
 

 

 

ANA RITA PEREIRA AZEVEDO 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER 

CANCER BASED ON GLYCOBIOMARKERS: IDENTIFICATION OF 

RELEVANT GLYCOANTIGENS AND SYNTHESIS 

METHODOLOGIES THEREOF 

 

 

Tese de Candidatura ao grau de Doutor em 

Patologia e Genética Molecular submetida ao 

Instituto de Ciências Biomédicas Abel Salazar da 

Universidade do Porto. 

 

Orientador: José Alexandre Ribeiro de Castro 

Ferreira 

Categoria: Investigador Auxiliar 

Afiliação: Instituto Português de Oncologia do 

Porto.  

 

Co-orientador: Lúcio José de Lara Santos 

Categoria: Professor Afiliado e Coordenador 

Afiliação: Instituto de Ciências Biomédicas Abel 

Salazar da Universidade do Porto e Instituto 

Português de Oncologia do Porto. 

 

Co-orientadora: Áurea Rosa Nunes Pereira Lima 

Categoria: Professora Auxiliar  

Afiliação: Instituto Universitário de Ciências da 

Saúde - Cooperativa de Ensino Superior, Politécnico 

e Universitário.



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Aos meus pais, irmão, e a toda minha família e amigos que,  

com muito carinho e apoio, não mediram esforços para que eu  

chegasse até esta etapa da minha vida! ♥  

E claro, a mim… 

 

 

 

 

 

 

 

 

 

 

“Por vezes sentimos que aquilo que fazemos não é senão uma gota de água 

no mar. Mas o mar seria menor se lhe faltasse uma gota.” 

Madre Teresa de Calcutá   



 

 

 



 

v 

 

NOTA PRELIMINAR 

 

Declaro que este trabalho é integralmente da minha autoria, estando 

devidamente referenciadas e identificadas as fontes de informação e as obras 

consultadas. Não contém, por isso, qualquer tipo de plágio de textos publicados 

ou trabalhos académicos, qualquer que seja o meio dessas publicações. 

Os trabalhos de investigação conducentes a esta tese foram realizados no 

Grupo de Patologia e Terapêutica Experimental do Centro de Investigação do 

Instituto Português de Oncologia do Porto, EPE. 

Declaro ainda que o presente trabalho foi financiado pela Fundação para a 

Ciência e a Tecnologia, pela atribuição de uma bolsa individual de doutoramento, 

com a referência SFRH/BD/105355/2014. A Fundação para a Ciência e a Tecnologia 

é co-financiada pelo Fundo Europeu de Desenvolvimento Regional da União 

Europeia, através do Programa Operacional Fatores de Competividade do Quadro 

de Referência Estratégico Nacional. Reconheço também o financiamento, pela 

Fundação para a Ciência e a Tecnologia, do Centro de Investigação do Instituto 

Português de Oncologia do Porto (PEst-OE/SAU/UI0776/201; CI-IPOP-29-2014; CI-

IPOP-58-2015). Por último, delaro que o presente trabalho teve ainda o suporte 

financeiro do Instituto de Ciências Biomédicas Abel Salazar da Universidade do 

Porto. 

 

       

 

  



 

vi 

 

 Em obediência ao disposto no nº 2 do Artigo 8º do Decreto-Lei nº 388/70, 

o autor declara que participou na conceção e na execução do trabalho 

experimental, bem como na interpretação dos resultados e na redação dos 

trabalhos a seguir referenciados, estejam estes já publicados ou em fase de 

publicação e que integram a tese aqui apresentada: 

 

a. Rita Azevedo, José Alexandre Ferreira, Andreia Peixoto, Manuel Neves, 

Nuno Sousa, Aurea Lima, Lucio Lara Santos. Emerging antibody-based 

therapeutic strategies for bladder cancer: A systematic review. Journal of 

Controlled Release (Impact Factor in 2014: 7.70, Q1). 2015; 214: 40-61. 

doi:10.1016/j.jconrel.2015.07.0022015. 

 

b. Rita Azevedo, Andreia Peixoto, Aurea Lima, José Alexandre Ferreira, Lucio 

Lara Santos. Emerging Antibody-Based Therapeutic Strategies For Bladder 

Cancer: A Systematic Three-Year Update (2015-2018). 2019. (Submitted) 

 

c. Rita Azevedo*, Andreia Peixoto*, Cristiana Gaiteiro, Elisabete Fernandes, 

Manuel Neves, Luís Lima, Lúcio Lara Santos, José Alexandre Ferreira. Over 

forty years of bladder cancer glycobiology: Where do glycans stand facing 

precision oncology? Oncotarget (Impact Factor in 2016: 5.17, Q1). 2017. 

doi:10.18632/oncotarget.19433.  

 

d. Rita Azevedo, André M. N. Silva, Celso A. Reis, Lúcio Lara Santos, José 

Alexandre Ferreira. In silico approaches for unveiling novel glycobiomarkers 

in cancer. Journal of Proteomics. (Impact Factor in 2016: 3.91, Q1). 2018. 

171:95-106. doi:10.1016/j.jprot.2017.08.004. Publication by invitation 

 

e. Rita Azevedo*, Janine Soares*, Cristiana Gaiteiro, Andreia Peixoto, Luís 

Lima, Dylan Ferreira, Marta Relvas-Santos, Elisabete Fernandes, Ana Tavares, 

Sofia Cotton, Ana Luísa Daniel-da-Silva, Lúcio Lara Santos, Rui Vitorino, 

Francisco Amado, José Alexandre Ferreira. Glycan affinity magnetic 

nanoplatforms for urinary glycobiomarkers discovery in bladder cancer. 

Talanta (Impact Factor in 2016: 4.16, Q1). 2018. 184:347-355. 

doi:10.1016/j.talanta.2018.03.028.  

 



 

vii 

 

f. Rita Azevedo, Cristiana Gaiteiro, Andreia Peixoto, Marta Relvas-Santos, Luis 

Lima, José Alexandre Ferreira, Lucio Lara Santos. CD44 glycoprotein in 

cancer: A molecular conundrum hampering clinical applications. Clinical 

Proteomics (Impact Factor in 2016: 3.27, Q1). 2018. 15:22. doi: 

10.1186/s12014-018-9198-9. 

 

g. Sofia Cotton*, Rita Azevedo*, Cristiana Gaiteiro, Dylan Ferreira, Luís Lima, 

Andreia Peixoto, Elisabete Fernandes, Manuel Neves, Diogo Neves, Teresina 

Amaro, Ricardo Cruz, Ana Tavares, Maria Rangel, André M. N. Silva, Lúcio 

Lara Santos, José Alexandre Ferreira. Targeted O‐glycoproteomics explored 

increased sialylation and identified MUC16 as a poor prognosis biomarker 

in advanced stage bladder tumours. Molecular Oncology. (Impact Factor in 

2016: 5.37, Q1). 2017. doi:10.1002/1878-0261.12035.  

 

h. Rita Azevedo*, Dylan Ferreira*, Andreia Peixoto*, Marta Relvas-Santos, 

Cristiana Gaiteiro, Janine Soares, Elisabete Fernandes, Rui Freitas, Sofia 

Cotton, Luís Lima, Ana Tavares, Carlos Palmeira, Gabriela Martins, Áurea 

Lima, André M. N. Silva, Lúcio Lara Santos, José Alexandre Ferreira. 

Glycomics and Glycoproteomics identify GLUT1 and HOMER3 as top-ranked 

potentially targetable biomarkers in bladder cancer. 2019. (In preparation) 

 

i. Rita Azevedo*, Elisabete Fernandes*, Marta Relvas-Santos, Andreia Peixoto, 

Rui Freitas, Dylan Ferreira, Lúcio Lara Santos, André M. N. Silva, José 

Alexandre Ferreira. Single-pot enzymatic synthesis of short-chain MUC16 O-

sialoglycopeptides and protein glycoconjugates for bioanalytical and 

biomedical applications. 2019. (In preparation, subjected to patenting and 

of condidential nature) 

 

* Equal contribution. 

 

  

  



 

viii 

 

Para além dos trabalhos científicos anteriormente mecionados e que 

integram esta tese, durante o período de doutoramento, o autor da presente tese 

participou nos seguintes artigos complementares: 

 

o Andreia Peixoto, Marta Relvas-Santos, Rita Azevedo, Lucio L. Santos, José 

Alexandre Ferreira. Protein glycosylation and tumour microenvironment 

alterations driving cancer hallmarks. Frontiers in Oncology (Impact Factor in 

2018: 4.42, Q1). 2019. 9:380. doi: 10.3389/fonc.2019.00380. 

 

o Manuel Neves*, Rita Azevedo*, Luís Lima, Marta I. Oliveira, Andreia Peixoto, 

Dylan Ferreira, Janine Soares, Elisabete Fernandes, Cristiana Gaiteiro, Carlos 

Palmeira, Sofia Cotton, Stefan Mereiter, Diana Campos, Luís Pedro Afonso, 

Ricardo Ribeiro, Avelino Fraga, Ana Tavares, Hélder Mansinho, Eurico 

Monteiro, Paula Videira, Paulo P. Freitas, Celso A. Reis, Lúcio Lara Santos, 

Lorena Dieguez, José Alexandre Ferreira. Exploring sialyl-Tn expression in 

microfluidic-isolated circulating tumour cells: a novel biomarker and an 

analytical tool for precision oncology applications. New Biotechnology 

(Impact Factor in 2017: 3.73, Q1). 2018. 49:77-78. doi: 

10.1016/j.nbt.2018.09.004.   

 

o Rita Azevedo, Janine Soares, Andreia Peixoto, Sofia Cotton, Luís Lima, Lúcio 

Lara Santos, José Alexandre Ferreira. Circulating Tumour Cells in Bladder 

Cancer: Emerging Technologies and Clinical Implications Foreseeing 

Precision Oncology. Urologic Oncology: Seminars and Original 

Investigations. (Impact Factor in 2016: 3.77, Q1).  2018. 36(5):221-236. 

doi:10.1016/j.urolonc.2018.02.004.  

 

o Milene A Carrascal, Mariana Silva, José Alexandre Ferreira, Rita Azevedo, 

Dylan Ferreira, André M. N. Silva, Dário Ligeiro, Lúcio Lara Santos, Robert 

Sackstein, Paula A. Videira. A functional glycoproteomics approach identifies 

CD13 as a novel E-selectin ligand in breast cancer. Biochim Biophys Acta 

(Impact Factor in 2016: 4.70, Q1). 2018. S0304-4165(18)30145-4. doi: 

10.1016/j.bbagen.2018.05.013. 

 

o Luís Lima*, Manuel Neves*, Marta I. Oliveira, Lorena Dieguez, Rui Freitas, 

Rita Azevedo, Cristiana Gaiteiro, Janine Soares, Dylan Ferreira, Andreia 



 

ix 

 

Peixoto, Elisabete Fernandes, Diana Montezuma, Ana Tavares, Ricardo 

Ribeiro, Ana Castro, Manuel Oliveira, Avelino Fraga, Celso A. Reis, Lúcio Lara 

Santos, José Alexandre Ferreira. Sialyl-Tn identifies muscle-invasive bladder 

cancer basal and luminal subtypes facing decreased survival, being 

expressed by circulating tumor cells and metastases. Urologic Oncology: 

Seminars and Original Investigations. (Impact Factor in 2016: 3.77, Q1). 

2017. 35(12):675.e1-675.e8. doi:10.1016/j.urolonc.2017.08.012. 

 

o Andreia Peixoto*, Elisabete Fernandes*, Cristiana Gaiteiro*, Luís Lima, Rita 

Azevedo, Janine Soares, Sofia Cotton, Beatriz Parreira, Manuel Neves, 

Teresina Amaro, Ana Tavares, Filipe Teixeira, Carlos Palmeira, Maria Rangel, 

André M. N. Silva, Celso A. Reis, Lúcio Lara Santos, Maria José Oliveira, José 

Alexandre Ferreira. Hypoxia enhances the malignant nature of bladder 

cancer cells and concomitantly antagonizes protein O-glycosylation 

extension. Oncotarget (Impact Factor in 2016: 5.17, Q1). 2016. 

doi:10.18632/oncotarget.11257. Publication by invitation 

 

* Equal contribution. 

 

 

 



 

 

 



 

xi 

 

PREFÁCIO DO AUTOR 

 

 Toda a minha vida segui o pensamento que tudo se consegue, por mais 

longo e difícil que seja o caminho a percorrer para atingir os meus objetivos. E 

“sorte” é apenas o culminar de muito esforço, trabalho e dedicação! Esta é a 

plataforma que tem suportado e fundamentado todas as etapas da minha vida 

profissional, logo a partir do momento que os meus pais me ofereceram 

“ferramentas” para a iniciar. 

 Apesar das grandes dificuldades que senti em escolher uma área que iria no 

futuro dedicar o meu tempo e a minha vida, pois sempre me senti dividida entre o 

mundo das artes, da tecnologia e da saúde, o meu “acordar” para o mundo da 

investigação foi-se revelando cada vez mais à medida que me licenciava. Foi a partir 

desse momento que finalmente percebera que, ao dedicar-me à investigação, 

poderia ser e fazer um pouco de todas as outras áreas pelas quais me sentia 

dividida: fazer investigação de qualidade na área da saúde, com toda a arte e 

perícia que envolvem a experimentação e as ilustrações científicas, apimentada 

com toda a (bio)tecnologia envolvida nestes processos.  

Todo este “novo” mundo foi-se revelando, à medida que passava por várias 

fases da minha vida científica, e por várias pessoas envolvidas na investigação. O 

meu percurso científico começou na farmacogenética e artrite reumatoide, onde 

tive o prazer de aprender com a Professora Doutora Áurea Lima (professora auxiliar 

do Instituto Universitário de Ciências da Saúde - Cooperativa de Ensino Superior, 

Politécnico e Universitário e investigadora no Grupo de Oncologia Molecular e 

Patologia Viral do Centro de Investigação do Instituto Português de Oncologia do 

Porto, coordenado pelo Professor Doutor Rui Medeiros). Mas, rapidamente, o meu 

impulso pela tecnologia fez-me mudar o rumo da farmacogenética para a área da 

“mHealth”, onde pude explorar a potencialidade da tecnologia “smartphone” para 

a gestão de doentes com artrite reumatoide, com todo o apoio do Professor Doutor 

João Fonseca da Faculdade de Medicina da Universidade do Porto e da Professora 

Doutora Áurea Lima. No entanto, o “bichinho” para explorar a área da oncologia foi 

cada vez estando mais presente, muito influenciado pelo facto de (com)viver ba 

grande casa que é o Instituto Português de Oncologia do Porto. Assim, logo que 

surgiu a oportunidade de trabalhar naquela área, aproveitei-a de imediato, 

começando o percurso desafiante do doutoramento. Soube que, ao tomar esta 

decisão, tudo seria diferente, deixaria de “nadar na minha zona de conforto ao pé 

da margem do rio e passaria a nadar em mar aberto a desafios e oportunidades, 
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mas também perto de grandes tubarões”. O início foi turbulento, recheado de 

dificuldades em entender os princípios básicos da glicosilação, em como os 

açúcares (glicanos) poderiam ser importantes no cancro, mais especificamente, nos 

tumores da bexiga. Felizmente, arrastei neste meu barco alguém da minha inteira 

confiança e que hoje é uma verdadeira amiga – a Áurea Lima – que acumulava 

alguma experiência em oncologia. Ainda mais confortável fiquei, quando percebi 

que as pessoas que me acolheram, nomeadamente, o Professor Doutor José 

Alexandre Ferreira, o Professor Doutor Lúcio Lara Santos, o Professor Doutor Luís 

Lima e o restante Grupo de Patologia e Terapêutica Experimental do Instituto 

Português de Oncologia do Porto, estavam dispostos a remar na mesma direção 

que a minha. Todos eles contribuíram, significativamente, para o meu “input” 

profissional e pessoal. Já não sou a mesma pessoa que era há quatro anos atrás! 

