized a 

maximum of 36 g in the nanoparticles for downstream physicochemical evaluation of 

toxicity and APCs uptake. We have also attempted to encapsulate the glycopeptide in PLGA 

using the double emulsion method53,54; however, with no success (Figure 9) reflecting the 

difficulty to encapsulate highly hydrophilic molecules such as MUC16-Tn in PLGA55,59. 

These observations support the need to adopt alternative scaffolds of more hydrophilic 

natures such as chitosan60,61 or liposomes62-64 for efficient MUC16-Tn encapsulation. 

Finally, we performed controlled release experiments at physiological pH to estimate the 

stability of the adsorbed and covalently linked MUC-16-Tn PLGA vehicles. No 

glycopeptide was release from both constructs over a 72 hours period, suggesting efficient 

covalent immobilization and high affinity of the glycopeptide to the nanoparticles. 
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Figure 9. Percentage of MUC16-Tn conjugation (covalent link of MUC16-Tn to the 

surface of PLGA-PEG-MAL-NPs), adsorption and encapsulation. The amount of 

MUC16-Tn in the nanoparticles increased with the amount of available MUC16-Tn for 

conjugated and adsorbed molecular constructs. Contrastingly, PLGA-PEG-MAL did not 

encapsulate the glycopeptides even in the presence of higher amounts of MUC16-Tn. 

Nanoparticles size, as determined by dynamic light scattering (DLS), ranged between 

156-199 nm. The polydispersion index (PdI) of NPs suspensions ranged between 0.2 and 

0.5, demonstrating little polydispersion in all cases (Table 4). Notably, slightly higher 

dimensions and polydispersion were observed for functionalized nanoparticles (199 nm; 0.5 

PdI), supporting the notion that functionalization may contribute to increase the 

nanoparticles size and originate some degree of heterogeneity (Table 4), as highlighted by 

previous studies55,65. 
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Table 4. Properties of PLGA-PEG-MAL, MUC16-Tn functionalized (PLGA-PEG-

MAL-MUC16-Tn) and MUC16-Tn adsorbed (PLGA-PEG-MAL/MUC16-Tn) 

nanoparticles. The values are represented as mean values ± SD (n = 3). 

 Size (nm) PDI Potential (mV) 

PLGA-PEG-MAL 156,1±3,580 0,225±0,007 -0,3777±0,055 

PLGA-PEG-MAL-MUC16-Tn 199,3±8,3338 0,503±0,035 -1,264±0,1036 

PLGA-PEG-MAL/MUC16-Tn 150,6±4,574 0,294±0,020 -0,6746 

 

  Nevertheless, all formulations presented negative zeta potentials, demonstrating 

stability and low aggregation probability as well as low potential to undergo repulsion by 

negatively charged cell surfaces66. Notably, the presence of MUC16-Tn glycopeptides at the 

nanoparticles surface significantly contributed towards their stabilization, being more 

accentuated upon covalent glycopeptide linkage. Furthermore, transmission electron 

microscopy (TEM) demonstrated similar nanoparticle spherical shape, size range and 

polydispersion to DLS analysis (Figure 10A). Notably, MUC16-Tn containing PLGA 

nanoparticles also changed their colour from bright white to dark under TEM analysis, 

supporting the presence of the glycopeptide. Moreover, elementary analysis confirmed an 

increase in the relative amount of carbon in the nanoparticles carrying MUC16-Tn in 

comparison to controls (Figure 10B), reinforcing the presence of the glycopeptide. In 

addition, MUC16 functionalized nanoparticles also presented an increased sulfur content 

consistent with the presence of the cysteine tag at the reducing end. However, sulfur could 

not be detected in adsorbed MUC16-Tn nanoconstructs, suggesting that adsorption to the 

nanoparticles may interfere with TEM analysis due to sufur groups sublimation67. 
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Figure 10. A) Transmission Electron Microscopy (TEM) analysis of PLGA-PEG-MAL, 

MUC16-Tn functionalized (PLGA-PEG-MAL-MUC16-Tn) and MUC16-Tn adsorbed 

(PLGA-PEG-MAL/MUC16-Tn) nanoparticles. TEM analysis demonstrating the 

spherical nature and nanodimensions of PLGA-PEG-MAL-NPs containing either covalently 

immobilized or adsorbed MUC16-Tn. Notably, nanoformulations presenting MUC16-Tn 

exhibited a dark nature under TEM analysis, which contrasted with the bright nature of the 

void nanoparticles, suggesting the presence of MUC16-Tn. B) Element analysis (carbon, 

proton, sulfur) for each formulation expressed in terms of relative weight percentage. 

An increase in the percentage of carbon for formulations containing MUC16-Tn in 

comparison to the void PLGA-PEG-MAL nanoparticles was shown. Sulfur from the cysteine 

tag in the formulations containing MUC16-Tn glycopeptides immobilized by covalent 

linkage was also detected. Collectively these observations support the presence of MUC16-

Tn in the nanoparticles. 

Complementary studies by proton NMR were performed to confirm the presence of 

MUC16-Tn in the nanoconstructs (Figure 11). The controls, corresponding to PLGA, 
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present typical signals between δ4.8-5.3 ppm and a spectral fingerprint in accordance with 

previous publications68. The PLGA-PEG-MAL presented an additional intense signal at δ3.5 

ppm characteristic of PEG69 and at δ1.5 corresponding to MAL69. The presence of these 

signals in the PEG-MAL spectra confirmed the previous assignment. The formulations 

containing MUC16-Tn glycopeptides presented additional broad signals between δ5.0-5.3 

ppm, most likely from the anomeric protons of the GalNAc residue that composes the Tn 

antigen in different electronic environments70. Detected signals between δ3.5-4.0 ppm 

corresponded to the H2-H6 ring protons of the GalNAc residue70. The MUC16-Tn constructs 

also exhibited a clear signal between δ1.0-1.5 ppm from the NHAc group in GalNAc70. 

Several signals detected between δ3.5-4.0 ppm most likely corresponded to H protons from 

amino acids composing the peptide moiety70; however, water suppression during spectral 

acquisition may have hindered some of these signals. Notably, signals between δ2.0-3.0 ppm 

may also derive from amino acids H protons70. Finally, the spectrum corresponding to the 

MUC16-adsorbed nanoconstuct showed the MAL signal at δ1.7-1.5 ppm, which disappeared 

in the functionalized nanoconjugate spectrum, suggesting conjugation. This was 

accompanied by the appearance of a signal at δ7.5 ppm indicative of maleimide 

functionalization69. 
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Figure 11. 1H NMR spectra for PLGA, PEG-MAL, PLGA-PEG-MAL-MUC16 

(covalent linkage to PLGA) and PLGA-PEG-MAL/MUC16 (adsorbed). The spectra 

highlight characteristic signals supporting the observed structures, with emphasis on the 

successful link of MUC16-Tn glycoepitopes to PLGA as well as adsorption to its surface. 