Foi graças à grande excelência e capacidades excecionais de todas estas pessoas 

que hoje sou quem sou!  

Este é mais um marco da minha vida, de grande importância, que culminará 

com a defesa pública de todo o trabalho apresentado nesta tese. Tantas coisas 

aprendi e vivi, tanto cresci, quantas memórias, sorrisos e lágrimas guardo de 

coração cheio… olhando para trás, nada aconteceu por acaso, tudo estava 

preparado para este mesmo momento, aquele em que suspiro de orgulho e 

emoção… E a minha mente grita: “Agora já sei nadar em mar aberto com grandes 

tubarões, mas ainda tenho tanto para nadar, tenho todo um oceano infinito de 

conhecimento e experiências”! 
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RESUMO 

 

A gestão de doentes com cancro de bexiga encontra dificuldades 

significativas associadas a uma elevada taxa de recidiva, rápida progressão e 

disseminação da doença, aliadas à resposta modesta à quimioterapia convencional. 

Além disso, o atraso na introdução de novas terapêuticas dirigidas, 

comparativamente a outros tipos de tumores sólidos, tem vindo a gestão destes 

doentes. Várias evidências sustentam que os tumores de bexiga comportam um 

reportório distinto de glicanos e glicoproteínas, proporcionando uma oportunidade 

única para a intervenção clínica. Neste sentido, o objetivo principal deste trabalho 

incide no estabelecimento das bases para a análise glicoproteómica do cancro de 

bexiga, com ênfase aos O-glicanos sialilados de cadeia curta (em resíduos de serina 

e treonina), visando assinaturas moleculares com potencial terapêutico. Mais ainda, 

estabelecer métodos de síntese quimioenzimática de glicopéptidos clinicamente 

relevantes, bem como de glicoconjugados com potencial imunogénico. 

O trabalho aqui apreentado tem ínicio com o desenvolvimento de um tutorial 

in silico, guiando a descoberta de biomarcadores de cancro, contornando as 

dificuldades associadas à identificação de glicoproteínas por protocolos 

convencionais de proteómica. O conhecimento daí gerado fundamentou a 

exploração do glicoproteoma em distintas amostras biológicas (urina, modelos 

celulares e tumores) visando biomarcadores clinicamente relevantes. 

Um sistema inovador, baseado em nanoplataformas funcionalizadas com 

lectinas, foi usado pela primeira vez para a descoberta não invasiva de 

biomarcadores em urina. Foram identificadas assinaturas glicoproteómicas 

distintas para todos os estadios da doença, que devem ser consideradas no futuro 

aquando do desenvolvimento de novos métodos de deteção não-invasivos. 

Nomeadamente, o marcador de células tumorais estaminais de bexiga CD44 foi 

consistentemente identificado em tumores humanos, estando ainda 

significativamente expresso na urina de doentes com cancro de bexiga musculo-

invasivo, refletindo o seu aumento em tumores. Contudo, a elevada expressão de 

CD44 em tecidos normais, a existência de uma vasta gama de isoformas 

estruturalmente semelhantes, o seu caráter altamente glicosilado e a falta de 

consenso na nomenclatura desta proteína constituem, atualmente, 

constrangimentos significativos ao desenvolvimento de terapias dirigidas.  

Numa segunda parte, este trabalho baseou-se na identificação de 

biomarcadores de prognóstico dos doentes com cancro de bexiga, além do 
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desenvolvimento de novos alvos terapêuticos em tumores de bexiga e modelos 

celulares relevantes. A presença de O-glicanos de cadeia curta, geralmente sobre-

expressos (antigénio T e a sua forma sialilada ST) ou expressos de novo em 

tumores humanos (antigénio Tn e a sua forma sialilada STn), foi determinada em 

tumores de bexiga quimioresistentes. As formas sialiladas do antigénio Tn e T, 

encontraram-se sobre-expressas em tumores de bexiga comparativamente às 

formas neutras, estando associadas a lesões de alto grau e invasão muscular. Em 

particular, o antigénio STn encontra-se significativamente aumentado em lesões 

mais agressivas e em metástases. Desta forma, uma estratégia glicoproteómica 

focada em glicoproteínas STn
+

 resultou na identificação de vários biomarcadores 

de cancro, incluindo o CD44 e a MUC16. Foram concentrados esforços no 

biomarcador MUC16, identificado pela primeira vez em cancro de bexiga, tendo-se 

concluído que a glicoforma STn-MUC16 associa-se com uma resposta modesta à 

quimioterapia baseada em cisplatina, enquanto que a MUC16 e o STn não têm valor 

preditivo por si só. Estas observações reforçam a importância de glicoformas 

específicas na valorização do valor biomarcador de glicoproteínas. 

Posteriormente, procedeu-se à caracterização do O-glicoma de três dos mais 

estudados modelos celulares tumorais de bexiga (5637, T24, HT1376) por 

espectrometria de massa. O antigénio ST foi identificados como o O-glicano mais 

abundante nas três linhas celulares, corroborando as observações em tumores 

humanos. O estudo glicoproteómico destes modelos levou à identificação de mais 

de 1300 glicoproteínas potencialmente sialiladas ao nível do antigénio T, muitas 

das quais previamente encontradas em tumores de bexiga e urina, incluindo a 

MUC16 e o CD44. Uma estratificação das glicoproteínas identificadas de acordo 

com o seu potencial para terapia guiada em cancro de bexiga foi realizada 

recorrendo a ferramentas bioinformáticas. Desta forma, as glicoproteínas GLUT1 e 

HOMER3 emergiram no topo da classificação, refletindo a sua ausência em tecidos 

normais e uretélio saudável. Além disso, ambas as glicoproteínas encontram-se 

sobre-representadas com o aumento da severidade das lesões, sendo detetadas 

em metástases e associadas com mau prognóstico. Estudos estruturais detalhados 

de espectrometria de massa confirmaram a existência das glicoformas GLUT1-

ST/STn e HOMER3-ST/STn em tumores de bexiga, fornecendo a informação 

molecular para a configuração de terapias guiadas. Por fim, a glicoproteína MUC16 

classificou-se nos primeiros 10% da tabela de potenciais alvos, enquanto o CD44 

foi severamente penalizado pela sua presença na maior parte dos tecidos humanos. 
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A última parte do trabalho dedicou-se ao estabelecimento de métodos de 

síntese quimioenzimática e purificação de glicopéptidos com diferentes O-glicanos 

de cadeia curta (antigénios Tn, STn, T, T mono e di-sialilado), glicosilados em 

diferentes extensões, tendo em vista o desenvolvimento de anticorpos e vacinas. 

Em suma, o presente estudo define uma estratégia para a descoberta de 

biomarcadores em cancro de bexiga, explorando o potencial de ferramentas 

bioinformáticas, glicómica e glicoproteómica. Identificaram-se glicoformas MUC16-

STn como biomarcadoras de respostas modestas/diminuídas à quimioterapia 

baseada em cisplatina, bem como glicoformas GLUT1-ST/STn e HOMER3-ST/STn 

como potenciais alvos terapêuticos em cancro de bexiga. Ademais, estabelecem-

se as fundações para a síntese e purificação de glicoepítopos. O racional estrutural 

e clínico que suporta o desenvolvimento de aplicações teragnósticas (deteção e 

terapia) baseadas em glicanos encontra-se agora definido. Estudos futuros deverão 

focar-se nas implicações funcionais destas descobertas no desenvolvimento e 

progressão do cancro de bexiga, tendo em vista intervenções clínicas mais 

eficazes.  
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ABSTRACT 

 

The management of bladder cancer patients presents significant hurdles due 

to high recurrence rates, rapid progression, dissemination, and poor response to 

chemotherapy. In addition, there has been a substantial lag in the introduction of 

effective targeted therapeutics compared to other solid tumours, which has 

frustrated hopes of significant improvements in bladder cancer treatment. Several 

evidences support that bladder tumours express a unique repertoire of glycans and 

glycoproteins, providing an opportunity for clinical intervention. Therefore, the 

main objective of this work was to establish the foundations for a comprehensive 

interrogation of the bladder cancer glycoproteome, with emphasis on sialylated 

short-chain O-glycans (modifications of Ser and Thr residues), aiming at potentially 

targetable molecular signatures. Finally, it focused on setting up chemoenzymatic 

synthesis methods for glycopeptides of clinical interest and potentially 

immunogenic glycoconjugates. The work started by providing an in silico step-by-

step tutorial for biomarker discovery in cancer, circumventing difficulties 

associated with the identification of glycoproteins by conventional proteomics 

workflows. This critical know-how set the foundations for interrogating the 

glycoproteome of distinct biological milieus (urine, cell models and bladder 

tumours) for clinically relevant biomarkers. An innovative lectin-affinity 

nanoenrichment proteomics workflow was first used for glycobiomarker discovery 

using urine as a starting point. Distinct glycoproteomics signatures were identified 

for all stages of the disease and should be considered in the development of future 

non-invasive detection methods. Namely, bladder cancer stem-cell marker CD44 

was consistently found in patient’s samples and was significantly increased in urine 

of muscle-invasive bladder cancer patients, reflecting its increase in tumours. 

Nevertheless, this work discussed that the high expression of CD44 in normal 

tissues associated with a wide array of structurally similar isoforms, dense 

glycosylation and inadvertent lack of nomenclature consensus posed a significant 

challenge for targeted therapeutics at this stage. The second part of the work 

devoted to the identification of prognosis biomarkers and novel therapeutic targets 

in bladder tumours and relevant cell models. Chemoresistant bladder tumours were 

first screened for short-chain O-glycans generally overexpressed (T and sialylated 

T antigens-ST) or expressed de novo in human tumours (Tn and sialyl-Tn-STn). 

Sialoglycans (STn and ST) were predominant over neutral glycoforms (Tn and T 

antigens), being associated with high-grade lesions and muscle invasion in bladder 
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tumours. In particular, the STn antigen was significantly increased in more 

aggressive lesions as well as in the metastasis. Targeted glycoproteomics focusing 

on STn-expressing glycoproteins resulted in the identification of several key cancer-

associated biomarkers, including CD44 and MUC16. Particular focus was set on 

MUC16, a relevant cancer biomarker, identified for the first time in bladder cancer. 

MUC16-STn glycoforms were associated with decreased response to cisplatin-

based therapeutics whereas MUC16 and STn evaluated independently were not. 

Such observations reinforced the importance of targeting specific protein 

glycoforms when envisaging the improvement of glycoproteins biomarker value. 

Efforts were then set on characterizing the glycome of three of the most widely 

studied bladder cancer cell models (5637, T24, HT1376) by mass spectrometry. ST 

antigens were identified as the most abundant O-glycoforms, in agreement with 

observations in human tumours. Targeted glycoproteomics led to the identification 

of over 1300 protein potentially carrying these sialylated glycans, many previously 

found in bladder tumours and urine samples, such as MUC16 and CD44. A 

bioinformatics-assisted scoring method was then established to rank the identified 

glycoproteins based on their potential relevance for targeting bladder cancer while 

minimizing off-target effects. GLUT1 and HOMER3 emerged as top-ranked 

glycoproteins, reflecting its lack of expression in the healthy urothelium and other 

healthy tissues. Moreover, both GLUT1 and HOMER3 were increased with the 

severity of the lesions, being also detected in the metastasis and associated with 

poor prognosis. More detailed structural studies by mass spectrometry confirmed 

the existence of GLUT1-ST/STn and HOMER3-ST/STn glycoforms in bladder 

tumours and provided the molecular foundations for designing targeted 

therapeutics. Finally, MUC16 was ranked on the top 10% of the biomarker listtarget 

score and CD44 was severely penalized due to its presence in most human organs. 

The last part of the work was devoted to the establishment of methods for the 

chemoenzymatic synthesis and purification of glycopeptides carrying different 

short-chain O-glycans (Tn, STn, T, mono and di-sialylated T antigens) with different 

degrees of glycosylation, envisaging the development of antibodies and cancer 

vaccines. In summary, the present study has set a roadmap for glycobiomarker 

discovery in bladder cancer, exploring the full potential of bioinformatics and state-

of-the-art high throughput glycomics and glycoproteomics. It has identified 

MUC16-STn glycoforms as biomarkers of decreased response to chemotherapy and 

GLUT1, HOMER3 and also MUC16 carrying short-chain O-glycans as potentially 

targetable glycobiomarkers in bladder cancer, setting the structural basis for 
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targeted therapeutics. Moreover, it has set the foundations for glycoepitopes 

synthesis and purification. The necessary structural and clinical rationale now 

exists for supporting the development of novel glycan-based theragnostics 

applications (detection, therapy). Future studies should now focus on disclosing 

the functional implications of these findings for bladder cancer progression and 

development envisaging more effective clinical interventions.
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Overview Of Bladder Cancer, Clinical Management Challenges 

And Glycan-Based Opportunities  

 

Bladder Cancer: Detection And Main Therapeutic Challenges 

Bladder cancer is the ninth most common malignancy, being in the top 

fifteen causes of death worldwide, showing three times higher incidence in men, 

especially after the age of the fifty [1, 2]. In Western world, cigarette smoking is 

the most relevant risk factor, accounting for approximately 50% of bladder cancer 

cases [2, 3]. Furthermore, occupational exposure to chemicals, genetic factors, and 

infection with Schistosoma haematobium, especially in rural areas of Africa and the 

Middle East, have also been described to increase the risk of bladder cancer 

development [4-6]. 

At diagnosis, approximately ninety percent of bladder cancers are urothelial 

cell carcinomas, 5% are squamous cell carcinomas, and less than 2% are 

adenocarcinomas [2]. Seventy percent of all newly diagnosed urothelial cell 

carcinomas are non-muscle invasive bladder tumours (NMIBC; Tis, Ta or T1) [2, 7, 

8], and 30% comprise muscle-invasive tumours (MIBC; T2-T4), of which 10-15% are 

already metastatic [9]. The clinical diagnosis ensues careful evaluation of the 

patient’s background, including risk factors and family history assessment [2, 9], 

invasive bladder cytoscopic examination and urine cytology [10]. At presentation, 

over 80% of patients experience macroscopic urine haematuria, with urine 

examination generally done to exclude parasite infection [11]. Bladder cystoscopy 

and urine cytology also constitute surveillance tools for bladder cancer follow-up. 

The first provides information about tumour location, appearance, and size, while 

having suboptimal sensitivity for low-grade papillary tumours (Ta and T1) and high-

grade Tis lesions [12]. In turn, urine cytology has reduced accuracy, especially for 

low-grade and low-stage tumours [10]. To overcome these limitations, several 

molecular non-invasive urine-based clinical tests were approved by Food and Drug 

Administration (FDA) agency. Namely, immunoassays to detect urinary proteins, 

including bladder cancer-associated antigens (BTA STAT®, BTA TRAK®), the nuclear 

matrix protein NMP22 immunocytofluorescence-based test (ImmunoCyt®/uCytt®), 

and the fluorescence in situ hybridization-based assay (UroVysion®) [10]. Still, the 

performance of these tests varies significantly since it is not always reproducible 
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in independent patient populations [13, 14]. Also, there are no serum-based tests 

currently available for bladder cancer detection and surveillance in clinical practice. 

Therefore, the search for novel secreted biomarkers are still required to improve 

the accuracy of available non-invasive detection tools and reduce the need for 

invasive tests.  

Despite the knowledge on bladder cancer clinicopathological features, it has 

remained an “orphan disease” regarding the introduction of novel therapeutics [15, 

16]. The mainstay treatment for NMIBC is endoscopic transurethral resection of the 

bladder tumour (TURBT) [2]. Further management is based upon risk factors, stage, 

grade, multimodality and recurrence history [2, 17]. Accordingly, patients can be 

advocated for surveillance, single-installation of intravesical chemotherapy (e.g. 

mitomycin C, epirubicin and doxorubicin), a course of intravesical chemotherapy 

or immunotherapy (bacillus Calmette-Guérin - BCG), or further surgery [2, 18, 19]. 

Despite the administration of standard therapy, 50-70% of NMIBC will recur, which 

constitutes the single highest recurrence rate amongst solid tumours [16, 18]. 

Moreover, roughly 10–20% of these tumours will progress to muscle-invasive 

disease (pT2–4), usually with metastasis and localized persistent disease, within 2 

years if managed only by TURBT and intravesical therapy [20-22]. Specifically, 

patients with low grade Ta disease have a 15-year progression-free survival of 95% 

with no cancer-specific mortality [7]. In turn, patients with high-grade Ta tumours 

have a progression-free survival of 61% and a disease-specific survival of 74%, 

whereas patients with T1 disease have a progression-free survival of 44% and a 

disease-specific survival of 62%, supporting the notion that lamina propria invasion 

is a prognostic indicator of disease progression and reduced survival [5]. 

Consequently, high-grade NMIBC patients present strikingly high recurrence rate 

and progression to muscle-invasive disease [18], requiring frequent follow-up and 

repeated treatments, making the cost per patient from diagnosis to death the 

highest of all cancers [23, 24]. This encompasses a significant burden for both 

patients and health care systems, urging the early identification of BCG responders 

better served by alternative and often more aggressive therapeutics. Regarding 

MIBC treatment, the widely adopted therapeutic options includes radical 

cystectomy with pelvic lymphadenectomy and adjuvant or neoadjuvant 

chemotherapy (cisplatin-based combinations: methotrexate, vinblastine, cisplatin 

and doxorubicin - MVAC, or gemcitabine and cisplatin - GC) [9, 24]. Even with the 

administration of available therapy, the relapse rate after radical cystectomy is as 
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high as 50%, depending on the pathological stage of the primary tumour and the 

presence of loco-regional or distant metastasis [25]. Also, despite the introduction 

of cisplatin-based chemotherapy in recent therapeutic schemes has allowed 

improving survival in comparison to cystectomy alone (14 months vs 6 months), 

the five-year overall survival does not exceed 25% and many patients die 

prematurely from adverse drug reactions [17]. Therefore, the management of 

bladder cancer patients presents significant hurdles due to high recurrence rates, 

rapid progression, dissemination, and poor response to chemotherapy. Moreover, 

the substantial lag in the introduction of novel targeted therapeutics has frustrated 

hopes of significant improvements in bladder cancer treatment.  

Currently, the success of bladder cancer management depends on early 

prognosis, but prognostication difficulties are often aggravated by the lack of 

efficient non-invasive follow-up strategies, early detection of occult 

micrometastasis, real-time monitoring of therapy response and metastatic risk 

assessment, which would enable timely and eventually life-saving interventions. 

Moreover, the high molecular heterogeneity of bladder tumours of apparently 

similar histology is responsible for significant variations in disease course, 

inconsistencies in therapeutic response and prognostic uncertainty [26].  

In summary, the main clinical challenges for bladder cancer management 

include: i) lack of tools for non-invasive early diagnosis and follow-up; ii) difficulties 

in tumour classification and prognostication due to high molecular heterogeneity 

iii) lack of biomarkers to predict treatment response (BCG immunotherapy, 

chemotherapy), specially for NMIBC cases; iv) lack of molecular-based targeted 

therapeutics capable of delay or avoid recurrence and progression of bladder 

cancer. Facing these limitations, intense efforts are ongoing to integrate significant 

genomic and transcriptomic data into comprehensive molecular models for 

improving disease management beyond conventional histopathological evaluation. 

However, many of the adopted methodologies do not fully reflect the tumour 

molecular microheterogeneity or allow predictions of its evolution throughout the 

disease course. More importantly, there is an unmet need for context-specific 

biomarkers capable of guiding the development of targeted therapeutics.  

 

Glycan-Based Opportunities Facing Bladder Cancer Clinical Challenges  

 Although genetic and epigenetic alterations are considered primary causes 

of cancer development, downstream phenotypic changes at the protein level are 
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amongst the driving forces of cancer progression and dissemination. Specifically, 

post-translational modifications mediate significant alterations in protein functions 

impacting directly on cell behavior. Namely, alterations to protein glycosylation 

impact on protein trafficking, stability and folding, decisively contributing to define 

its biochemical and biophysical properties. Moreover, glycans prevent and/or 

dictate proteolysis patterns and directly mediate key biological functions such as 

ligand-receptor interactions, cell-cell, cell-matrix adhesion, migration, immune 

recognition, and signaling pathways regulation. In addition, intracellular O-GlcNAc 

glycosylation (in Ser/Thr residues) of proteins plays a major role in cell physiology 

by direct competition with phosphorylation.  

Over 40 years of glycobiology studies have disclosed a plethora of glycans 

that ultimately confer a selective advantage to bladder tumour cells [27-33] and 

provided important surrogate biomarkers for specific biological milieus. Moreover, 

while there are few evidences of mutations in genes involved in glycosylation 

pathways, it is well known that transcriptional and metabolic reprograming of 

bladder cancer cells has tremendous impact in their glycome, leading not only to 

the overexpression but also to the de novo expression of specific glycoepitopes. 

These alterations often favour the activation of several intracellular oncogenic 

pathways, frequently endowing cancer cells with higher motility, invasion and 

metastization capacity, while promoting tolerogenic immune responses [34]. As 

such, several evidences support the existence of a unique repertoire of glycans, 

glycoproteins and glycan-binding proteins with a transversal nature throughout 

currently accepted cancer hallmarks. The sweet side to this sour end resides on the 

possibility of exploring the extracellular nature and the uniqueness of the created 

molecular features of glycans for targeting specific bladder tumour cells. Also, may 

provide non-invasive biomarkers that are secreted or shedded into body fluids from 

tumour sites [35, 36], providing a unique opportunity for clinical intervention. In 

particular, the screening of glycans may provide the necessary molecular rational 

for designing antibodies capable for theragnostics applications (detection and 

therapy). 

Therefore, this section provides two systematic reviews about antibody-

based therapeutic strategies for bladder cancer undergoing clinical trial and 

discuss future perspectives in this field, envisaging the development of more 

effective guided therapeutics. The first review addresses the status of targeted 

therapeutics at the beginning of the project, while the second review is a three-year 
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update, providing an evolutionary perspective on the field. The third publication 

comprehensively describes over forty years of research in bladder cancer 

glycobiology, summarizing the main findings in this field, including the most 

promising glycosignatures in terms of clinical significance and critical milestones 

for its clinical translation. Finally, it attempts to highlight the opportunities 

provided by high-throughput glycomics and glycoproteomics towards molecular-

based precision oncology. 
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ABSTRACT 

Bladder cancer is the most common malignancy of the urinary tract, presents 

the highest recurrence rate among solid tumors and is the second leading cause of 

death in genitourinary cancers. Despite recent advances in understanding of 

pathophysiology of the disease, the management of bladder cancer patients 

remains a clinically challenging problem. Particularly, bladder tumors invading the 

muscularis propria are often not responsive to currently available therapeutic 

approaches, which include surgery and conventional chemotherapy. Antibody-

based therapeutic strategies have become an established treatment option for over 

a decade in several types of cancer. However, bladder cancer has remained mostly 

an “orphan disease” regarding the introduction of these novel therapeutics, which 

has been translated in few improvements in patient’s overall survival. In order to 

shift this paradigm, several clinical studies involving antibody-based therapeutic 

strategies targeting the most prominent bladder cancer-related biomolecular 

pathways and immunological mediators are ongoing. This systematic review 

explores antibody-based therapeutics for bladder cancer undergoing clinical trial 

and discusses the future perspectives in this field, envisaging the development of 

more effective guided therapeutics.  

 

Keywords: Antibody-based therapeutics, Bladder cancer, Immunotherapy, 

Personalized medicine, Targeted therapy. 
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1. INTRODUCTION 

Bladder cancer is the most common malignancy of the urinary tract [1], 

showing four times higher prevalence in men, both in Europe and United States of 

America [1, 2], and a rising incidence in the elderly population [3].  

The majority of bladder cancers are urothelial cell carcinomas (UCC, 90%), 

while the remaining less common subtypes include squamous cell carcinoma, 

adenocarcinoma and small cell carcinoma [3, 4]. At initial diagnosis 70–80% of UCC 

are non-muscle invasive bladder cancers (NMIBC) confined to the mucosa [3], which 

include carcinoma in situ (CIS), Ta and T1 papillary lesions characterized by an 

exophytic growth [3]. Current therapeutic for NMIBC comprehends in transurethral 

resection of the bladder tumor possibly followed by intravesical chemotherapy (e.g. 

mitomycin-C) or immunotherapy (e.g. Bacillus Calmette-Guérin - BCG 

immunotherapy) to avoid recurrence and/or progression [5]. Based on European 

Association of Urology guidelines, patients with CIS, recurrent superficial tumors, 

poorly differentiated (high-grade) Ta/T1 lesions and/or with multifocal disease 

constitute a group at higher risk of recurrence and progression [5]. Therefore, 

these patients are recommended to undergo a postoperative regimen of 

instillations with BCG for up to 2 years [5]. By promoting a local immune response, 

BCG immunotherapy has effectively delayed the time to recurrence, however not 

without significant adverse drug reactions (ADRs) [5]. Furthermore, 30-50% of 

patients either fail to respond or relapse within 5 years and over 15-30% progress 

to muscle invasive disease, normally associated with poor prognosis [6]. In fact, 

muscle-invasive bladder cancers (MIBC, stages ≥T2), accounting for 20-30% of the 

newly diagnosed UCC per year, constitute the main therapeutic concern [6]. Current 

therapeutic for MIBC usually includes radical cystectomy and (neo)adjuvant 

chemotherapy with cisplatin-based regimens (e.g. gemcitabine/cisplatin – GC or 

methotrexate/vinblastine/doxorubicin/cisplatin – MAVC regimens) (Figure 1) [6]. 

However, even after optimal surgery and chemotherapy, the 5-year survival rate 

does not exceed 60% due to rapid metastization [7]. This aggressive biological 

behavior of MIBC, associated to its heterogeneous molecular nature and 

chemoresistance, is translated into a median survival of 15 months for patients 

with metastatic disease [8]. In addition, no significant improvements in survival 

rates of MIBC have been observed in the past decade [9]. Also, conventional 

chemotherapy encompasses significant toxicity that constitutes a major limitation 

for the elder, which represent the majority of MIBC patients [3, 9, 10]. More 
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importantly, no new and more effective therapeutic strategies have emerged in the 

past 20 years, making of bladder cancer an “orphan disease” in relation to novel 

treatments [11, 12]. In order to shift this paradigm, research has been conducted 

to either improve (e.g., with combinatorial strategies) or replace current bladder 

cancer therapeutic strategies [13-16]. Amongst the most promising approaches are 

antibody-based therapeutic strategies.  

Antibody-based therapeutics may exert their anti-cancer action based on 

three main mechanisms: 1) blockage of cell signaling by impairing cell-surface 

receptor function; 2) guidance of chemotherapeutic drugs; and, 3) boost of 

immunological responses by interaction with the immune system [17]. Interactions 

with components of the immune system include: 1) binding of complement to the 

antibody fragment crystallizable (Fc) portion, which enables complement-

dependent cytotoxicity (CDC); and, 2) contact between the Fc receptors of various 

leukocytes with the antibody Fc portion, leading to antibody-dependent cell-

mediated cytotoxicity (ADCC) [17]. Unlike chemotherapy and radiotherapy, 

antibody-based therapeutic strategies usually present target specificity and lower 

toxicity [18]. In addition, combined administration of antibody-based therapeutics 

with other chemotherapy agents has the advantage of overcoming the intrinsic or 

acquired chemoresistance of solid tumors [18]. Therefore, antibody-based 

therapeutics have become an established option for over a decade in several types 

of cancer [18]. Recent advances in the understanding of bladder cancer 

pathophysiology [19] has stimulated the development or introduction of several 

existing antibody-based therapeutic strategies, many of them undergoing clinical 

evaluation. In this review we have devoted to provide a systematic and 

comprehensive overview on antibody-based therapeutic strategies in clinical phase 

trials for bladder cancer as well as future perspectives in this field. We highlight 

the potential of antibodies as inhibitors of the main cancer-associated pathways, 

as intermediates in effective immune responses and as vectors for active drug 

targeting. Moreover, we intend to draw attention on more effective and less toxic 

therapeutic options for bladder cancer.
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Figure 1. Bladder cancer stages and recommended therapy. The treatment of superficial tumors (papillary or CIS) includes 

transurethral resection of the tumor, which may be followed by postoperative intravesical chemotherapy and/or a long-term immunotherapy 

with BCG (up to two years) to decrease the risk of recurrence/progression [5]. Multifocallity, the presence of CIS or highly dedifferentiated 

(high-grade) papillary lesions is amongst the main criteria underlying election for BCG immunotherapy [5]. Conversely, MIBC has been 

conservatively treated by radical/partial cystectomy and chemotherapy [6], which has not translated into significant improvements in patient’s 

overall survival. No new drugs have been introduced over the last decades, making of advanced stage bladder cancer an “orphan disease” in 

relation to new treatments. 

CIS: carcinoma in situ; MIBC: muscle invasive bladder cancer; NMIBC: non-muscle invasive bladder cancer; TURBT: transurethral resection of bladder tumor. 
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2. MATERIAL AND METHODS 

To evaluate the state of art concerning antibody-based therapeutic strategies 

in bladder cancer, the systematic review undertook a comprehensive search of 

MEDLINE through PubMed and of Clinical Trials Registry. All procedures were 

conducted according to Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) guidelines [20]. 

 

2.1. Search Strategy  

Search strategy included following query: ("Bladder Neoplasm"[All Fields] OR 

"Bladder Cancer"[All Fields] OR "Bladder Tumor"[All Fields] OR "Bladder 

Carcinoma"[All Fields]) AND ("Antibody"[All Fields] OR "Immunotherapy"[All Fields] 

OR "Antibody Therapy"[All Fields]). Literature database search for this review was 

carried out on June 29, 2015 by two independent reviewers (RA and MN).  

 

2.2. Inclusion and Exclusion Criteria 

Only studies written in English were considered for inclusion, independently 

of the publishing year. Clinical trials (phase I and beyond) aimed for bladder cancer 

and exploiting antibody-based therapeutic strategies were included. Preclinical 

studies and abstracts were excluded.  