4.4.2 Toxicity Profile and Uptake by Macrophages 

 The cytotoxicity of PLGA-PEG-MAL, PLGA-PEG-MAL-MUC16-Tn and PLGA-

PEG-MAL/MUC16-Tn at different concentrations was determined using the metabolic 

MTT assay, a colorimetric assay assessing cell metabolic activity and reflecting the number 

of viable cells (Figure 12B and C). The results were confirmed by fluorescence microscopy 

screening of cell density in the different conditions (Figure 12A). PLGA-PEG-MAL 

nanoparticles were significantly toxic to THP-1 macrophage-like cells (approximately 70% 

of cell death), irrespectively of the used concentrations. MUC16-Tn glycopeptides also 

exhibited significant toxicity, inducing approximately 50% cell death (Figure 4). Our data 

suggests that MUC16-Tn glycopeptides may potentially have a deleterious effect towards 

APCs (Figure 12B), which warrants evaluation in future studies. Notably, MUC16 is often 

subjected to proteolysis at the cell surface, which may potentially induce the release of many 

glycoforms into circulation51,71; nevertheless, the role of these molecules in immune 

modulation is not yet fully understood. On the other hand, the covalent immobilization of 
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MUC16 at the surface of nanoparticles or its adsorption induced a protective effect that 

significantly reduced the toxicity of both PLGA-PEG-MAL and MUC16-Tn for 

concentrations bellow 2.0 ng/L of MUC16-Tn (Figure 12C). We then evaluated the uptake 

of the two constructs (immobilized, adsorbed) by the macrophages at concentrations of 2.0 

and 0.2 ng/L, which was only observed at higher concentrations (Figure 13). In summary, 

we have defined important toxicity limits for the developed nanoformulations and ideal 

conditions to evaluate uptake by macrophages. The necessary rationale has been established 

to pursue the evaluation of the nanoformulations capacity to induce immune responses 

against MUC16-Tn expressing cells. 

 

Figure 12. A) Fluorescence microscopy analysis of macrophages exposed to PLGA-

PEG-MAL at different concentrations (0.4, 0.04 and 0.004 mg/mL) as well as MUC16-

Tn, PLGA-PEG-MAL-MUC16-Tn (conjugation construct) and PLGA-PEG-

MAL/MUC16-Tn (adsorption construct) at different MUC16-Tn concentrations (20, 2 

and 0.2 ng/mL). B) MTT metabolic assay to assess cellular viability upon 

nanoconstructs exposure. PLGA-PEG-MAL as well as MUC16-Tn are toxic to TPH-1 

cells at all studied concentrations. However, together they exert a co-protective effect that 

significantly diminishes cellular toxicity. No toxicity was observed for concentrations of 2 
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and 0.2 ng/µL of MUC16-Tn. Graphs represent the average value of three different replicates 

and ****p < 0.0001. 

 

Figure 13. Nanoparticles uptake by macrophages at non-toxic concentrations (2.0 and 

0.2ng/ml of MUC16-Tn) observed by immunofluorescence microscopy. Nanoparticles 

are observed in the green channel (coumarin-6 emission channel), whereas the cells are 

marked red (Orange CellMask). Control experiments involving non-treated cells were 

performed in parallel (nuclei stained with DAPI; cytoplasm stained with Orange CellMask). 

These experiments showed only detectable internalization of nanoparticles by macrophages 

at 2.0 ng/ml MUC16-Tn concentrations. 

4.5 Concluding Remarks 

 Abnormally glycosylated peptides derived from clinically relevant cancer proteins 

such as MUC16 provide unique molecular signatures for precise cancer targeting and 

immunotherapy development51,72. Herein, we have explored MUC16-Tn glycopeptides 

present in more aggressive solid tumours but, to our knowledge, not in healthy tissues. These 

glycopeptides hold tremendous potential in the context of cancer vaccines once the 

limitations associated with their immunosuppressive nature are overcome73,74. Building on 

these observations, we have synthesized a wide array of glycoepitopes using as template a 

20 amino acid variable tandem repeat sequence of MUC16 containing multiple glycosyation 

sites (Chapter III). This is expected to reflect the structural heterogeneity at the surface of 

cancer cells75,76, enabling the construction of multivalent vaccine constructs.  
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We have then devoted to developing different PLGA nanovehicles to deliver these 

glycoepitopes to APCs. Although the exact molecular mechanisms supporting the superior 

performance of PLGA nanoparticles in comparison to conventional vaccine vehicles are yet 

to be fully elucidated, several reports demonstrate its potential in this context. Namely, 

PLGA nanoparticles have been demonstrated to induce enhanced DCs uptake of several 

active compounds with further T-cells responses activation77. Accordingly, we have 

successfully adsorbed and covalently immobilize MUC16-Tn glycoepitopes at the surface 

of PLGA-NPs. These constructs have been proven stable at physiological pH, suggesting 

potential to deliver glycopeptide cargo to APCs, which was reinforced by macrophage 

internalization assays. Moreover, we have identified important non-cytotoxic concentration 

thresholds for downstream system characterization in vitro as anti-cancer vaccines. Notably, 

we have attempted to encapsulate MUC16-Tn antigens, providing an alternative 

administration formulation; however, with limited success, most likely due to the high 

hydrophilic character of the glycopeptide. These observations support the need to explore 

alternative and more hydrophilic vehicles such as chitosan or liposomes, also widely used in 

nanovaccines development60,61,64. Also, further NPs functionalization towards more specific 

APC targeting is warranted. Namely, the use of TLR agonists and co-stimulatory molecules 

has been proven effective in enhancing APC uptake and subsequent cytotoxic T cells 

responses42. Nevertheless, to our knowledge, this is the first report describing MUC16-Tn-

PLGA nanoassemblies, setting the grounds for further studies. 
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5.1 Abstract 

Cancer cells overexpress at the cell surface glycoproteins yielding short-chain O-

glycans such as the Tn antigen, which result from a premature stop in protein glycosylation. 

These alterations are frequently found in more advanced solid tumours of different natures 

and associated with worst prognosis. Moreover, these glycans are not found or just residually 

expressed in healthy tissues, holding enormous potential for targeted therapeutics and 

immunotherapy. However, the functional implications of Tn antigen expression in cancer 

cells, including its relevance in the context of immune modulation, remains poorly 

understood. Envisaging the clarification of Tn antigen functional impact and to provide a 

cell model supporting the development of innovative glycan-based therapeutics, we have 

glycoengineered the T24 urothelial cell line using CRISPR/Cas9 technology for C1GALT1 

knockout (T24 C1GALT1 KO), precluding O-glycan elongation beyond Tn and sialyl-Tn 

antigens. Immunofluorescence microscopy and flow cytometry analysis using VVA lectin 

demonstrated high levels of Tn antigen at the cell surface. Notably, this antigen was only 

residually detected in T24 wild type cells (T24 WT). Complementary glycomics analysis 

confirmed the loss of more extended glycans in T24 C1GALT1 KO cells. Tn antigen 

expression had no impact on cell proliferation, migration or invasion. Moreover, it did not 

change the expression of HLA-ABC, CD47 and PD-L1 immunomodulators, which 

constitute key promotors of cancer cell immune escape. Furthermore, Tn overexpressing 

cells co-culture with dendritic cells (DC) could have induced DC dedifferentiation, 

translated by the loss of CD11c lineage marker, while downregulating CD86 and HLA-DR 

responsible for antigen presentation. Collectively, our data also supports that these effects 

cannot be fully rescued by stimulation with LPS, which warrants confirmation in future 

studies. These observations suggest that the Tn antigen may contribute to dampen anti-

cancer immune responses and provide a critical model to develop innovative 

immunotherapies targeting this antigen. 