 

2.3. Data Processing 

All trials selected for further review from Clinical Trials Registry were 

screened independently using MEDLINE for published results. Cited references 

from retrieved trials and reviews were screened for cited references to identify 

additional trials not indexed in the search databases or not identified in search 

strategy. 

  

3. RESULTS 

3.1. Study Description 

From an initial 2096 database records, 29 clinical trials involving antibody-

based therapeutics for bladder cancer met full criteria for selection, as outlined in 

Figure 2. In this review, clinical trials were organized based on their specific targets, 

as follows: 1) growth factors and kinase receptors inhibitors (48% of the studies); 

2) epithelial cell adhesion molecules inhibitors (7%); and, 3) immune system 

inhibitors (immunotherapy; 45%). The vast majority of the ongoing clinical trials 
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aimed for muscle-invasive and metastatic UCC (90%), while only 10% of the studies 

addressed BCG intolerant, recurrent or refractory non-invasive disease (10%), as 

summarized in Tables 1 and 2, respectively. These reports are discussed in detail 

in the following sections, with emphasis on the biological relevance of the targets 

in the context of bladder cancer, the molecular construct of the antibody and 

therapeutic outcome.  

 

 

Figure 2. Flow diagram evidencing the different stages of study selection. 

 

3.2. Growth Factors and Kinase Receptors Inhibitors 

Approximately half of the emerging antibody-based therapeutics bladder 

cancer exploit the interaction between growth factors and kinase receptors, which 

play a key role in many aspects of malignant transformation and cancer progression 
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[21]. Growth factors generally mediate cell signaling pathways through binding to 

kinase receptors comprising functional extracellular, transmembrane and 

cytoplasmic kinase domains [21]. In normal cells, the activity of kinase receptors is 

strictly regulated; nevertheless, significant deregulation or constitutive activation 

of these receptors may be found in a wide range of cancers [21]. These events may 

stem from genetic mutations resulting in gene rearrangement, amplification, and 

overexpression [21, 22]. Moreover, receptors and ligands autocrine, endocrine or 

paracrine stimulation dysfunction also highly influence these responses [21]. The 

cancer-associated deregulation of signal transduction through these receptors 

impairs five major signaling pathways: 1) mitogen-activated protein kinase 

(MAPK)/RAS; 2) protein kinase C (PKC); 3) janus kinase (JAK)/signal transducer and 

activator of transcription (STAT); 4) phosphatidyl inositol-3-kinase (PI3K)/AKT; and, 

5) SMAD [21, 23-25]. The clinical trials discussed in detail in the following sections 

exploit the antibody-mediated inhibition of these oncogenic signaling pathways by 

targeting: 1) Epidermal Growth Factor Receptors Family; 2) Vascular Endothelial 

Growth Factor Receptors Family; 3) Angiopoietins and Tie Receptors Family; and, 

4) Transforming Growth-Factor Beta Receptors Family (Figure 3 and Figure 4). 

 

 

Figure 3. Antibody-mediated inhibition of cellular signaling pathways by 

blocking of growth factors binding to tyrosine kinase receptors. The binding of 
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growth factors to tyrosine kinase receptors, such as the EGFR, HER2, VEGFR, and Tie, 

regulates many key signaling cascades in normal and cancer cells including MAPK/RAS, 

PKC, JAK/STAT and PI3K/AKT pathways. Phosphorylated tyrosine kinase receptors initiate 

signaling transduction through: 1) MAPK/RAS pathway – recruitment of guanine-nucleotide 

exchange factor SOS via the GRB2 and SHC, activating RAS and subsequently stimulating 

RAF and MAPK pathway to affect cell proliferation, tumor invasion and metastasis; 2) PKC 

pathway - phosphorylation of PLCG and subsequent hydrolysis of PIP2 into IP3 and DAG, 

resulting in activation of PRKC and CAMK, promoting angiogenesis and cell proliferation; 

3) JAK/STAT pathway – activation of cell survival signals; and, 4) PI3K/AKT pathway – 

activation of major cellular survival and anti-apoptosis signals via activation of nuclear 

transcription factors. Antibody-mediated blocking of growth factors binding to tyrosine 

kinase receptors causes the inhibition of oncogenic signaling pathways. 

Ang: angiopoietin; CAMK: calmodulin-dependent protein kinase; DAG: diacylglycerol; DNA: 

deoxyribonucleic acid; EGF: epidermal growth factor; EGFR: epidermal growth factor receptor; GRB2: 

growth factor receptor bound protein-2; HER2: human epidermal growth factor receptor 2; IP3: 

inositol 1,4,5-triphosphate; JAK1: janus kinase 1; MAPK: mitogen-activated protein kinase; PI3K: 

phosphatidylinositol-3-kinase; PIP2: phosphatidylinositol 4,5-bisphosphate; PLCG: phospholipase C 

gamma; PRKC: protein kinase C; SHC: src-homology and collagen homology; SOS: son of sevenless; 

STAT: signal transducer and activator of transcription; VEGF: vascular endothelial growth factor; 

VEGRF: vascular endothelial growth factor receptor. 

 

 

Figure 4. Antibody-mediated inhibition of SMAD-mediated pathway by 

blocking of growth factor binding to serine/threonine kinase receptors. Upon 
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ligand-induced oligomerization, TβRI (e.g. ALK1) forms a complex with TβRII, resulting in 

TβRI phosphorylation and activation by TβRII. Subsequently, TβRI phosphorylates the serine 

residues in the cytoplasmic signaling molecule R-SMAD, inducing a conformational change 

and its subsequent dissociation from the receptor complex and SARA. The phosphorylated 

R-SMAD forms a ternary complex with a common-mediator SMAD (e.g. SMAD4), which binds 

to transcription promoters/cofactors, leading to several biological effects. Antibody-

mediated blocking of growth factors binding to serine/threonine kinase receptors causes 

the inhibition of oncogenic signaling pathways. 

ALK1: activin receptor-like kinase 1; BMP: bone morphogenetic protein; DNA: deoxyribonucleic acid; 

SMAD: sma and mad related family; R-SMAD: receptor-regulated SMAD; SARA: SMAD anchor for 

receptor activation; TGF-β: transforming growth-factor beta; TβRI: transforming growth-factor beta 

type I receptor; TβRII: transforming growth-factor beta type II receptor. 

 

3.2.1. Epidermal Growth Factor Receptors Family  

Five bladder cancer clinical trials used antibodies to target epidermal growth 

factors (EGF) or their receptors (EGFR), which are involved in many cell regulatory 

cell processes resulting from EGFR autophosphorylation and initiation of signaling 

transduction pathways upon activation by the ligand [26]. Some of these processes 

include proliferation, cell survival, angiogenesis, migration and metastasis (Figure 

3) [26]. Epidermal growth factor receptors family, also known as ERBB receptors or 

human epidermal growth factor receptors (HER) family, are a major classes of 

tyrosine kinase receptors proto-oncogenes [26]. In addition, EGFR are 

transmembrane glycoproteins, with an extracellular ligand-binding domain and 

intracellular tyrosine kinase domain, and include four members: 1) EGFR (ERBB1); 

2) HER2 (ERBB2); 3) HER3 (ERBB3); and, 4) HER4 (ERBB4) [26]. 

 

3.2.1.1. Epidermal Growth Factor Receptor (EGFR/ERBB1) 

In bladder cancer, EGFR overexpression is an independent predictor of 

advanced tumor stage and grade, disease progression and poor patient survival 

[27]. While in healthy urothelial EGFR expression is confined to basal cell layer [28], 

EGFR is overexpressed on tumor primary site (in both deep and superficial cell 

layers) and metastases in majority of patients with UCC [29, 30]. Blocking of EGFR-

EGF interaction has been demonstrated to arrest bladder cancer cells growth, 

resulting in tumor cell death, and limit apoptosis in vitro [31, 32].  Several 

activating mutations of the kinase domain or truncating mutations of the 

extracellular domain have been described in bladder cancer but few are expected 
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to modulate response profile to EGFR blocking [33, 34]. Thus, antibody-based 

therapeutic blockade of EGFR or its ligands represents a new and exciting option 

for bladder cancer therapy.  

Panitumumab (Vectibix®), formerly known as ABX-EGF, is a fully human 

recombinant monoclonal antibody (moAb) that specifically binds to EGFR, thereby 

competitively inhibiting the binding by its natural ligands [35]. As a fully human 

antibody, panitumumab is potentially less immunogenic than chimeric antibodies 

[36]. Moreover, this antibody was approved by the Food and Drug Administration 

(FDA) and European Medicines Agency (EMA) for treating patients with EGFR-

expressing metastatic colorectal carcinoma, patients showing signs of disease 

progression or after fluoropyrimidine-, oxaliplatin- and irinotecan-based 

chemotherapy regimens [37, 38]. In preclinical studies, panitumumab has been 

shown to inhibit EGF-dependent tumor cell activation (e.g. EGFR tyrosine 

phosphorylation, increased extracellular acidification rate and cell proliferation), 

prevent tumor formation and eradicate large dimensions tumors [39, 40]. 

Concerning this, Stephenson et al. [41] conducted a phase I, multicenter and open-

label clinical trial in 84 patients with advanced solid tumors (including bladder 

cancer) refractory to standard therapy or for which no standard therapy exists. The 

study aimed to evaluate the efficacy, toxicity, pharmacokinetics and 

immunogenicity of two dose schedules and intravenous infusion times of 

panitumumab, as described in detail in Table 1. A therapeutic schedule of 

panitumumab 6mg/Kg every-2-weeks showed increased objective responses to 

therapy (sum of complete and partial responses, according to Wilson et al. [42]) 

compared to a 9mg/Kg every-3-week scheme (5% versus 0%). Also, 90% of patients 

presented at least one grade 1-3 ADR (for definition of toxicity grades please check 

Common Terminology Criteria for Adverse Events criteria [43]), irrespectively of the 

dose schedule. Furthermore, panitumumab 9mg/Kg every-3-week showed higher 

ADRs severity than the 6mg/Kg every-2-weeks dose schedule. Panitumumab 

exposure was dose-dependent at steady state and few neutralizing antibodies were 

detected. A phase II study using the panitumumab 9mg/Kg dose schedule in 

combination with neo(adjuvant) gemcitabine and carboplatin chemotherapy in 

patients with MIBC is ongoing (NCT01916109, Table 1).  

Cetuximab (Erbitux®), formerly known as IMC-225 or C225, is an anti-EGFR 

murine-human chimeric moAb. It results from the fusion of a murine antibody 

variable region with the Fc region of a human immunoglobulin (Ig)G1, in order to 
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eliminate or reduce the probability of immunological reactions against the murine 

domain [44]. Cetuximab shows high affinity for EGFR, thereby avoiding EGF binding 

and the activation of downstream signaling cascades that translate into 

uncontrolled cancer cell proliferation and survival [44]. Cetuximab is indicated by 

FDA and EMA as a single agent and in combination with other therapies for EGFR-

expressing refractory metastatic colorectal carcinoma and squamous cell head and 

neck cancers [45, 46]. Preclinical studies in bladder cancer demonstrated several 

antitumor effects of cetuximab, such inhibition of angiogenesis and tumor growth 

[47, 48]. Therefore, clinical trials have been performed to evaluate cetuximab as 

single therapeutic agent or in combination with other drugs for bladder cancer 

treatment. Wong et al. [49] conducted a randomized and non-comparative phase II 

clinical trial to measure the efficacy and toxicity of cetuximab with or without 

paclitaxel in 39 patients with metastatic UCC who received chemotherapy 

(therapeutic scheme detailed in Table 1). Single agent cetuximab had limited 

activity; however, the addition of paclitaxel apparently enhanced the antitumor 

effect by improving objective responses (25% versus 0%) and by prolonging 

progression-free survival (16.4 versus 7.6 weeks) and overall survival (42.0 versus 

17.0 weeks). These results might be explained by a synergistic antitumor effect of 

both drugs through which paclitaxel induced apoptosis and cetuximab inhibited 

proliferation [50]. Still, the addition of paclitaxel was also associated with grade 

3/4 ADRs. Moreover, Hussain et al. [51] conducted a randomized phase II clinical 

trial to evaluate the efficacy and toxicity to gemcitabine and cisplatin, with or 

without cetuximab, in 88 patients with advanced UCC (therapeutic scheme detailed 

description in Table 1). Therapeutic regimens were associated with significant 

grade 3/4 ADRs and showed no improvements in efficacy when cetuximab was 

added. The reduced antitumor effect of this therapy might be explained by the high 

molecular heterogeneity of bladder tumors and EGFR heterodimerization with other 

HERs, which might circumvent EGFR inhibition and drive parallel mitogen-activating 

signaling pathways [52], and thus, targeting only EGFR may not be sufficient to 

improve objective response rate. Therefore, more potent inhibitors with an 

irreversible mechanism and broader anti-HER activity may provide more extended 

signaling inhibition and greater antitumor effects. 
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3.2.1.2. Human Epidermal Growth Factor Receptor 2 (HER2/ERBB2) 

The HER2 shares extensive sequence homology with other members of the 

EGFR family proto-oncogenes [53]. Likewise, EGFR, HER2 overexpression is an 

independent predictor of poor prognosis in bladder cancer [54] but it is variable, 

ranging from 8 to 70% [55]. However, HER2 overexpression demonstrated to be 

more frequent in CIS stage [56] and in lymph node metastases than in primary site 

[57]. The HER2 expression variability can be conditioned by the presence of 

mutations in extracellular and tyrosine kinases domains of HER2 that induce 

receptor overexpression [58]. These mutations thereby moderately influence the 

progression and mortality of patients with bladder cancer [58] and modulate the 

response profile to HER2 blocking. In addition, the incidence of HER2 

overexpression in bladder cancers demonstrated to be even higher than in breast 

cancer, a disease model where all the attentions have been focused on HER2 as a 

poor prognostic factor and therapeutic target [55], making of HER2 a relevant 

target for antibody-based therapeutics.  

Trastuzumab (Herceptin®) is a recombinant humanized moAb that binds the 

HER2 extracellular domain, blocking HER2 signaling transduction pathways and 

also disrupting HER2/HER3 interactions [59]. These interactions commonly lead to 

cell death by inhibiting cellular proliferation or drive cancer cells to interact with 

the cluster of differentiation (CD)16 on immune effector cells, leading to ADCC 

[59]. Trastuzumab was approved by FDA and EMA for the adjuvant treatment of 

metastatic breast cancer whose tumors overexpress HER2, in combination with 

doxorubicin, cyclophosphamide and paclitaxel [60, 61]. When administrated with 

chemotherapy, trastuzumab was shown to improve time to disease progression 

and overall survival in patients with HER2-positive metastatic breast cancer 

compared to chemotherapy alone [62]. Furthermore, the combined administration 

of trastuzumab, carboplatin and paclitaxel in breast cancer treatment resulted in 

an antitumor synergistic effect, showing therapeutic advantages in comparison to 

trastuzumab alone [63]. Despite the common utilization of trastuzumab in breast 

cancer, the possible use of this moAb as therapeutics for bladder cancer received 

some attention based on preclinical studies showing associations between HER2 

overexpression and poor prognosis in bladder cancer [64, 65]. Based on these 

promising results, Hussain et al. [66] conducted a multicenter phase II clinical trial 

for evaluating the efficacy and toxicity of trastuzumab combined with carboplatin, 

gemcitabine and paclitaxel in 44 patients with advanced UCC overexpressing HER2 
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(therapeutic schedules described in detail on Table 1). This therapeutic strategy 

resulted in 70% objective response rate, with response duration of 7.0 months, 

progression-free survival of 9.3 months and overall survival of 14 months. In 

addition, patients presented mainly grade ≤ 2 cardiotoxicity. Oudard et al. [67] 

carried an open-label, comparative, randomized and multicenter phase II clinical 

trial to address the efficacy and toxicity of transtuzumab, alone or in combination 

with chemotherapy (cisplatin and gemcitabine), in patients with advanced stage 

and disseminated HER2-positive UCC (detailed therapeutic schedules in Table 1). 

Accordingly, the addition of trastuzumab to chemotherapy did not improve efficacy 

and frequently caused grade 3/4 neutropenia. 

Ado-trastuzumab emtansine (T-DM1, Kadcyla®) is an antibody–drug 

conjugate resulting from the fusion of trastuzumab with DM1, a highly effective 

microtubule-disrupting agent with potent cytotoxic activity [68]. Upon binding to 

HER2, the conjugate is endocyted DM1 is subsequently released inside the cell by 

proteolytic degradation of the antibody moiety in the lysosomes [68]. T-DM1 has 

been approved by the FDA and EMA for HER2-positive metastatic breast cancer and 

has been proven effective in patients previously treated with trastuzumab and a 

taxane [68-70]. Preclinical studies in bladder cancer demonstrated significant anti-

tumor effects of T-DM1, including against cisplatin-resistant cells [71, 72]. 

However, there are no published studies in clinical development stage regarding 

this antibody-based therapeutic regimen. 

Margetuximab, also known as MGAH22, is a chimeric anti-HER2 moAb 

conserving the binding specificity of transtuzumab but whose Fc region was 

engineered Fc region to increase binding to both human CD16A alleles [73]. 

According to a recent preclinical study, the MGAH22 antibody showed higher 

affinity for the CD16A activating Fcγ receptor and diminished affinity for the CD32B 

inhibitory Fcγ receptor, expressed by immune cells [73]. The optimization of the Fc 

domain translated into enhanced ADCC activity for HER2-positive tumors, 

irrespectively of the HER2 expression levels and the Fcγ receptor subtypes in 

effector cells [73]. MGAH22 not only preserved HER2-binding affinity and the anti-

proliferative properties of trastuzumab but also presented enhanced anti-tumor 

activity [73]. Regarding this, a phase I trial is evaluating the efficacy and toxicity of 

MGAH22 in HER2-positive advanced stage solid tumors (n=34), including bladder 

cancer [74] (detailed therapeutic scheme in Table 1). MGAH22 demonstrated 

antitumor effect regardless the tested dosage, including delayed time to 
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progression (≥5 months) and partial responses (6%), and mainly grade 1/2 systemic 

symptoms and reactions related with infusion.  

 

3.2.2. Vascular Endothelial Growth Factor (Receptors) Family  

Two antibody-based clinical trials have focused on targeting vascular 

endothelial growth factor (VEGF-A, also called VEGF or vascular permeability factor) 

and its endothelial cell–specific tyrosine kinase receptors VEGFR-1 (flt-1) and 

VEGFR-2 (flk-1/KDR). These proteins have emerged as key regulators of embryonic 

angiogenesis, as well as of the neoangiogenesis process in cancer and other 

diseases (Figure 3) [75-77]. Both VEGF and VEGFR have been described as 

overexpressed and associated with a malignant phenotype bladder cancer cell 

models and tissues [78, 79], and also with tumor progression, invasion and poor 

prognosis in clinical studies [79-81]. Moreover, VEGFR is significantly 

overexpressed in hypoxic tumor areas, where it plays a key role in the induction of 

neoangiogenesis, necessary to support tumor development and disease 

dissemination [82]. In addition to its pro-neoangiogenic properties, VEGF also has 

an important role in the induction of immunosuppressive microenvironments, 

mostly by inhibition of dendritic cell maturation and induction of T regulatory cells 

[83]. Confirming its pivotal role in cancer, targeting VEGF and VEGFR with 

antibodies allowed the blocking of angiogenesis, inhibiting tumor growth and 

promoting cancer regression in preclinical models [84-87]. Therefore, targeting of 

VEGF and its receptors represents a possibly useful approach for antibody-based 

therapeutic strategies in bladder cancer [88].  

Bevacizumab (Avastin®) is a FDA- and EMA-approved recombinant 

humanized moAb designed to bind circulating VEGF-A, preventing its interaction 

with VEGFR on endothelial cells and, consequently, the induction of 

neoangiogenesis [86, 89, 90]. When combined with chemotherapy, bevacizumab 

significantly improved the clinical outcomes in several types of solid tumors [89, 

91-93]. Considering this, Hahn et al. [94] conducted a phase II clinical trial in 43 

chemotherapy-naive patients with metastatic or unresectable UCC to assess the 

efficacy and toxicity of bevacizumab in combination with chemotherapy (cisplatin 

and gemcitabine) as first-line treatment (therapeutic regimen described in detail in 

Table 1). Results demonstrated a significant antitumor efficacy for this regimen, 

with 72% of patients displaying objective response rates (19% were complete 

responses). Treatment combination enhanced the overall survival of patients (19.1 
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months), with no improvement in progression-free survival time (8.2 months, the 

goal was 50% of improvement) and/or significant ADRs (mainly grade 3/4 

neutropenia - 35%). Based on these promising results, the combined therapeutic 

regimen is being tested in a phase III clinical trial as first-line therapy 

(NCT00942331) and in a phase II clinical trial followed by surgery in patients with 

advanced bladder tumors, but results have not yet been published (NCT00268450, 

Table 1).  

Aflibercept (Zaltrap®) is a fusion antibody that results from the combination 

of the Fc regions of a human IgG1 with the extracellular ligand-binding domains of 

VEGFR-1 and VEGFR-2 [95, 96]. The antibody has demonstrated to be a strong 

angiogenesis inhibitor by acting as a soluble scavenger of VEGF [95, 96]. Moreover, 

when compared to other VEGF inhibitors, it shows several potential advantages: 1) 

enhanced VEGF-A binding affinity compared to humanized moAbs; 2) ability to bind 

VEGF-B as well as placental growth factors (PlGF1 and PlGF2), which have 

independent proangiogenic effects; 3) enhanced circulating half-life in comparison 

to other soluble receptor molecular constructs, which decreases the need for 

repetitive administration of this antibody to achieve a therapeutically relevant 

serum concentration; and, 4) entirely based on human protein sequences [95, 96]. 

Aflibercept has been approved by both FDA and EMA for metastatic colorectal 

cancer treatment in combination with irinotecan, leucovorin and 5-fluorouracil 

(FOLFIRI) [97, 98]. Twardowski et al. [96] conducted a phase II study to access the 

efficacy and toxicity of aflibercept in 22 patients with metastatic or locally advanced 

UCC previously subjected to a single cisplatin-based regimen (therapeutic 

schedules described in Table 1). This approach resulted in 4.5% partial responses, 

as well as in a median progression-free survival of 2.79 months. Furthermore, this 

therapeutic regimen presented similar toxicity to VEGF pathway inhibitors, however 

without grade 4 ADRs. Since aflibercept demonstrated limited single agent activity, 

studies should continue to consider its combination with chemotherapy. 

 

3.2.3. Angiopoietins and Tie Receptors Family 

One clinical study has been identified targeting angiopoietins (Ang), which 

are natural ligands of Tie-2 (tek) receptor tyrosine kinase, expressed primarily on 

endothelial and early hematopoietic cells [99]. Tie-2 receptor signaling cascades 

participate in key angiogenesis-related events, namely vascular stabilization and 

remodeling [100] as well as pericytes and smooth muscle cells recruitment [101]. 
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The Ang1-3 angiopoietin family members have been identified as the main ligands 

for Tie-2 [102]. Ang1 is an angiogenic factor that induces receptor phosphorylation 

upon ligand binding [102], whereas Ang2, expressed only at sites of vascular 

remodeling, reduces vascular integrity and probably makes the endothelial cells 

more responsive to VEGF proliferative signals (Figure 3) [103]. The biological roles 

of Ang3 (mouse) and Ang4 (human) have not yet been fully elucidated. Since an 

adequate blood supply is required for tumor growth, Ang/Tie receptor signaling is 

believed to play an important role in many cancers. In experimental models of 

cancer, imbalances between Ang1 and Ang2 resulted in an overexpression of Ang2 

at tumor angiogenic sites, which enhanced tumor angiogenesis and growth [104]. 

In addition, dual inhibition of Ang1 and Ang2 resulted in enhanced antitumor 

activity in vitro compared to inhibition of Ang2 alone, suggesting that dual Ang1/2 

inhibition enables a more effective angiogenesis suppression [105]. Giving these 

promising results, dual antibody-based inhibition of Ang1/2 is expected to be 

effective in bladder cancer treatment. 

Trebananib, also known as AMG 386, is recombinant peptide-Fc fusion 

antibody (termed peptibody) that selectively blocks Ang1 and Ang2 interactions 

with the Tie-2 receptor, reducing angiogenesis [106]. A preclinical study 

demonstrated that trebananib presents antiangiogenic properties and causes 

tumor growth inhibition in solid tumor animal models [106]. Clinical trials have 

been conducted regarding the evaluation of trebananib as single agent or 

combined with other drugs for bladder cancer therapy. Mita et al. [107] evaluated 

the efficacy, toxicity, pharmacokinetics and immunogenicity of trebananib 

combined with oxaliplatin, leucovorin and 5-fluorouracil (FOLFOX-4), 

carboplatin/paclitaxel or docetaxel, in 22 adult patients with advanced solid 

tumors (including bladder cancer) in a phase I clinical trial (therapeutic strategy 

described in detail on Table 1). This approach revealed a promising antitumor 

activity for all three drug combinations with trebananib, with 59% of patients 

demonstrating stable disease for ≥8 weeks and 18% showing objective responses. 

One patient with bladder cancer refractory to gemcitabine/cisplatin receiving 

trebananib plus carboplatin/paclitaxel demonstrated a complete response at week 

8. Therapy was well tolerated, with no dose-limiting toxicities or grade 3/4 ADRs 

related to trebananib. Moreover, no pharmacokinetic interactions were observed 

between trebananib and the tested chemotherapeutics and no neutralizing 

antibodies against trebananib were detected. Doi et al. [108] also conducted a 
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phase I clinical trial to evaluate the efficacy, toxicity and pharmacokinetics of 

trebananib, administrated as a single agent, in 18 patients with advanced solid 

tumors (including bladder cancer) refractory to standard treatment (therapy 

scheme detailed in Table 1). Only 6% of the patients presented a partial response 

to treatment, which included a bladder cancer case. All patients had at least one 

ADR but none discontinued therapy due to ADRs occurrence and there were no 

grade 3/4 ADRs for all doses. Similarly to the Mita et al. [107] study, serum 

clearance appeared to be similar across the dose ranges and no neutralizing 

antibodies were detected. More clinical trials are warranted to assess trebananib 

anti-tumor activity and pharmacological profile. 

 

3.2.4. Transforming Growth-Factor Beta Receptors Family  

One clinical trial has focused on using antibodies to block the binding of 

transforming growth factor β (TGF-β) family of cytokines to their receptors. The 

TGF-β family of cytokines includes TGF-β, bone morphogenetic proteins (BMPs) and 

activins [109]. These pleiotropic polypeptides regulate cellular responses such as 

proliferation, differentiation, apoptosis, adhesion and migration, as also play a role 

in a variety of pathophysiologic processes, including angiogenesis [110-112]. In 

general, these cytokines signal through tetrameric complexes of type-II and type-I 

serine/threonine kinase receptors at the cell surface, which activate the 

downstream Sma and Mad Related Family (SMAD) signal transduction pathways 

[112]. Activated SMADs regulate diverse biological effects by partnering with 

transcription factors resulting in cell-state specific modulation of transcription 

(Figure 4) [110, 113]. Different arrangements of the tetrameric complex may 

account for either different ligand binding or translate into differential signaling 

responses to the same ligand [25]. For example, proangiogenic effects of several 

members of TGF-β family are mediated via interaction of the type II receptor with 

the type I receptor activin receptor-like kinase 1 (ALK1) mainly on endothelial cells 

[114, 115]. In addition, the activation of SMAD-independent pathways through TGF-

β signaling is also common [112]. Modifications affecting either the secretion of 

TGF-β or its receptors expression have been associated with both aggressive UCC 

and poor outcome [116]. In vitro results further correlated TGF-β and its receptors 

activation with inhibition of cell proliferation, decreased apoptosis, decreased E-

cadherin and increased cyclooxygenase-2 expression in bladder cancer [114]. 

Moreover, several studies have demonstrated that antibody-based targeting of 
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ALK1 markedly inhibited angiogenesis and tumorigenesis in several advanced in 

vitro models of cancer [117, 118]. In resume, TGF-β family of cytokines and their 

receptors seem to be relevant targets for antibody-based therapy in bladder cancer.  

PF-03446962 is a novel and fully human moAb against ALK1, which promotes the 

decrease in microvessel density as well as the reduction in blood flow to large 

dimensions and more mature tumors vessels [11]. Necchi et al. [11] evaluated the 

efficacy and toxicity of PF-03446962 in an open label, single-group, phase II clinical 

trial involving a group of 14 patients diagnosed with locally advanced or metastatic 

UCC that were refractory to at least one chemotherapy regimen (therapeutic 

schedule detailed in Table 1). Despite the mechanistic relationship between ALK1 

signaling and VEGFR pathway [119], results demonstrated no antitumor activity of 

PF-03446962, with no improvement in progression-free survival, overall survival 

and quality of life. Common grade 1/2 thrombocytopenia (36%) was registered as 

well an increase in VEGF and interleukin-8 (IL-8) levels. Therefore, further studies 

should consider the evaluation of PF-03446962 in combination with VEGFR 

inhibitors. 

 

3.3. Epithelial Cell Adhesion Molecules Inhibitors 

Our query has also retrieved a study involving the targeting of epithelial cell 

adhesion molecule (EpCAM), also known as CD326. EpCAM is a transmembrane 

glycoprotein predominantly located in intercellular spaces of epithelial, progenitor 

and normal stem cells [120, 121]. It is comprised of an extracellular domain (EpEX) 

with epidermal growth factor (EGF) and thyroglobulin repeat-like domains, a single 

transmembrane domain and a short 26-amino acid intracellular domain (EpICD) 

[120, 121]. EpCAM regulates both normal and cancer-associated events including 

cell-cell adhesion, cell proliferation, maintenance and regulation of non-

differentiated states, migration and invasion (Figure 5) [121, 122]. In cancer cells, 

EpCAM is homogeneously distributed on their surface and its overexpression has 

been associated with cancer progression [120, 123-125]. In fact, EpCAM 

overexpression was appointed as an indicator of increased stage and grade, and 

poor prognosis in bladder cancer [125, 126]. In addition, EpCAM has also been 

identified as a marker for cancer-initiating stem cells, making it an interesting 

target for cancer antibody-based therapeutic strategies [127, 128]. 
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Figure 5. Antibody-mediated inhibition of epithelial cell adhesion molecule 

pathway. Signaling transduction begins with the highly regulated ADAM17 and PSEN2-

mediated intramembrane proteolysis of EpCAM. Owing to its ability to inhibit E-cadherin-

mediated adhesion, EpCAM recruits β-catenin as a central interacting protein. The 

sequential EpCAM cleavage allows the EpICD interaction with FHL2 and β-catenin, followed 

by nuclear translocation of the protein complex. Once in the nucleus, the protein complex 

contacts DNA at LEF-1/TCF consensus sites, leading to EpCAM target genes transcription. 