5.2 Introduction 

 Most advanced stage solid tumours overexpress short-chain glycans such as the Tn 

and sialyl-Tn (STn) antigens, as result of a premature stop in protein O-glycosylation. In 
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cancer, these events have been mainly associated to the following events: i) miss-localization 

of different glycosyltransferases across the endoplasmic reticulum and Golgi apparatus1,2; 

ii) changes in the expression of glycogenes encoding enzymes involved in glycan 

biosynthesis3,4; iii) Fluctuations in nucleotide sugar donors abundance in response to 

microenvironmental stimuli such as oxygen and nutrient levels5,6; iv) ST6GALNAC1 

overexpression, leading to Tn antigen sialylation and abrogation of further extension2,7; v) 

mutation or promoter hypermethylation of COSMC gene, encoding a highly relevant T 

synthase chaperone; thereby, compromising T antigen biosynthesis and consequently 

exacerbating Tn and STn precursors 8,9. Increased levels of short-chain O-glycans in solid 

tumours are generally associated with higher metastatic potential and decreased survival10-

12. Moreover,  even though abundantly expressed in cancer tissues of different origins, the 

presence of short chain glycans is rarely detected in healthy tissues, making them attractive 

targets for cancer therapy13. Of note, short O-GalNAc glycans are also absent from most 

cancer cell models, suggesting a dependence on specific microenvironmental cues. In line 

with this, several studies support the pivotal role of cross-talks between the immune and 

cancer cells under inflammatory conditions14,15. Moreover, hypoxia, a common feature of 

advanced stage tumours, is also amongst the events suggested to antagonize O-glycan 

extension by downregulating key enzymes involved in glycan elongation6. While much 

effort has been put in understanding the microenvironmental promoters of altered 

glycosylation, glycoengineered cell lines remain an important tool to gain insights on the 

functional relevance of glycans in cancer16,17. In fact, distinct cell models (gastric, colorectal, 

bladder, prostate) engineered to overexpress ST6GALNAC1 consensually highlighted an 

increase in migration, invasion and activation of relevant oncogenic pathways18-21, 

decisively demonstrating the key role played by altered glycosylation in cancer. Moreover, 

STn-expressing cancer cells impaired DC maturation, while promoting a more tolerogenic 

phenotype and limiting their capacity to trigger protective anti-tumour T cell responses19. As 

such, the STn antigen and, in particular, STn (+) glycoproteins are regarded as potential 

targets for circumventing tumour-induced tolerogenic mechanisms. On the other hand, the 

functional role of Tn antigen is much less understood. The Tn antigen has been regarded as 

promoter of metastasis via H-Ras mediated epithelial-mesenchymal transition in colorectal 

cancer22
. In addition, MUC1-Tn glycoforms may be recognized by Galectin-3, contributing 

to metastatic extravasation23. The Tn antigen may also be recognized by the C-type 
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macrophage galactose binding lectin (MGL) expressed in DC and macrophages, leading to 

immunosuppressive effects that enable tumour cells to escape immunosurveillance24-26; 

however, the role of Tn in immunological responses against cancer cells remains poorly 

understood. As such, more studies are required to fully characterize its functional 

implications in different models, including a more precise characterization of Tn antigen 

immunological relevance towards more effective cancer immunotherapies.  

Based on these observations, the present work concerns the development of a CRISPR-

Cas9 glycoengineered cell model overexpressing the Tn antigen. Emphasis is set on 

exploiting the aggressive T24 cancer cell model envisaging more insights on Tn functional 

role in advanced bladder cancer, where it is widely expressed 27. We also aim to provide 

bases for understanding DC immune response to Tn (+) cancer cells, while providing a 

model for novel immunotherapies testing.  

 

5.3 Material and Methods 

5.3.1 Cell lines and culture conditions 

The T24 bladder cancer cell line was acquired from DSMZ (Düsseldorf, Germany) 

and recently characterized and authenticated by our group28. T24 CIGALT1 knock-out (KO) 

cells were glycoengineered in-house by CRISPR Cas-9 modification of T24 cells. Both cell 

lines were cultured in RPMI 1640 + GlutaMAXTM medium (GibcoTM, Thermo Fisher 

Sientific) supplemented with 10% heat-inactivated FBS (GibcoTM, Thermo Fisher 

Sientific) and 1% penicillin-streptomycin (10,000 Units/mL penicillin; 10,000 μg/mL 

streptomycin; GibcoTM, Thermo Fisher Sientific). Cell lines were cultured as a monolayer at 

37°C in a 5% CO2 humidified atmosphere. 

5.3.2 CRISPR Cas-9 glycoengineered cell models 

T24 cells were plated onto 24-well plates to be 70% confluent at the time of 

transfection. A recombinant Streptococcus pyogenes Cas9 (GeneArtTM Platinum Cas9 

Nuclease, Thermo Fisher Scientific) together with a single-guided RNA 

(GTAAAGCAGGGCTACATGAG sgRNA) were used to generate site-specific DSBs in the 

C1GALT1 gene in vitro. Lipofectamine™ CRISPRMAX™ Transfection Reagent (Thermo 

Fisher Scientific) was used according to the manufacturer’s instructions. Complexes were 
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made in serum-free medium (Opti-MEM™ I Reduced Serum Medium), added directly to 

cells in culture medium and incubated for 24h. 

 

5.3.3 C1GALT1 mutation analysis 

Genomic DNA from wild-type T24 and T24 C1GALT1 KO cells was purified using 

the GRS Genomic DNA Kit (GRISP Research Solutions), according to the manufacturer’s 

instructions. Mutation screening of the C1GALT1 gene was performed by Sanger 

sequencing. For this purpose, primers (Table 1) were designed using the Primer-BLAST 

design tool from the National Center for Biotechnology Information (NCBI)29. For PCR 

product amplification, a PCR reaction setup was prepared according to Table 2 and a 

thermocycler was used for an initial denaturation step at 95°C for 15 min, followed by 35 

cycles with denaturation at 95°C for 30s, annealing at appropriate temperature (59°C) for 

30s and extension at 72°C for 45s. A final extension step at 72°C for 9 min was included. 

The amplification was confirmed by electrophoresis in a 2% (w/v) agarose gel stained with 

SYBR safe DNA gel stain (Thermo Fisher Scientific). The PCR product was purified using 

a exonuclease I (20μg/μl) (Thermo Fisher Scientific) and Fast Thermosensitive Alkaline 

Phosphatase (1μg/μl) (Thermo Fisher Scientific) mix, in a proportion of 1:2. The purification 

was carried out in a thermocycler at 37ºC for 50 min for proper enzyme activity, followed 

by 15 minutes at 85ºC for enzymes inactivation. For this reaction, 2μl of ExoSap mix was 

added to 5μl of PCR product, allowing the degradation of unincorporated primers and 

nucleotides. The DNA amplicons were sequenced using the BigDye® Terminator v3.1 

Cycle Sequencing Kit from AppliedBiosystems® (Life Technologies), according to Table 

3. The thermocycler PCR program consisted on an initial denaturation step at 96ºC for 10 

min, followed by 35 cycles of denaturation at 96ºC for 10 sec, annealing at 52ºC for 5 sec 

and extension at 60ºC for 6 min. In order to reduce possible contaminants, the sequencing 

product was purified with IIlustra Sephadex® G-50 fine columns (GE Healthcare, Life 

Sciences, Cleveland, USA), according to the manufacturer ‘s instructions. Finally, to 

stabilize the DNA, samples were eluted in 15μl of deionized formamide (Applied 

Biosystems). The sequencing was performed on a 3500 Genetic Analyzer (Thermo Fisher 

Scientific) and CRISPR editing results were analysed with ICE from Synthego30. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5919682/#pgen.1007355.s008
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Table 5.Primer sequences used for sequencing C1GALT1 gene 