Antibody-mediated blocking of EpCAM causes the inhibition of its signaling pathway and 

oncogenic biological effects. 

ADAM17: a disintegrin and metalloproteinase domain 17; DNA: deoxyribonucleic acid; EpEX: EpCAM 

extracellular domain; EpICD: EpCAM intracellular domain; FHL2: four and a half lim domain protein 

2; LEF-1: lymphoid enhancer-binding factor 1; PSEN2: presenilin 2; RIP: regulated intramembrane 

proteolysis; TCF: transcription factor. 

 

Oportuzumab monatox, also known as VB4-845, is a recombinant fusion 

protein that targets the EpCAM [129]. It consists of a humanized single-chain 

variable fragment linked to a truncated form of Pseudomonas exotoxin A that lacks 

the cell-binding domain [129]. Once bound to EpCAM on carcinoma cells surface, 

oportuzumab monatox is internalized, allowing the exotoxin portion of the fusion 

protein to induce apoptosis [130, 131]. Kowalski et al. [132] conducted an open-

label, multicenter, dose-escalating phase I clinical trial to evaluate the efficacy, 
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toxicity, pharmacokinetics and immunogenicity of oportuzumab monatox as an 

intravesical therapy in 64 grade 2/3 BCG-refractory or BCG-intolerant NMIBC 

patients. The oportuzumab monatox was administrated intravesically in order to 

avoid toxicity events commonly associated with systemic administration of 

targeted therapies [133] and with the immunogenicity of recombinant fusion 

antibodies [36]. In fact, this approach has been suggested to increase the clinical 

benefit of oportuzumab monatox while minimizing any ADR [134, 135] 

(therapeutic regimen described in detail in Table 2). Oportuzumab monatox 

therapy resulted in complete responses observed in 39% of patients, and grade 1/2 

ADRs at all doses, with one grade 3 ADR and no grade 4/5 reported [132]. 

Moreover, oportuzumab monatox plasma levels were below the limit of detection 

of the assay and the majority of patients developed antibodies against the exotoxin 

portion of oportuzumab monatox. This therapeutic regimen showed antitumor 

effects that warrants further clinical investigation in bladder cancer. In a phase II 

trial, Kowalski et al. [136] explored the efficacy and toxicity of intravesical 

oportuzumab monatox instillations in 46 patients with CIS previously treated with 

BCG (therapeutic regimen described in detail in Table 2). This approach resulted in 

complete responses in 44% of patients after 6 months, with 16% of patients 

remaining disease free after 1 year, and in mostly grade 1/2 reversible bladder 

ADRs in 65% of patients.  

 

3.4. Antibodies for Immunotherapy 

The past decade has witnessed a rapid growth in knowledge of the 

underlying immune mechanisms of immunological responses. In particular, it has 

been observed that the immune system is not only able to distinguish “non-self” 

from “self”, but also may recognize “altered-self” in the setting of cancer 

development [17]. This knowledge has paved the way to immune system 

manipulation and to novel immunotherapies able of effectively boosting general 

immune responses or specifically targeting cancer cells [17].  

Superficial bladder tumors were the first to be successfully treated with 

immunotherapy based on intravesical instillations with BCG over 40 years ago [5]. 

Nevertheless, despite this pioneer development, no novel immunotherapeutics 

have been introduced. Currently, several antibody-based immunotherapeutic 

strategies are being exploited for advanced stage bladder cancer treatment, which 
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include: 1) immune checkpoint inhibitors; and, 2) tumor-associated antigens 

targets. 

 

3.4.1. Immune Checkpoint Inhibitors  

Immune checkpoints refer to immune system's regulatory cascades 

necessary to modulate and maintain immune homeostasis [137]. These cascades 

are controlled by specific molecules often called “immune checkpoints” [137]. As a 

part of a normal immune response, these molecules block the actions of 

immunologic effector cells conditioning or preventing the immune response when 

no longer needed [137]. In many chronic infections and in cancer, immune 

checkpoint molecules are exploited by parasitic, viral pathogens and cancer cells, 

in order to escape immune control and elimination [137, 138]. Since the immune 

escape is a pre-requisite for tumor growth and spread, the development of 

antibody-based therapeutic strategies targeting these inhibitory pathways has 

recently emerged as a promising strategy in oncology. Currently, agents targeting 

cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed cell death ligand 1 

(PD-L1) are being evaluated in clinical trials for bladder cancer.  

 

3.4.1.1. Anti-Cytotoxic T Lymphocyte Associated Antigen 

CTLA-4, also known as CD152, is one of several co-inhibitory molecules that 

modify T cells-mediated responses to antigen presentation by antigen presenting 

cells (APCs) [139]. CTLA-4 is a co-estimulatory molecule transiently expressed on 

the surface of helper T-cells that negatively affects their function and prevents 

excessive clonal expansion [139]. Contrastingly, its homologue CD28 is expressed 

constitutively on T cells [140] and constitutes a major co-stimulatory signal after 

antigen presentation by APCs [139]. The ligands for both CD28 and CTLA-4 are 

known as B7 proteins (B7.1 - CD80 or B7.2 - CD86), which are found on APCs 

surface [140]. Noteworthy, CTLA-4 has higher avidity for its ligands than CD28, 

which suggests a dominance of inhibitory signals in immune activation (Figure 6) 

[140]. Preclinical studies demonstrated that CTLA-4 blockade by antibodies 

resulted in an effective recognition and destruction of malignant cells in several 

cancer models [141-143]. Based on this, CTLA-4 seems to be a relevant target for 

antibody-based therapy in bladder cancer.  

Ipilimumab (Yervoy®), also known as MDX-010 and MDX-101, is a fully 

humanized IgG1 kappa moAb capable of CTLA-4 antagonization. By impairing 
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CTLA-4 binding, it allows cytotoxic T cells (CTLs) to destroy cancer cells [144]. It 

was the first anti-CTLA-4 agent in clinical development and was approved by FDA 

and EMA for metastatic melanoma treatment [145, 146]. Considering this, Carthon 

et al. [144] conducted a study in 12 patients with localized stage T1-T2 UCC to 

evaluate the toxicity and immunologic effects of ipilumumab (therapeutic strategy 

described in detail in Table 2). Therapeutic strategies demonstrated mostly grade 

1/2 ADRs (50%). All patients demonstrated an increased frequency of CD4+ T cells 

expressing inducible costimulatory molecule (ICOS, a CD28 superfamily receptor) 

in both bladder tissue and peripheral blood. Supported by these results, an ongoing 

phase II trial is evaluating the combination of gemcitabine, cisplatin and ipilimumab 

as first-line treatment of metastatic UCC (NCT01524991, Table 1).  

 

3.4.1.2. Programmed Death Receptor-1  

Programmed death receptor 1 (PD-1, also known as CD274) engagement 

constitutes a co-inhibitory signal meant to induce peripheral immune tolerance 

[147]. Similar to CTLA-4, PD-1 becomes expressed on T cells following TCR 

activation by antigenic stimulation [147]. PD-1 has two main ligands, namely PD-L1 

(also known as B7-H1) and PD-L2 (also known as B7-DC) whose interaction with PD-

1 results in reduced cytokine production, cytolysis activity and lymphocyte 

proliferation [147]. Tumor cells overexpress PD-L1 following T cells infiltration, 

therefore, evading T cell-mediated immune eradication (Figure 6). PD-L1 is 

expressed by 12% of bladder tumor cells, 27% of tumor infiltrating immune cells 

and in up to 50% of malignant urothelial cells in CIS [12, 148]. In addition, 95% of 

lymphocytes that invade bladder tumors express the PD-1 receptor [12, 148]. 

Urothelial expression of PD-L1 was also predictive of mortality following 

cystectomy in patients with organ-limited disease [12, 148]. These results have 

pointed the PD-L1/PD-1 pathway as an attractive therapeutic target for bladder 

cancer treatment. 

MPDL3280A is a human anti-PD-L1 IgG1 designed to inhibit the interaction 

of PD-1 with its ligand PD-L1 and B7.1 [149]. MPDL3280A presents an engineered 

Fc domain capable of abrogating ADCC, by preventing the depletion of activated T 

cells that also express PD-L1 [149]. Powles et al. [12] conducted a phase I study 

including 21 PD-L1-positive patients with metastatic UCC that were pre-treated with 

chemotherapy, to evaluate the efficacy and toxicity of MPDL3280A. This cohort was 

then extended to include PD-L1 negative patients (therapeutic plan described in 
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Table 1). Results demonstrated that tumors holding PD-L1-positive infiltrating 

immune cells presented a more pronounced antitumor therapy effect. 

Approximately 43% of the patients presented objective responses to therapy (7% 

had complete responses) and demonstrated mostly grade 1/2 transient ADRs.  

Pembrolizumab (Keytruda®), also known as Lambrolizumab or MK-3475, is a 

humanized engineered IgG4 with an optimized Fc region that minimizes ADCC and 

CDC [150]. This moAb provides a dual blockage of PD-L1 and PD-L2 and was 

approved by FDA for treating patients with unresectable or metastatic melanoma 

[150]. An ongoing randomized, open label, phase III clinical trial is evaluating 

efficacy of pembrolizumab compared to paclitaxel, docetaxel or vinflunine in 

patients with recurrent or metastatic UCC (NCT02256436, Table 1).  

Nivolumab (Opdivo®), also known as MDX1106 and BMS936558, is a fully 

human moAb IgG4 also capable of blocking the PD-1 receptor [151, 152]. This FDA-

approved drug demonstrated an improvement of survival in patients with 

metastatic squamous non-small cell lung carcinomas showing progression after 

chemotherapy [151, 152]. An ongoing open label, phase II study is evaluating the 

efficacy to nivolumab in patients with metastatic or unresectable UCC that 

progressed or recurred after therapy with a platinum agent (NCT02387996, Table 

1). Furthermore, another ongoing open label, phase I/II clinical trial is investigating 

the efficacy of nivolumab in monotherapy or in combination with anti-CTLA-4 

(ipilimumab) for advanced solid tumors, including bladder cancer (NCT01928394, 

Table 1). 
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Figure 6. Distinct mechanisms of programmed cell death protein 1 and cytotoxic T lymphocyte-associated antigen 4 on 

immunosuppression and antibody-based immunotherapy. A. Resting T cells constitutively express CD28. Upon response to antigenic 

stimulation of TCR by APCs, T cells are thought to express CTLA-4 on their surface immediately. Because CTLA-4 binds to B7 molecules with 

a much higher avidity than does CD28, the expression of CTLA-4 on T cells surface disrupts B7-CD28 interactions, leading to down-regulation 

of T cells activation. The antibody-based therapy blocks the negative signaling from CTLA-4. B. In normal circumstances T cells become 

activated through APC-mediated TCR antigenic stimulation and are recruited to tumor sites expressing those antigens. However, high levels 

of PD-1 expression by tumor cells allow for persistent interaction between T cell PD-1 and PD-L1 expressed by tumor cells resulting in T cell 

dysfunction. PD-1 inhibition can be overcome by strong TCR signaling, CD28 signaling or IL-2 signaling (not shown). The antibody-based 

therapy blocks the negative signaling from PD-1 or PD-L1. 

CD: cluster of differentiation; CTLA-4: cytotoxic T lymphocyte-associated antigen 4; IL: interleukin; MHC: major histocompatibility complex; PD-1: programmed 

cell death protein 1; PD-L1: programmed cell death ligand-1; TCR: T cell receptor. 
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3.4.2. Targets for Tumor-Associated Antigens  

Tumor-associated antigens (TAA) can derive from any membrane-bound, 

cytoplasmic, nuclear-localized or secreted tumor-associated proteins [153]. The 

most clinically relevant TAA are differentially expressed compared to 

corresponding normal tissue [154]. At some point in their natural history, most 

tumor cells are able to present these antigens, acting as APCs [154, 155]. However, 

the lack of co-stimulatory molecules on tumor cells does not allow an effective 

immune response and consequently the triggering of specific T cell dependent or 

humoral response [154]. TAA may also be presented by APC via major 

histocompatibility complexes (MHC) to naïve CTLs in secondary lymphoid organs 

leading to T cell activation [153, 155]. Impaired TAA presentation or recognition 

by either MHC-I or II molecules favors the evasion of tumor cells from 

immunosurveillance [156]. The formation and surface expression of these 

complexes can be interfered by mechanisms of MHC-I down-regulation [155]. 

Moreover, many solid tumors do not express MHC-II and the involvement of 

activated CD4+T cells depends mainly on tumor infiltrating APC [155, 156]. 

Therefore, conservation and/or reconstitution of functional MHC-peptide 

complexes on cell surface are essential events to induce a T cell-based anti-tumoral 

response [155]. 

 

3.4.2.1. Interleukin-2/p53 

Most tumors strongly overexpress p53, compared to normal tissues [157]. 

Moreover, a specific p53-derived antigenic peptide (aa264-272) was found to be 

presented by MHC-I molecules in several types of tumors [158]. ALT-801 is a 

bifunctional molecular construct fusing IL-2 with a soluble, single-chain T cell 

receptor domain that was designed to bind the aa264-272 peptide (HLA-A*0201) 

[159]. This fusion protein activates the IL-2 receptor in infiltrating T cells promoting 

T cell expansion and differentiation in effector T cells, thereby promoting anti-

tumoral activity [159, 160]. In addition, preclinical studies demonstrated an 

antitumor activity of ALT-801 against p53+/HLA-A*0201 tumors likely mediated by 

natural killer cell tumor infiltration [161, 162]. Regarding this, Fishman et al. [163] 

conducted an open label, dose escalation, phase I clinical trial to evaluate the 

efficacy, toxicity, pharmacokinetics and immunological effects of ALT-801 in 26 

p53+/HLA-A*0201 patients with progressive metastatic malignancies including 

bladder cancer (therapeutic regimens detailed in Table 1). This approach resulted 
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in a stable disease for at least eleven weeks in 38% of patients while 1 patient 

progressed and died. Moreover, ALT-801 caused less liver and renal toxicities 

compared to high dose IL-2. Nevertheless, two patients demonstrated grade 4 

ADRs. The serum half-life of ALT-801 was 4 hours. Therapy with this moAb induced 

an increase in serum interferon gamma (IFN-γ), but not tumor necrosis factor alpha 

(TNF-α), and activated CD4+ and CD8+ T cells thus, demonstrating a promising 

antitumor activity. In addition, two phase I/II trials are testing ALT-801 in 

combination with gemcitabine, in patients with NMIBC who have not responded to 

BCG therapy (NCT01625260, Table 2), and in combination with gemcitabine and 

cisplatin, in patients with MIBC (NCT01326871, Table 1). Despite the possible 

limitation of treating patients with a specific HLA type, this approach can overcome 

major limitations of IL-2 therapy (i.e. short half-life and toxicity). 