 Primer sequence 

Primer Forward 5’-CCGGCCCTCAAAACCTAGAG-3’ 

Primer Reverse  5’-TGCATCTCCCCAGTGCTAAG-3’ 

 

Table 6. Amplification PCR reaction setup 

Component 
 

20 µl -rxn 
 

ddH2O To 20µl 

10X PCR Buffer 2 µl 

10 mM dNTP Mix 1 µl 

25 mM MgCl2 2 µl 

10 µM forward primer 1 µl 

10 µM reverse primer 1 µl 

Template DNA 0.5µl 

AmpliTaq Gold DNA Polymerase (5U/µl) 0.2µl 

 

Table 7. BigDye™ Terminator v3.1 Cycle Sequencing reaction 

Component 10 µl -rxn 

BigDye® Mix 0.5µl 

5X Sequencing Buffer 3.4µl 

Primer 0.5µl 

ddH2O 4.78µl 

PCR product 1µl (75 ng) 

 

5.3.4 O-glycomics 

T24 WT and C1GALT1 KO cells O-glycome was characterized using Cellular O-

glycome Reporter/Amplification method, as previously described31. Briefly, benzyl 2-

acetamido-2-deoxy-α-D-galactopyranoside (Sigma-Aldrich) was peracetylated and 

administered to semi-confluent cells to a final concentration of 150 μM. Following 24h 

incubation, glycans were isolated from the conditioned media by filtration using 10 kDa 

centrifugal filter (Amicon Ultra-4, Merck Millipore) followed by reversed-phase 

chromatography in Sep-Pak 3 cc C18 cartridges (Waters). Finally, Bn-O-glycans were 

permethylated and analyzed by nanoLC-ESI-MS/MS using a nanoLC system (Dionex, 3000 

Ultimate nano-LC) coupled online to an LTQ-Orbitrap XL mass spectrometer (Thermo 

Scientific) equipped with a nano-electrospray ion source (Thermo Scientific, EASY-Spray 

source). Eluent A was aqueous formic acid (0.2%) and eluent B was formic acid (0.2%) in 
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acetonitrile. Samples (20 μl) were injected directly into a trapping column (C18 PepMap 

100, 5 μm particle size) and washed with an isocratic flux of 90% eluent A and 10% eluent 

B at a flow rate of 30 μl/min. After 3 minutes, the flux was redirected to the analytical column 

(EASY-Spray C18 PepMap, 100 Å, 150 mm × 75μm ID and 3 μm particle size) at a flow 

rate of 0.3 μl/min. Column temperature was set at 35°C. Permethylated glycan separation 

occurred using a multistep linear gradient to obtain 10% eluent B at 10 min, 38% eluent B 

at 20 min, 50% eluent B at 55 min and 90% eluent B at 65 min. The column was maintained 

at90% eluent B for 10 min before re-equilibration at 10% eluent B. The mass spectrometer 

was operated in the positive ion mode, with a spray voltage of 1.9 kV and a transfer capillary 

temperature of 250°C. Tube lens voltage was set to 120 V and the capillary voltage to 9 V. 

MS survey scans were acquired at an Orbitrap resolution of 60,000 for an m/z range from 

300 to 2000. Tandem MS (MS/MS) data was acquired in the linear ion trap using a data 

dependent method with dynamic exclusion. The top 6 most intense ions were selected for 

collision induced dissociation (CID). CID settings were 35% normalized collision energy, 2 

Da isolation window 30 ms activation time and an activation Q of 0.250. A window of 90 s 

was used for dynamic exclusion. Automatic Gain Control (AGC) was enabled and target 

values were 1.00e+6 for the Orbitrap and 1.00e+4 for LTQ MS analysis. Data were recorded 

with Xcalibur software version 2.1. Glycan structures were assigned based on characteristic 

product ion spectra and previous knowledge about O-glycosylation pathways 31. Glycans 

were expressed in terms of relative abundance in comparison to the sum of all individual 

contributions to the glycome.  

5.3.5 Glycoproteomics 

Proteins were extracted from the cells using 20x106 cells by scrapping with 

fractionation buffer (20mM HEPES buffer (pH=7.4), 10mM KCl, 2mM MgCl2, 1mM EDTA 

and 1mM EGTA) on ice. Cell suspension was then passed through a 27G needle and left on 

ice for 20 min. Samples were then centrifuged at 720 x g for 5 min at 4ºC to remove nuclei, 

transferred to a fresh tube and recentrifuged at 10.000 x g for 5 min at 4ºC to remove 

mitochondria. Samples were transferred to polycarbonate centrifuge bottles with cap 

assemblies and centrifuged for 1h at 100.000g at 4ºC in a Beckman Coulter Optima L-XP 

series ultracentrifuge. Pellets were resuspended in fractioning buffer and passed through a 

25G needle before centrifugation for 45 min at 100.000g at 4ºC. Finally, pellets were 

resuspended in an appropriate volume of TBS/0.1% SDS. MUC16 was isolated from plasma 
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membrane enriched extracts (200 g) by immunoprecipitation using the anti-CA125 

(MUC16) monoclonal antibody [sc-365002] (Santa Cruz Biotechnology) immobilized at the 

surface of magnetic beads using the Pierce™ Direct IP Kit (26148, ThermoFisher Scientific) 

according to the manufacturer’s instructions. Glycoproteins were reduced with 5 mM DTT 

(Sigma-Aldrich) for 40 minutes at 60ºC, alkylated with 10 mM iodocetamide for 45 minutes 

in the dark (Sigma-Aldrich) and digested with trypsin as previously described by us32. 

NanoLC-nES-MS/MS analysis and protein identifications were carried out according to the 

conditions previously described by us27. Data was analyzed automatically using the 

SequestHT search engine with the Percolator algorithm for validation of protein 

identifications (Proteome Discoverer 2.3.0.523, Thermo Scientific). Data was searched 

against the human proteome obtained from the SwissProt database in 10/25/2019, selecting 

trypsin as the enzyme and allowing up to 2 missed cleavage sites and a precursor ion mass 

tolerance of 10 ppm and 0.6 Da for product ions. Carbamidomethylcysteine was selected as 

a fixed modification while oxidation of methionine (+15.99491) was defined as variable 

modification. An ultra-tolerant database search was then applied for glycosites annotation 

also comprehending substitutions of serine and threonine with HexNAc (+203.079; Tn 

antigen). In this case, protein grouping filters were set to consider peptide-to-spectrum 

matches (PSMs) with low confidence and ΔCn better than 0.05 to accommodate limitations 

associated with glycopeptides annotation based on CID fragmentation27,33. At least two 

PSMs per protein were required and the strict maximum parsimony principle was applied 

for positive protein annotation. Accordingly, the glycopeptide annotations list included high 

and medium/low confidence identifications. For definitive confirmation, all low scoring 

glycopeptides were subjected to additional manual confirmation.  

 

5.3.6 Cell proliferation assay 

Cell proliferation was evaluated using the colorimetric Cell Proliferation ELISA, 

BrdU kit (Roche, Sigma-Aldrich) based on the measurement of the incorporation of 

bromodeoxyuridine (BrdU, a synthetic nucleoside analogue of thymidine) into newly 

synthesized DNA of proliferative cells. Procedure steps were followed according to the 

manufacturer’s instructions and results were monitored at 450 nm using a microplate reader 

(iMARKTM, Bio-Rad). All experiments were performed in triplicates. 
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5.3.7 Invasion assay  

Invasion assays were performed using BD Biocoat MatrigelTM invasion chambers as 

described in Peixoto et al.(2016)6. Prior to each experiment, invasion chambers were re-

hydrated in RPMI 1640 + GlutaMAXTM medium for 2 h at 37 ºC. After detachment of 

subconfluent cells with trypsin/EDTA, cells were resuspended in culture medium and seeded 

on the upper side of the matrigel-coated filter at a density of 5 x 104 cells/well. After 24 h at 

37 ºC, filters were fixed in 4% paraformaldehyde and non-invading cells were completely 

removed by washing and scrubbing to facilitate analysis. The Matrigel coated filters were 

mounted with VECTASHIELD® mounting medium with DAPI (Vector Laboratories, CA, 

USA) and visualized through a Zeiss Axiovert 200M fluorescence microscope (Carl Zeiss, 

Germany). Invasive cells were scored in at least 12 microscopic fields (20x objective). 

Results are presented as mean ± SD. Triplicate experiments were performed for each cell 

line. 

5.3.8 Migration assay  

Wound healing assays were performed using specific wound assay chambers (Ibidi) 

containing silicone inserts delimiting a fixed gap of 500 μm. Cells were seeded to confluence 

within the silicone inserts, which were removed after cell attachment to allow cell migration 

towards the gap. Cells were monitored until gap closure under an inverted microscope 

(Motic, AE2000). Images were captured with a Moticam 5 camera (Motic, CMOS). 

Triplicate experiments were performed for each cell line. 

 

5.3.9 Immunofluorescence for Tn and MUC16-Tn expression detection 

 In order to evaluate Tn antigen and MUC16 expressions, T24 and T24 C1GALT1 

KO cell lines were cultured at low density and fixed with 4% paraformaldehyde (PFA; 

Sigma-Aldrich), following immunofluorescent staining. Namely, cells were stained with 

FITC – label Vicia Villosa Lectin (VVA; FL-1231 Vector Laboratories) 0,01 µg/µL in PBS 

2% FBS or anti-MUC16 antibody (1:20; HPA065600; Sigma-Aldrich) for 1 hour at room 

temperature. The goat anti-rabbit IgG (H+L), Alexa Fluor 594 (1:300; A11012; Thermo 

Fisher Scientific) was used as a secondary antibody for MUC16 detection and incubated 30 

minutes at room temperature in obscurity. After antigen staining, cells were marked with 

2,3x10-3 µg/µL 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI, Thermo Fisher 
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Scientific) for 10 minutes at room temperature in the dark. All images were acquired on a 

Leica DMI6000 FFW microscope using Las X software (Leica). 

 

5.3.10 Human monocyte isolation and DC differentiation 

Human monocytes were isolated from buffy coats from healthy blood donors, as 

described in Cardoso et al. (2014)34. Briefly, peripheral blood mononuclear cells (PBMC) 

were collected from centrifuged buffy coats (30 min, 1200xg, RT, without brake) and 

incubated with RosetteSep human monocyte enrichment kit (StemCell Technologies), 

according to manufacturer’s instructions. The mixture was diluted 1:1 with PBS 

supplemented with 2% FBS, layered over Histopaque-1077 (Sigma-Aldrich) and centrifuged 

in the same conditions. The enriched monocyte layer was collected and washed with PBS. 

For monocyte-DC differentiation, 2.0x106 monocytes/9.6 cm2 (6-wells plate) were 

differentiated for 5 days in complete RPMI 1640 medium further supplemented with 50 

ng/mL IL-4 and GM-CSF (Immunotools). 

 

5.3.11 Co-culture of DC and bladder cancer cell lines 

 Co-cultures of DC with bladder cancer cell lines were established as described in 

Carrascal et al.(2014)19. Briefly, 1x105 bladder cancer cells were plated in 24-well plates 

and co-cultured with DC in the proportion of 1:5 (cancer cell: DCs) in adhesion buffer (20 

mmol/l of trizma-HCl, 150 mmol/l of sodium chloride, 1 mmol/l calcium chloride, 1 mmol/l 

magnesium chloride and 0.5% BSA, pH 8.0) and culture medium (1:2) for 2h or 24h. After 

washing, DC were detached with PBS on ice for 10 minutes. 

5.3.12 Flow cytometry 

 DCs activation was assessed by immunostaining with Allophycocyanin (APC)- 

labelled antibody against CD11c (21487116, Immunotools), fluorescein isothiocyanate 

(FITC) – labelled antibody against CD86 (21480863, Immunotools) and Phycoerythrin (PE) 

– labelled antibody against HLA-DR (21278994, Immunotools), all in a 1:25 dilution in PBS 

2% FBS 0.01% sodium azide (FACS buffer). Cells were incubated with appropriate 

conjugated antibodies in the dark for 40 minutes at 4°C. To define background staining 

isotype-matched antibodies were used as negative controls. Cells were analysed on a FACS 
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Canto Flow Cytometer and data was mined using ImageJ 1.43u software. For Tn, CD47, 

HLA-ABC and PDL1 expression evaluation, T24 and T24 C1GALT1 KO cells were 

detached using Versene 1X solution (Thermo Fisher, Waltham, MA,USA), fixed with 2% 

paraformaldehyde (PFA; Sigma-Aldrich) and stained. FITC – label Vicia Villosa Lectin 

(VVA; FL-1231 Vector Laboratories) 0,01 µg/µL in PBS 2% FBS was used for Tn detection 

for 1 hour at room temperature. FITC – labelled antibody against CD47 (21270473, 

Immunotools), FITC – labelled antibody against PDL1 (558065, Immunotools) and PE – 

labelled antibody against HLA-ABC (21159034, Immunotools) were used for 

immunoregulatory molecules measurements for 45 minutes at 4°C at 1:25 dilution in FACS 

buffer. Cells were analysed on a FC500 Flow Cytometer (Beckman Coulter) and data was 

mined using CXP Software.   

5.3.13 Statistical analysis 

Statistical analysis and data mining Statistical analysis was performed using the 

Student’s T-test for unpaired samples. Differences were considered to be significant when p 

< 0.05. 

 

5.4 Results and discussion 

The main objective of this work was to develop a cell model expressing the Tn 

antigen that could be used to gain more insights on the functional implications of Tn 

expression in cancer and ultimately support the development of innovative glycan-based 

immunotherapies. As such, we have stably glycoengineered the T24 urothelial cancer cell 

line using CRISPR/Cas9 technology towards Tn antigen overexpression. The T24 cell line 

is amongst the most explored models of bladder cancer aggressiveness, reflecting the 

FGFR3/CCND1 carcinogenesis pathway, while having mutated HRAS. Preliminary studies 

did not identify the Tn antigen in this cell line using different anti-Tn monoclonal antibodies 

(clone 5F4 and IE3 data not shown). Nevertheless, Tn antigen is significantly overexpressed 

in more aggressive bladder tumours, reinforcing the relevance of inducing Tn expression in 

cancer cell models. Tn-expressing cell models were then explored to understand the 

contribution of short-chain O-glycans to cell proliferation, migration and invasion, which 

are critical aspects underlying disease development and poor outcomes. The stablished 

model was also used to define the Tn antigen contribution to the immunological profile of 
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cells, namely concerning the expression of relevant molecules for immune escape (HLA-

ABC, CD47, PDL1) and dendritic cells activation. These findings are expected to provide 

the necessary rationale for testing in vitro the anti-Tn vaccine constructs developed in 

previous chapters. 