 

3.4.2.2. Mannose Receptor/Human Chorionic Gonadotropin-β 

The magnitude of immune responses is strictly regulated in order to avoid 

tissue injury and autoimmunity [164]. Therefore, exploiting tumor-associated 

proteins as cancer vaccines is often impaired by the acquisition of tolerance to self-

antigens [164]. Interestingly, presentation of poorly immunogenic, soluble TAA by 

mannose receptors (MR, also known as CD206) on APC has been shown to 

successfully induce clinically relevant immunity [165]. The MR is constitutively 

recycled, which allows a rapid and successive accumulation of its ligands into 

intracellular compartments, allowing further processing for MHC presentation 

[165]. Indeed, a number of studies support a role for MR in generating both MHC 

class II and MHC class I-restricted immune responses, as well as induction of CTLs, 

and T helper responses [165]. Therefore, antibody-based therapeutic strategies 

with activated, autologous APCs, loaded with tumor-associated antigens are 

attractive for bladder cancer. 

CDX-1307 is a vaccine construct that results from the fusion of a moAb for 

the mannose receptor and the tumor antigen chorionic gonadotropin-β chain (hCG-

β), which is frequently expressed by epithelial cancers including bladder cancer 

[166, 167]. High levels of hCG-β in both the serum and bladder tumors constitute 

an independent predictor of disease outcome as well as a poor prognostics factor 

[166]. This protein is thought to be involved in a wide variety of biological events 

that contribute to tumor growth, including immunosuppressive, anti-apoptotic and 

angiogenic properties as well as metastasis  [168, 169]. CDX-1307 actively delivers 
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the hCG-β whole protein to APCs triggering specific and HLA-restricted cellular and 

humoral responses. Preclinical studies have demonstrated the CDX-1307 capability 

of eliciting APC-mediated T cell expansion and cytolytic responses against hCG-β-

expressing cancer cell lines [170]. Considering this, Morse et al. [167] conducted 

two open-label, dose-escalation, multi-dose phase I clinical trials in 87 patients with 

advanced epithelial malignancies, including bladder cancer. The study aimed to 

assess the efficacy, toxicity, pharmacokinetics and immunologic effects of CDX-

1307 combined with cytokine granulocyte-macrophage colony-stimulating factor 

(GM-CSF), toll-like receptor (TLR)3 agonist polyinosinic-polycytidylic acid stabilized 

with poly-L-lysine and carboxymethyl cellulose (poly-ICLC) and/or TLR7/8 agonist 

resiquimod, an immune stimulant (therapeutic regimens described in detail in 

Table 1). Therapy induced a stable disease for at least 2.3 months in 10% of 

patients. Toxicity consisted essentially of grade 1/2 injection site ADRs (70%) and 

no grade 4/5 ADRs occurred. In almost all patients, CDX-1307 plasma levels were 

below the limit of detection of the assay, but therapy induced strong humoral and 

T cell responses to hCG-β when co-administered with TLR agonists. Immune 

responses were similar in patients with elevated and non-elevated levels of serum 

hCG-β; furthermore, the serum antibodies in vaccinated participants showed tumor 

suppressive function in vitro. Other clinical trial examined the anti-tumor activity 

and toxicity of CDX-1307 vaccine combined with chemotherapy (GM-CSF, poly-ICLC 

and resiquimod) when this regimen is given before and after surgery in newly 

diagnosed MIBC patients (NCT01094496, Table 1). 

 

3.4.2.3. DEC-205/NY-ESO-1 Cancer-Testis Antigen 

NY-ESO-1, a cancer-testis antigen, is expressed in a variety of cancers, but 

not in normal adult tissues, except for testis germ cells [171]. It is predominantly 

expressed in high grade UCC and has potential to be both a prognostic and 

predictive marker [172-175]. Although the function of NY-ESO-1 is unknown, it has 

been speculated that its expression by cancers might reflect acquisition of 

immortal, self-renewal, migration ability and capacity to invade [176]. Hence, NY-

ESO-1 appears to be an ideal target for immunotherapy in bladder cancer. 

CDX-1401 is a fusion protein composed by a fully humanized moAb specific 

for DEC-205, which is a dendritic cell receptor, linked to full-length NY-ESO-1 tumor 

antigen [177]. Similarly to MR, DEC-205 (also known as CD205) is a mediator of 

tumor-associated antigen internalization by APCs [121]. Targeting antigens to DEC-
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205–expressing APCs in steady state has been shown to induce tolerance [178]. 

Vaccination with CDX-1401 may stimulate the host immune system to mount a 

humoral and CTL response to cells expressing NY-ESO-1 antigen, resulting in tumor 

cell lysis [177]. Sharma et al. [177] assessed the toxicity and immunologic effects 

the CDX-1401 in a phase I trial on 6 patients with UCC who had undergone radical 

cystectomy or nephroureterectomy and were not candidates for adjuvant systemic 

chemotherapy. It was administered in combination with intradermal BCG and 

subcutaneous GM-CSF to further boost a vaccine-induced immune response 

(therapeutic regimen described in detail in Table 1). The vaccine was well tolerated, 

with grade 1 injection site ADRs, and all patients showed immune responses such 

the occurrence of CD4 T cell responses. An ongoing clinical trial is examining 

toxicity and tolerability of CDX-1401 when given in combination with resiquimod 

to NY-ESO-1-positive patients with advanced cancers, including bladder cancer 

(NCT00948961, Table 1). 

 

4. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

According to our systematic review, the vast majority of the studies involving 

antibody-based therapeutics concern advanced stage bladder tumors, which are 

associated with poor prognosis and lack effective therapeutic strategies. In fact, 

advanced stage bladder cancer is a complex and heterogeneous disease 

characterized by high recurrence rates and poor outcomes. This is mainly 

associated with high levels of resistance to conventional cytotoxic/cytostatic 

chemotherapy agents used in clinical practice and the absence of significant 

advances in the therapeutics field. Moreover, highly toxic chemotherapeutic 

regimens constitute a significant burden for the elder population, whom 

constitutes the majority of advanced stage bladder cancer patients [10]. As such, 

the management of bladder cancer patients has remained a significant problem for 

both patients and health care systems.  However, we must also note the few efforts 

to improve the management of BCG refractory non-muscle invasive tumors and 

patients showing intolerance to this immunotherapy, for which the remaining 

therapeutic option is radical cystectomy.    

The need for new and effective therapies has driven remarkable research 

efforts during the past decades that led to the genetic, epigenetic and proteomic 

characterization of bladder tumors envisaging personalized medicine. As a result, 

a number of valuable molecular targets have been identified and new antibody-
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based therapeutics have now reached clinical trials. In general, targeted 

therapeutics using antibodies have proven less toxic than conventional drugs in 

pre-clinical [40, 142] and early stage clinical trials [107, 108, 132], suggesting it 

may constitute valuable approaches to overcome one of the major limitations 

raised by treatment schemes. Furthermore, they hold potential to treat elderly 

patients that constitute the majority of advanced stage cases and that do not 

tolerate chemotherapy. We observed that half of the identified approaches focused 

on targeting and inhibiting key molecules involved in oncogenic pathways, such as 

EGFR, HER2, VEGF, Ang, ALK1 and cell-adhesion, namely EpCAM. Other exciting 

emerging therapeutics focused on using antibodies for immune mediators aiming 

T cell cytotoxic activity stimulation, by blockage of CTLA-4, PD-1 and PD-L1. Even 

though such strategies have been proven capable of boosting highly specific 

immune responses against tumor cells, these are significantly dependent on a 

functional non-weakened immune system. Antibodies may also be used to 

selectively deliver chemotherapy payloads to cancer cells; however only two 

preclinical studies explored this strategy by the use of ado-trastuzumab emtansine, 

an antibody–drug conjugate that fuses the trastuzumab with DM1 (Figure 7A). 

Nevertheless, we believe that exploiting antibody-mediated delivery of 

chemotherapy may provide new ways to improve treatment outcome while reducing 

the systemic toxicity associated with conventional drugs. In this context we would 

also like to highlight the potential of drug nanoencapsulation associated with active 

targeting to improve cancer management [179]. However, despite significant 

research at preclinical stages, these novel approaches have not yet been translated 

into clinical trials.  

Despite promising pre-clinical and clinical studies, few novel therapeutics 

have transposed beyond phases I and II. Namely, only two phase III trials are 

currently being conducted using bevacizumab combined with chemotherapy and 

pembrolizumab as single agent targeting VEGF-A and both PD-L1 and PD-L2, 

respectively. Most of these clinical trials were small, nonrandomized and 

disregarded the molecular heterogeneity, complexity and intricate connection of 

biomolecular pathways of bladder tumors by targeting single molecules. In fact, 

more promising results were observed in multi-targeted approaches or by 

combination of conventional chemotherapy with antibody-based therapeutics. 

Nevertheless, we note only modest improvements in patient survivals (bellow 12 

months), irrespectively of the used strategies, which will likely translate into few 
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developments in bladder cancer management in the near future. Despite these 

rather disturbing observations, antibody-based therapeutics constitutes an 

important step towards personalized medicine and to overcome systemic toxicity 

associated with conventional chemotherapy. Therefore, we believe that the lessons 

learned from the ongoing clinical trials will surely allow the design of more effective 

strategies and lead to groundbreaking medical advancements in bladder cancer 

management.  

As future perspectives, studies should continue to assess the potential 

benefit of simultaneous inhibition of multiple targets by combining different agents 

or a single multiple-target inhibitor of several pathways. Such combinations might 

reduce the dose of each drug and, consequently, decrease the probability of ADRs 

occurrence, while maintaining or even enhancing their anticancer activity. Also, the 

selective targeting of cancer-associated antigens/pathways combined with 

antibody-based immunotherapeutics has not yet been evaluated, prompting for 

future studies regarding this issue. In addition, efforts should continue to be 

devoted towards a more comprehensive and integrated understanding of bladder 

cancer pathways, the tumor microenvironment and cancer-associated immune 

responses and their influence in treatment response. Namely, future it would be 

important to ponder possible factors modulating target-molecules expression and 

response profile to immunotherapy, such as the highly variable mutational 

spectrum of bladder cancers [19, 180] and inter-patients variability, as translated 

by our most recent works in the field of pharmacogenetics [181-183]. The tumor 

microenvironment, in particular the immune responses occurring in stroma [184], 

is another critical aspect that as remained mostly disregarded and warrants careful 

investigation in the future. In addition, our group has recently highlighted that 

advanced stage bladder cancer cells present profound alterations in the 

glycosylation of cell-surface proteins, which are key mediators in disease 

progression and dissemination [185-187]. Furthermore, we have demonstrated 

that altered protein glycosylation may directly influence the response to 

immunotherapy by modulating cancer cell recognition [182] and dendritic cells 

function, limiting their capacity to trigger protective anti-tumor T cell responses 

[188]. Glycoproteomic studies are ongoing to identify unique cancer-associated 

glycoprotein subsets envisaging highly specific cancer biomarkers, the 

development of novel therapeutic antibodies and strategies to overcome tumor-

induced immune tolerogenic mechanisms. The integration of this information will 
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certainly allow interpreting individual responses to therapy, design more effective 

therapeutics, setting the basis for personalized medicine in bladder cancer.  

In resume, we believe that the introduction of novel targeted therapeutics 

based solely on assessment of the tumor histopathological and molecular features 

may fall short to provide true improvements in advanced stage bladder patient’s 

outcome. Instead, we propose that therapeutic selection and the design of effective 

therapeutic schemes should comprise an integrative overview, also accounting for 

the patient’s context (age, gender, psychosomatic and immune status, quality of 

life and therapeutic risk, among others). We emphasize the importance of the 

patient’s physiological status, and in particular of a functional immune system, 

when considering immunotherapy approaches. Furthermore, this should be a 

dynamic and adaptive decision-making process relying on patient’s therapeutic 

outcome towards individualized treatments and improved responses to emerging 

therapeutics (as outlined in Figure 7B). 
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Figure 7. Overview on antibody-based therapeutic strategies for bladder 

cancer and a tentative approach to individualize cancer treatment and 

improved the outcome. A. Overview on antibody-based therapeutic strategies may exert 

their anti-cancer action based on three main mechanisms: 1) blockage of cell signaling by 

impairing cell-surface receptor function; 2) boost of immunological responses by 

interaction with the immune system; and, 3) guidance of chemotherapeutic drugs [17]. B. 

Selection of antibody-based therapeutic strategies should be a dynamic and adaptive 

decision-making process relying on patient’s profile, tumor classification and patient’s 

therapeutic outcome towards individualized treatments and improved responses to 

emerging therapeutics. 

CD: cluster of differentiation; CTLA-4: cytotoxic T lymphocyte-associated antigen 4; IL: interleukin; 

MHC: major histocompatibility complex; PD-1: programmed cell death protein 1; PD-L1: programmed 

cell death ligand-1; TCR: T cell receptor. 
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Table 1. Antibody-based therapeutic strategies for muscle-invasive bladder tumors under clinical trial  

Target Antibody 

name 

Type Study (year) 

[Ref]† 

Indication Combined 

drugs 

Clinical 

phase 

n Therapeutic 

regimen‡ 

Preliminary results# (ClinicalTrials.gov 

identifier) 

Growth Factors and Kinase Receptors Inhibitors 

Epidermal Growth Factor Receptors Family 

EGFR Panitumuma

b or ABX-EGF 

 

Fully human 

moAb 

Stephenson et 

al. (2009) [41] 

Advanced 

solid tumors 

(including 

bladder 

cancer) 

None Phase I  84 Arm A: 6mg/Kg every 

2 weeks (infusions 

over 60-min or a 60-

min infusion for the 1
st

 

dose plus 30-min 

infusions if the 1
st

 

infusion was well 

tolerated). Arm B: 

9mg/Kg every 3 weeks 

(60-min infusions). 

Efficacy: Arm A: objective responses in 

5% of patients (all partial, 1 colon, 1 

rectal, 1 esophageal and 1 bladder 

cancer) over 25.6 weeks. Arm B: objective 

responses in 0% of patients. Toxicity: 

Both arms: 90% of patients had ≥1 ADR, 

most ADRs were grade 1 (21%), grade 2 

(40%) and grade 3 (39%), and 6% 

discontinued therapy due to ADRs. Arm 

A:  grade 3 ADRs (37%). Arm B: grade 3 

ADRs (62%). Pharmacokinetics: Both 

arms: panitumumab exposure at steady 

state was dose proportional and peak 

serum concentrations were similar for 

30- and 60-min infusions. 

Immunogenicity: Both arms: 

Neutralizing antibodies were detected in 

6.6% of patients. (NCT00091806). 

n/a UCC (MIBC) Gemcitabine 

and 

carboplatin 

Phase II n/a Four cycles of 

panitumumab 9mg/Kg 

on day 1, gemcitabine 

1000mg/m
2

 on day 1 

and 8 and carboplatin 

4.5mg/ml/min on day 

1 at 21-day intervals 

plus radical 

cystectomy.  

Currently ongoing - no study results 

published yet. (NCT01916109). 

Cetuximab or 

IMC-225 or 

C225 

Chimeric 

(mouse/hum

an) moAb 

Wong et al. 

(2012) [49] 

Metastatic 

UCC who 

received one 

line 

chemotherapy 

Paclitaxel or 

none 

Phase II 39 Arm A: 4-week cycles 

of cetuximab 

250mg/m
2

. Arm B: 4-

week cycles of 

cetuximab 250mg/m
2

 

and paclitaxel 

80mg/m
2

/week. 