5.4.1 CRISPR/Cas 9 Glycoengineering  

The genome of T24 cells was glycoengineered by gene edition with CRISPR/Cas 9 

using a single guide RNA targeting the C1GALT1 gene, which encodes the main 

glycosyltransferase responsible by Tn elongation towards more complex glycan structures. 

After transfection, C1GALT1 CRISPR/Cas 9 knockouts were screened for specific mutations 

in this gene. Preliminary analysis by agarose gel electrophoresis after genomic DNA probing 

with specific C1GALT1 oligonucleotides has revealed a complete 400bp amplicon for T24 

wild type cells (T24 WT), while a significant percentage of T24 C1GALT1 KO cells displays 

a considerably smaller amplicon, suggesting successful editing (Figure 14A). 

Subsequentially, genomic sequencing and data mining through ICE analysis retrieved a 

knock-out score of 83%, confirming successful genome editing (Figure 14B). 
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Figure 14. A) Agarose gel electrophoresis for C1GALT1 amplified amplicons in T24 

WT and C1GALT1 KO cells. Specific primer selection led to the amplification of a pure 

456bp PCR product in both cell lines. Moreover, a significant decrease in product length 

was observed for T24 C1GALT1 KO, suggesting considerable genome editing. B) 

C1GALT1 gene sequencing for T24 WT and C1GALT1 KO cells highlighting gene 

edited areas. The cut sites are represented by black vertical dotted lines in the top panel. 

The lower panel corresponds to a discordance plot, detailing the level of alignment per base 

between T24 WT (control) and the T24 C1GALT1 KO (edited) cell lines for the inference 

window (the region around the cute site). The green and orange lines are close together 

before the cut site. CRISPR editing led to an increase in discordance near the cut site and 

beyond, confirming successful editing. 

5.4.2 Glycomics  

T24 WT and T24 C1GALT1 KO cells were first screened for Tn expression by VVA 

lectin immunofluorescence microscopy. As highlighted by Figure 15A, T24 WT cells did 

not express detectable Tn antigen levels, reinforcing previous preliminary data from our 
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group (data not shown). Flow cytometry analysis showed very residual Tn expressions in 

approximately 40% of T24 WT cells, confirming these observations (Figure 15B). 

Contrastingly, all T24 C1GALT1 cells exhibited the Tn antigen at the cell membrane and, 

to some extent, in the cytoplasm, most likely in proteins being processed across the secretory 

pathways. Flow cytometry analysis confirmed a tremendous increase in Tn expression (300 

times higher that T24 WT) in all analysed cells. 
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Figure 15. A) Tn antigen expression in T24 WT and T24 C1GALT1 KO cells by 

immunofluorescence microscopy using the VVA lectin. The image confirms the lack of 

detectable Tn antigen in T24 WT and its expression in T24 C1GALT1 KO at the cell surface. 

B) Flow cytometry analysis for the Tn antigen in T24 WT and T24 C1GALT1 KO cells 

using the VVA lectin. Flow cytometry analysis supports the massive increase in Tn 

expression in T24 C1GALT1 KO cells suggested by fluorescence microscopy. Graphs 

represent average value of three independent experiments, *p < 0.05; **p < 0.01; ***p < 

0.001 (Student’s T-test). 

T24 WT and C1GALT1 KO cells were then characterized in relation to the capacity 

to extend O-glycosylation by glycomics analysis. Briefly, a Tn glycan mimetic capable of 

being processed by the glycosylation machinery along the secretory pathways and 
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subsequently secreted into the cell medium was used towards this end. The glycans were 

then recovered from the culture medium, permethylated and analyzed by ESI-MS/MS. 

According to Figure 16, T24 cells mainly express T antigen (m/z 572.3) and to less extent 

its fucosylated (m/z 746.4), mono (m/z 933.5) and disialylated (m/z 1294.7) forms. Residual 

amounts of more elongated core 2 glycans were also detected (m/z 991.5; 1021.5; 1195.6; 

1369.7; 1382.7; 1470.8; 1556.8; 1644.8; 1743.9). In addition, this cell line also expressed 

significant amounts of the core 3 antigen (m/z 613.3) and residual amounts of the STn 

antigen (m/z 729.4), implicated in an onset of malignant features in bladder cancer6,35,36. On 

the other hand, T24 C1GALT1 KO cells significantly decreased the total amount of complex 

sugars, losing the capacity to produce core 2 glycans such as the T antigen, significantly 

reducing core 3 glycans expression as well as more extended structures. Taken together with 

immunofluorescence microscopy and flow cytometry analysis, these findings support the 

successful induction of a simple cell glycosidic phenotype in T24 cells, characterized by a 

profound remodeling of the cell-surface glycome towards Tn expression.  
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Figure 16. Glycomics analysis for T24 WT and C1GALT1 KO cells. C1GALT1 KO cells 

almost completely obliterated O-glycans extension, with the exception of residual 

expression of STn (m/z 729.4) and core 3 (m/z 613.3) glycans, which were extend by an 

alternative biosynthesis route. 

5.4.3 MUC16 expression in T24 C1GALT1 KO cells 

Previous studies have shown that MUC16 is a major carrier of abnormal short-chain 

glycosylation in T24 cells, in more aggressive bladder tumours27 and several other solid 

tumors37-39. As such, in Chapters III and IV we have developed different potential vaccine 

constructs based on cancer-associated MUC16 glycoepitopes (KLH-MUC16 

glycoconjugates, MUC16-Tn grafted and MUC16-Tn adsorbed PLGA nanoconstructs). As 

such, we have devoted to confirming the expression of these glycoforms in the T24 

C1GALT1 KO model foreseeing its future exploitation in the establishment of innovative 

glycan-based vaccines. Fluorescence microscopy screening of both T24 WT and T24 

C1GALT1 KO cells demonstrated the presence of MUC16 in more than 40% of analyzed 
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cells (Figure 17A). The glycoprotein was mainly detected in the cytoplasm and at the cell 

membrane; however, without clear membrane definition (Figure 17A). Notably, MUC16 

co-localized with Tn antigen expression in the T24 C1GALT1 KO model (Figure 17A). The 

presence of MUC16 in the cytoplasm may be associated with the detection of the 

glycoprotein in traffic to the cell membrane, as described in previous reports40,41. However, 

the lack of clear membrane reinforcement may also suggest that the glycoprotein may be 

experience proteolysis at the cell membrane, also as previously described42. Notably, in this 

study we have used an antibody targeting the CA125 antigen, a MUC16 glycoform 

associated with cancer43,44; however, the exact nature of the glycoepitope targeted by the 

antibody has not been disclosed. Nevertheless, MUC16 may present a wide array of distinct 

proteoforms resulting from different processing events associated to significant 

glycosylation density and glycan diversity, which makes its detection based on antibodies a 

challenging task2,45. As such, complementary immunoassays involving a wider panel of well 

characterized monoclonal antibodies targeting different regions of the protein should be 

performed in the future. Therefore, to confirm the existence of MUC16-Tn membrane 

glycopeptides, MUC16 was isolated by immunoprecipitation from T24 C1GALT1 KO 

membrane protein enriched extracts and then reduced, alkylated, digested with trypsin and 

analyzed by nanoLC-ESI-MS/MS. This enabled the identification of MUC16-Tn 

glycopeptides, confirming the expression of MUC16 short-chain proteoglycoforms, as 

translated by the MS/MS spectra presented in Figure 17B. These observations suggest that 

T24 C1GALT1 KO cells may be a good model to test formulations targeting the MUC16-

Tn antigen.  
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Figure 17. A) Tn antigen and MUC16 expressions in T24 WT and C1GALT1 KO cells 

by immunofluorescence microscopy. The Tn antigen was only detected in T24 C1GALT1 

KO cells whereas MUC16 was detected in the cytoplasm and the membrane of both T24 WT 

and C1GALT1 cells, co-localizing with the Tn antigen. B) nanoLC-MS/MS spectrum of a 

MUC16-Tn glycopeptide fragment of MUC16 isolated from T24 C1GALT1 KO cells. 

The identification of MUC16-Tn glycopeptides supports that T24 C1GALT1 KO cells 

express abnormal MUC16 glycoforms, as suggested by microscopy analysis. 

5.4.4 Proliferation, Migration and Invasion 

 Increased proliferation, migration and invasion are key aspects of malignancy; 

however, the impact of severe reductions in O-glycans complexity translated by Tn 

expression is not well understood. Proliferation was evaluated based on the capacity of cells 

to incorporate BrdU, a synthetic nucleoside analog of thymidine that can be incorporated 
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into newly synthesized DNA during cell division. According to Figure 18A, Tn expression 

did not influence proliferation. We then evaluated the capacity of cells to migrate/invade 

Matrigel, a polymeric protein mixture mimicking the extracellular matrix as well as the 

capacity of cells to migrate into a defined cleared space. Notably, both T24 WT and 

C1GALT1 KO cells presented similar invasion and migration profiles, demonstrating little 

impact of Tn expression at this level for this specific cell model (Figure 18A and B). 

 

Figure 18. A) Proliferation, B) invasion and C) migration assays of T24 WT and 

C1GALT1 KO cells. Tn overexpression, translated by the C1GALT1 KO model, did not 

affect cell proliferation, invasion or migration in this particular experimental setting. 

5.4.5 Immune check point molecules 

Cancer cells are well known for developing molecular strategies of immune evasion. 

Namely, it is well described that cancer cells may downregulate the expression of HLA-

ABC (MHC-I) receptors, reducing their capacity to present antigens to the immune system46. 

Cancer cells also frequently overexpress CD47, a transmembrane integrin associated protein 

(IAP) that acts as an inhibitory receptor. CD47 interacts with signal receptor protein-alpha 

(SIPR-α, also named CD172a or SHPS-1) in macrophages and T cells, enabling immune 
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escape47. In addition, cancer cells may overexpress Programmed death-ligand 1 (PD-L1), 

which interacts with the immune checkpoint inhibitor protein PD-1 to negatively regulate T-

cell mediated immune responses. As highlighted in Figure 19, all T24 WT and C1GALT1 

KO cells express high levels of HLA-ABC, which is not influenced by the induction of Tn 

expression. In addition, 20-30% of cells express low amounts of CD47 and PD-L1 and no 

statistically relevant differences were observed upon C1GALT1 knock-out. These 

observations support that glycome remodeling had little impact on the immunosuppressive 

nature of T24 cells, as translated by HLA-ABC, CD47 and PD-L1.  
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Figure 19. A) Percentage of positive cells and B) protein abundance expressed in terms 

of mean fluorescence intensity (MFI) for HLA-ABC, CD47 and PDL-1 in T24 WT and 

C1GALT1 KO cells analyzed by flow cytometry. C1GALT1 KO and consequent Tn 

overexpression did not affect the expression of HLA-ABC, CD47 and PDL-1. 
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5.4.6 Co-culture with Dendritic Cells 

 T24 WT and C1GALT1 KO cells were co-cultured with DCs differentiated from 

monocytes from three different healthy blood donors to disclose the potential influence of 

Tn antigen on DC activation. Despite significant donor variability, DCs exposed to T24 

C1GALT1 KO cells lost the expression of the lineage marker CD11c in comparison to DCs 

alone or exposed to T24 WT cells (Figure 20). Although not statistically significant, similar 

observations were made for cells exposed to LPS. The levels of CD86, a protein expressed 

on APCs that produces costimulatory signals necessary for T cells activation and survival 

were similar between DCs alone or in the presence of the different cell lines. However, upon 

activation with LPS, the levels of this marker were significantly decreased in DCs exposed 

to T24 C1GALT1 KO cells in comparison to DCs alone or in the presence of T24 WT cells. 

In addition, HLA-DR, an MHC class II cell surface receptor necessary for antigens 

presentation to T cells, was significantly decreased in DCs exposed to Tn-expressing cells 

in comparison to DCs alone or exposed to T24 WT. Analysis in the presence of LPs 

suggested a similar trend. Collectively, these findings suggest that the Tn antigen might be 

inducing DC dedifferentiation together with impaired antigen presentation, which cannot be 

rescued by LPS stimulation.  
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Figure 20. Evaluation of CD11, CD86 and HLA-DR in dendritic cells exposed to T24 

WT and C1GALT1 KO cells with and without LPS stimulation. CD11, CD86 and HLA-

DR expression was evaluated by flow cytometry. The upper panel corresponds to the 

percentage of positive cells, whereas the lower panel refers to protein levels expressed in 

terms of mean fluorescence intensity (MFI). These analyses support that Tn antigen 

expressing cells may induce a decrease in the number of CD11c in DC cells. It also reduced 

the expression of CD86 in CD11c-DCs upon LPS stimuli, suggesting decrease capacity for 

presenting antigens. Moreover, it reduced HLA-DR expression, reinforcing low capacity to 

promote antigen presentation. Collectively, these findings suggest that T24 C1GALT1 KO 

cells may negatively influence DCs function against cancer cells, inducing an 

immunosuppressive response most likely mediated by the Tn antigen. Graphs represent 

average value of three independent experiments, *p < 0.05; **p < 0.01; ***p < 0.001 

(Student’s T-test). 
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5.5 Concluding Remarks 

Cancer cells cell-surface glycoproteome often experiences significant remodeling 

translated by the overexpression of short-chain O-glycans such as the Tn and STn antigens 

instead of more extended structures2,7,48. These glycans are rarely observed in healthy human 

cells, originating unique molecular fingerprints that may be explored in the context of 

targeted therapeutics and immunotherapy49,50. However, most known cancer cell models do 

not express these antigens, suggesting that microenvironmental aspects play a key role at 

this level6,36. In order to surpass these limitations, different cell models have been 

glycoengineered to overexpress the STn antigen, mostly by inducing ST6GALNAC1 

overexpression, which encodes the enzyme responsible by Tn antigen O-6 sialylation6,21,51,52. 

STn-overexpressing cells of different origins, including bladder cancer, have demonstrated 

that this antigen is a promoter of cell migration and invasion18-21. These functional studies 

have been supported by clinical data demonstrating clear associations between STn 

overexpression, advanced stage and grade, poor prognosis and the presence of metastasis of 

different types of tumours (bladder, gastric, colorectal, breast)21,50,53,54. It is also consensual 

that STn favors immune evasion by interacting with siglecs at the surface of APCs, inducing 

relevant inhibitory signals that dampen immune responses55-57. Supporting these 

observations, we have recently reported that STn increased binding of DCs to bladder cancer 

cells, inducing a more immature phenotype19. Moreover, T cells primed by DCs pulsed with 

antigens derived from STn-expressing cancer cells were not activated, limiting their capacity 

to trigger protective anti-tumour T cell responses19. This rationale has prompted significant 

research towards novel anti-STn antibodies58 and STn-based vaccine constructs that hold 

great potential for innovative cancer therapeutics19.  

Contrasting with the clear rational concerning the STn antigen, little is known about 

the role of Tn antigen in cancer development. Nevertheless, clinical data from different 

tumours also supports an association between Tn expression and more aggressive forms of 

disease59,60. In bladder cancer, which has been our research focus over the last ten years, the 

Tn antigen has been associated with muscle invasion and, consequently, poor prognosis58. 

Finally, few reports suggest that MUC1-Tn glycoforms may be internalized by DCs and 

presented at the cell surface, promoting T-cell inhibition61, also supporting an 

immunosuppressive character for the Tn antigen, which warrants future validation. With the 

objective of gaining more insights on the functional implications of Tn antigen in cancer, we 
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have successfully glycoengineered the T24 urothelial cancer cell line to overexpress this 

antigen. Notably, we have not observed any impact on proliferation, migration and invasion, 

which clearly contrasted with the observations for the STn antigen across different models. 

These observations suggest that distinct short-chain O-glycans may play different biological 

roles and that sialylation may act as promoter of more motile phenotypes, as previously 

described6,62,63. Nevertheless, future studies involving the induction of STn expression in 

this cell line are required to confirm this hypothesis. In addition, the T24 C1GALT1 KO 

model conserved HLA-ABC, CD47 and PD-L1 expressions comparable to wild type cells. 

However, co-culture experiments strongly suggested that Tn overexpression might induce 

DC dedifferentiation translated by the loss of the lineage marker CD11c, which warrants 

confirmation in future studies potentially involving the evaluation of a broader panel of 

biomarkers such as CD14 and CD80. Our data also suggests that Tn expression may reduce 

CD86 and HLA-DR levels that cannot be rescued by LPS stimulation, a bacterial 

polysaccharide commonly used for DC activation. Although preliminary, these observations 

support the importance of future validation involving a higher number of blood donors. The 

evaluation of other markers such as IL-12, TNF-α, IL-23 and IL-10 as well as the impact of 

Tn expression on macrophages, T cells and other relevant immune cells will also be critical 

for characterizing the immunological response associated to this glycan. The diversification 

of cell models will be required to disclose possible influence of cell-specific glycoproteomes 

on immune response.  

In summary, this chapter describes an innovative cell model expressing the Tn 

antigen in mimicry of advanced bladder tumors. Moreover, it supports the immune 

suppressive role of this glycan suggested by other authors24-26. Finally, it highlights that this 

cell line express MUC16-Tn glycoforms often associated with more aggressive forms of the 

disease27,64,65. As such, the cellular models and molecular foundations are set for future 

studies concerning the potential of the multivalent vaccine constructs developed in Chapters 

III (KLH-MUC16-Tn) and IV (MUC16-Tn-PLGA grafted and adsorbed nanoformulations) 

as innovative cancer immunotherapies. Given that MUC16-Tn is widely observed across 

different types of tumors, applications beyond bladder cancer can be envisaged. 
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6.1 Concluding Remarks 

The shortening of protein glycosylation that accompanies malignant transformation 

and disease progression is often responsible by generating cancer-specific molecular 

signatures at the cell-surface. These glycans are directly implicated in disease progression 

and dissemination, holding great potential for targeted therapeutics and immunotherapy. 

Namely, these glycans may be explored in the context of cancer vaccines once difficulties 

related with their low immunogenicity and immunosuppressive roles are overcome.  

Building on this rationale, this work described a single pot chemoenzymatic strategy 

to produce libraries of glycopeptides carrying different types of short-chain O-glycans (Tn, 

STn, S3T and S6T). We have used as template a 20 amino acid variable tandem repeat 

peptide from MUC16 containing multiple glycosites, however, the stablished methodology 

may now be applied to the production of different types of glycoepitopes. Moreover, we 

have successfully coupled MUC16-Tn and MUC16-STn to protein immunogens such as 

Keyhole limpet hemocyanin (KLH), which is commonly used as immunogenic for vaccine 

development1,2 . KLH is a high-molecular-weight glycoprotein of marine origin capable of 

inducing both cell-mediated and humoral responses. KLH allies potent immunogenicity and 

low toxicity to availability at clinical grade quality. Therefore, we anticipate that this may 

constitute a good approach to foster the development of glycan-based vaccines and a good 

benchmark to test other formulations, such as the nanovaccine constructs also developed in 

this work. Notably, this is the first vaccine formulation exploiting abnormally glycosylated 

MUC16 glycoepitopes. We anticipate that MUC16-based glycovaccines may serve a wide 

number of solid tumours such as bladder, lung, cervical and ovarian3-6, where these 

molecules play a key role in disease progression as well as immunosuppression by 

modulation of APCs function. 

 Facing the objective of innovative and more effective glycan-based vaccines, we 

have then devoted to the development of MUC16-Tn nanoconstructs exploiting PLGA, a 

biocompatible polymer widely used for drug formulations in clinical settings. Emphasis was 

set on formulations yielding the Tn antigen, the simplest form of cancer-associated O-

glycosylation, which is mostly absent from healthy tissues. Accordingly, we have covalently 

immobilized and adsorbed MUC16-Tn presenting a diversified array of glycosylation 

patterns at the surface of PLGA nanoconstructs envisaging multivalent formulations that 

better reflect the structural diversity at the cancer cells surface. We have characterized these 
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formulations from the physicochemical point of view, demonstrating their nanodimensions, 

stability, molecular homogeneity and low polydispersion, supporting ideal premices for 

vaccine development7,8. Toxicity and uptake thresholds were defined using macrophages as 

model cells. This has created the necessary molecular foundations for future studies 

concerning the establishment of more effective cancer vaccines, which includes estimating 

the capacity of the nanoformulations to elicit both humoral and cellular responses against 

cancer cells in vitro and in vivo in comparison to conventional vaccine constructs based on 

glycoepitope-protein conjugates. 

 Notably, a thorough assessment of the efficacy of MUC16-Tn vaccines depends 

critically on the existence of well characterized cellular models reflecting these 

glycoepitopes. However, despite its widespread nature in cancer, the Tn antigen is not 

expressed by cancer cells grown in vitro, suggesting dependence from microenvironmental 

cues that are yet to be disclose. To overcome this limitation, we have edited the genome of 

T24 bladder cancer cells using CRISPR/Cas9 technology to produce a stable C1GALT1 

knock-out. This cell line expressed significantly high levels of the Tn antigen at the cell 

surface and completely obliterated the expression of extended glycoforms. Moreover, we 

found that this model expressed MUC16-Tn and may be potentially useful to test the 

developed vaccine constructs. Interestingly, this had not impact on cell proliferation, 

migration and invasion as well as in the expression of important molecules related with 

cancer immune escape (HLA-ABC, CD47 and PD-L1). Nevertheless, our data suggests that 

Tn expressing cancer cells my negatively influence dendritic cells differentiation and 

downregulate relevant molecules involved in antigen presentation that cannot be completely 

rescued by stimulation with LPS (HLA-DR, CD11c, CD86). Such findings agree with 

previous reports concerning the role of short-chain O-glycans in immune responses, 

potentially highlighting a novel class of immune check point inhibitors contributing to 

cancer immune escape. However, more studies are warranted to confirm these preliminary 

observations, including their impact on T-cell response. Ultimately, it highlights the 

importance of pursuing effective strategies to overcome the immunosuppressive nature of 

glycans. 

 In summary, a rationale has been created to support the development and 

improvement of glycan-based vaccines for cancer foreseeing studies in vivo. Given the 
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pancarcinomic nature of these glycoepitopes, the generalization of more efficient vaccines 

to different cell models may be envisaged. 
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