Efficacy: Arm A: closed after 9 of the first 

11 patients progressed after 8 weeks of 

therapy, objective responses in 0% of 

patients, PFS was 7.6 weeks and OS was 

17.0 weeks. Arm B: objective responses 

in 25% of patients (complete responses in 

8%), PFS: 16.4 weeks, OS: 42.0 weeks. 

Both arms: 49% of patients discontinued 

therapy due to disease progression. 

Toxicity: Arm A: grade 3 rash (5%) and 

pruritus (3%). Arm B: most common ADRs 

were grade 3/4 rash (15%) and 

hypomagnesemia (8%). Both arms: no 

grade 5 ADRs occurred and 10% of 

patients discontinued therapy due to 

ADRs. (NCT00350025). 
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Hussain et al. 

(2014) [51] 

Advanced 

(UCC)  

Gemcitabine 

and cisplatin 

Phase II 88 Patients were 

randomized 1:2. Arm 

A: cisplatin 70mg/m
2

 

on day 1 plus 

gemcitabine 

1000mg/m
2

 on days 1, 

8 and 15. Arm B: 

cisplatin 70mg/m
2

 on 

day 1 plus gemcitabine 

1000mg/m
2

 on days 1, 

8 and 15 and 

cetuximab 500mg/m
2

 

on days 1 and 15. 

Efficacy: Arm A: objective responses in 

57% of patients, PFS was 8.5 months and 

OS was 17.4 months. Arm B: objective 

responses in 61.4%, PFS was 7.6 months 

and OS was 14.3 months. Toxicity: Arm 

A: grade 3/4 ADRs (75%). Arm B: grade 

3/4 (80%) and grade 5 (3%) ADRs. Both 

arms: 6% discontinued therapy due to 

ADRs (NCT00645593). 

HER2 Trastuzumab Recombinant 

humanized 

moAb 

Hussain et al. 

(2007) [66] 

HER2-positive 

advanced UCC 

Paclitaxel, 

carboplatin 

and 

gemcitabine 

Phase II 44 Trastuzumab 4mg/Kg 

loading dose, 2mg/Kg 

on days 1, 8 and 15, 

paclitaxel 200mg/m
2

 

on day 1, carboplatin 

5mg/ml/min on day 1 

and gemcitabine 

800mg/m
2

 on days 1 

and 8. 

Efficacy: Objective responses in 70% of 

patients (complete responses in 11%), 

PFS was 9.3 months and OS was 14.1 

months. Toxicity: Most common grade 3 

ADR was leukopenia (50%) and grade 4 

was neutropenia (70%). Overall, 22.7% of 

patients had grade 1-3 cardiac toxicity 

and 7% of patients presented grade 5 

ADRs. (NCT01828736). 

Oudard et al. 

(2015) [67] 

HER2-positive 

advanced or 

metastatic 

UCC 

Gemcitabin 

and cisplatin 

or carboplatin  

Phase II 61 Arm A: Gemcitabine 

1000mg/m
2

 (days 1 

and 8) plus cisplatin 

70mg/m
2

 or 

carboplatin 

(5mg/ml/min) (day 1 

every 3 weeks). Arm B: 

Trastuzumab (8mg/Kg 

loading dose followed 

by 6mg/Kg every 21 

days) plus gemcitabine 

1000mg/m
2

 (days 1 

and 8) plus cisplatin 

70mg/m
2

 or 

carboplatin 

5mg/ml/min day 1 

every 3 weeks. 

Efficacy: Arm A: Objective responses in 

65.5% of patients, PFS was 10.2 months 

and OS was 15.7 months. Arm B: 

Objective responses in 53.2% of patients, 

PFS was 8.0 months and OS was 9.5 

months. Toxicity: Arm A: most common 

grade 1/2 ADR was nausea (72%) and 

grade 3/4 ADR was neutropenia (76%). 

Arm B: most common grade 1/2 ADR was 

nausea (55%) and grade 3/4 ADR was 

neutropenia (68%). Grade 3 cardiotoxicity 

occurred in 3% of patients and grade 5 

febrile neutropenia occurred in 2% of 

patients. (NCT01828736). 

Margetuxima

b or MGAH22 

Fc-modified 

chimeric 

moAb 

Burris et al. 

(2013) [74] 

HER2-positive 

advanced solid 

tumors 

(including 

bladder 

cancer) 

None Phase I 34 Arm A: Five dose-

escalations 0.1-

6.0mg/Kg/week for 4 

weeks. Arm B: dose-

escalations starting at 

6.0mg/Kg. 

Efficacy: Both arms: objective responses 

in 6% of patients (all partial) and long 

times to progression (≥ 5 months). 

Toxicity: Both arms: most common ADRs 

were grade 1/2 systemic symptoms and 

infusion-related. Grade 3 ADRs were 

limited to a single infusion reaction (3%), 

brief lymphopenia (6%) and transient 

worsening anemia (6%). (NCT01195935). 
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Vascular Endothelial Growth Factor Receptors Family  

VEGF-A Bevacizumab Recombinant 

humanized 

moAb 

Hahn et al. 

(2011) [94] 

Metastatic 

UCC  

Cisplatin and 

gemcitabine 

Phase II 43 Cisplatin 70mg/m
2

 on 

day 1, gemcitabine 

1000-1250mg/m
2

 on 

days 1 and 8 and 

bevacizumab 

15mg/Kg on day 1, 

every 21 days. 

Efficacy: Objective responses in 72% of 

patients (complete responses in 19%), 

PFS was 8.2 months and OS was 19.1 

months. Toxicity: Most common grade 

3/4 ADR was neutropenia (35%) and 7% of 

patients presented grade 5 ADRs. 

(NCT00234494). 

n/a Advanced UCC Gemcitabine 

and cisplatin 

Phase III n/a Arm A: Gemcitabine 

over 30-min on days 1 

and 8 and cisplatin 

over 1 hour. Arm B: 

Bevacizumab over 30-

90-min on day 1, 

gemcitabine over 30-

min on days 1 and 8 

and cisplatin over 1 

hour. Therapy 

repeated every 21 days 

for 6 courses. 

Currently ongoing - no study results 

published yet. (NCT00942331). 

n/a Muscle 

invasive, 

resectable, 

non-metastatic 

UCC 

Cisplatin, 

gemcitabine 

followed by 

radical 

cystectomy 

Phase II n/a Patients received 

cisplatin over 60 min 

and bevacizumab over 

30-90 min on day 1 

and gemcitabine over 

30-min on days 1 and 

8. Therapy repeated 

every 3 weeks for 4 

courses. Patients with 

nonmetastatic disease 

at 12 weeks proceeded 

to radical cystectomy.  

Completed - no study results published 

yet. (NCT00268450). 

VEGF-A, 

VEGF-B, 

PIGF1 

and 

PIGF2 

Aflibercept Recombinant 

peptide-Fc 

fusion 

antibody 

(“peptibody”) 

Twardowski et 

al. (2010) [96] 

Recurrent or 

metastatic 

UCC 

None Phase II 22 4mg/Kg administered 

over 1 hour on day 1 of 

each 14-day cycle 

every 2 weeks. 

Efficacy: Objective responses in 4.5% of 

patients (all partial) and PFS was 2.79 

months. Toxicity: Most common grade 

2/3 ADR was hypertension (45%) and no 

grade 4/5 ADRs were reported. 

(NCT00407485). 
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Angiopoietins and Tie Receptors Family 

Ang1 and 

Ang2 

Trebananib 

or AMG 386 

Recombinant 

peptide-Fc 

fusion 

antibody 

(“peptibody”) 

Mita et al. 

(2010) [107] 

Adults with 

advanced solid 

tumors 

(including 

bladder 

cancer) 

FOLFOX-4*, 

carboplatin/p

aclitaxel or 

docetaxel 

Phase I 22 One full cycle of 

standard-dose 

chemotherapy alone 

during the pretherapy 

phase (FOLFOX-4* or 

carboplatin/paclitaxel 

or docetaxel) and AMG 

386 10mg/Kg/week in 

combination with 

standard-dose 

chemotherapy. 

Efficacy: Objective responses in 18% of 

patients (complete responses in 5% - 

bladder cancer), 59% of patients 

presented stable disease for >8 weeks 

and 4.5% of patients presented 

progressive disease. Toxicity: Most 

common ADRs were diarrhea (14%) and 

hypomagnesemia (14%) and no dose-

limiting or grade 3/4 ADRs were 

reported. Pharmacokinetics: No 

pharmacokinetic interactions between 

AMG 386 and any of the tested 

chemotherapy regimens. 

Immunogenicity: No neutralizing 

antibodies were detected. 

Doi et al. 

(2013) [108] 

Advanced 

solid tumors 

refractory to 

standard 

therapy 

(including 

bladder 

cancer) 

None Phase I 18 Weekly cycles of 3, 10, 

and 30mg/Kg over 60 

min. 

Efficacy: Objective responses in 6% of 

patients (all partial, 1 colon cancer in 

3mg/Kg cohort and 1 with bladder cancer 

in 30mg/Kg cohort). Toxicity: All 

patients had ≥1 ADR but none 

discontinued therapy due to ADRs. No 

grade ≥3 ADRs were reported. 

Pharmacokinetics: Exposure to moAb 

seemed to be dose-dependent and serum 

clearance was similar across the dose 

range. Immunogenicity: No neutralizing 

antibodies were detected. 

(NCT00102830). 

Transforming Growth-Factor β Receptors Family 

ALK1 PF-03446962 Fully human 

moAb 

Necchi et al. 

(2014) [11] 

Locally 

advanced or 

metastatic 

UCC refractory 

to 

chemotherapy 

None Phase II 14 10mg/Kg fortnightly 

until disease 

progression or 

unacceptable toxicity. 

Efficacy: PFS was 1.8 months, OS was 8.0 

months and impairment of quality of life 

was observed. After a median follow up 

of 7.4 months, 8 patients were alive. 

Toxicity: Most common ADR was grade 

1/2 thrombocytopenia (36%).  

(NCT01620970). 

Antibodies for Immunotherapy 

Immune Checkpoint Inhibitors 

CTLA-4 Ipilimumab, 

MDX-010 or 

MDX-101 

Fully human 

moAb 

Carthon et al. 

(2010) [144] 

Metastatic 

UCC 

None Phase I 12 Arm A: Twelve weeks 

of 3mg/Kg/dose. Arm 

B:  Twelve weeks of 

10mg/Kg/dose. 

Toxicity: Most common ADRs were grade 

1/2 (50%). The remaining patients 

presented grade 3 ADRs (33%) or no 

ADRs (17%). Immunologic effects: All 

patients presented CD4+ICOShi T cells in 

tumor tissues and systemic circulation. 

(NCT00362713). 
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Fully human 

moAb 

n/a Localized 

stage T1-T2 

UCC  

Gemcitabine 

and cisplatin 

Phase II n/a Gemcitabine 

1000mg/m
2

 days 1 

and 8, cisplatin 

70mg/m
2

 day 1 and 

ipilimumab 10mg/Kg 

day 1 (starting at cycle 

3) 

Currently ongoing - no study results 

published yet. (NCT01524991). 

PD-L1 MPDL3280A Human, Fc 

optimized 

moAb 

Powles et al. 

(2014) [12] 

Pre-treated 

metastatic 

UCC 

None Phase I 67 15 mg/Kg every 3 

weeks with an initial 

60-min infusion 

followed by 30-min 

infusions for the 

remaining cycles if 

well tolerated. Therapy 

continued for 16 

cycles or 1 year. 

Efficacy: Objective responses in 43% of 

patients (complete responses in 7%). 

Toxicity: 57% of patients had ≥1 ADR, 

which were grade 1/2 transient (53%) and 

grade 3 (4%, asthenia, 

thrombocytopaenia and low phosphorus) 

ADRs. (NCT01375842). 

PD-L1 

and PD-

L2 

Pembrolizum

ab, 

Lambrolizum

ab or MK-

3475 

Fc-modified 

humanized 

moAb 

n/a Recurrent or 

progressive 

metastatic 

UCC 

None Phase III n/a Arm A: 

Pembrolizumab 

200mg, on day 1 of 

each 3-week cycle. 

Arm B: Paclitaxel 

175mg/m
2

, docetaxel 

75mg/m
2

 or vinflunine 

320mg/m
2

, on day 1 of 

each 3-week cycle. 

Currently ongoing - no study results 

published yet. (NCT02256436). 

PD-1 Nivolumab, 

MDX1106 or 

BMS936558  

Fully human 

moAb 

n/a Metastatic or 

unresectable 

UCC 

None Phase II n/a 3 mg/kg solution 

every 2 weeks. 

Currently ongoing - no study results 

published yet. (NCT02387996). 

CTLA-4 

and PD-1 

Ipilimumab 

and 

Nivolumab  

Fully human 

moAbs 

n/a Advanced or 

metastatic 

solid tumors 

(including 

bladder 

cancer) 

None Phase 

I/II 

n/a Arm A: Nivolumab 

3mg/Kg every 2 

weeks. Arm B: 

Nivolumab 1mg/Kg 

plus ipilimumab 

3mg/Kg every 3 weeks 

for 4 doses followed 

by nivolumab 3 mg/Kg 

every 2 weeks. 

 

 

 

 

 

 

 

 

 

 

 

Currently ongoing - no study results 

published yet. (NCT01928394). 
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Targets for Tumor-Associated Antigens  

IL-2/p53 ALT-801 Bifunctional 

fusion IL-2-T 

cell receptor 

antibody 

 

Fishman et al. 

(2011) [163] 

Advanced 

malignancies 

(including 

bladder 

cancer) 

None Phase I 26 Cycle of four daily 

15min infusions of 

0.015, 0.04 or 

0.08mg/Kg then an 

11-day interval off 

therapy, followed by 

four more daily 

infusions. 

Efficacy: Stable disease for at least 11 

weeks in 38% of patients while 4% 

progressed and died (4%). Toxicity: All 

patients had ≥1 ADR. Most common ADR 

was fever (100%) and 8% of patients 

demonstrated grade 4 ADRs. 

Pharmacokinetics: ALT-801 serum half-

life was 4 hours and its serum recovery 

was dose-dependent. Immunologic 

effects: ALT-801 induced an increase of 

serum interferon-γ but not tumor 

necrosis factor-α. (NCT00496860). 

n/a Muscle 

invasive or 

metastatic 

UCC 

Gemcitabine 

and/or 

cisplatin  

Phase 

I/II 

n/a Arm A: 3 initial 

courses plus 3 

maintenance courses 

of cisplatin on day 1, 

gemcitabine on day 1 

and 8 and ALT-801 on 

day 3, 5, 8 and 12. 

Arm B: 3 initial courses 

plus 3 maintenance 

courses of 

gemcitabine on day 1 

and 8 and ALT-801 on 

day 3, 5, 8 and 12. 

Currently ongoing - no study results 

published yet. (NCT01326871). 

MR/hCG-

β  

CDX-1307 hCG-β 

vaccine fused 

with a MR-

specific 

moAb 

Morse et al. 

(2011) [167] 

Advanced 

epithelial 

malignancies 

(including 

bladder 

cancer) 

GM-CSF, poly-

ICLC and/or 

resiquimod 

Phase I 87 Initial dose escalation 

of CDX-1307 (starting 

at 1mg/mL) followed 

by additional cohorts 

of CDX-1307 

combined with GM-CSF 

100mg, GM-CSF 

100mg plus poly-ICLC 

2mg and GM-CSF 

100mg plus 

resiquimod 250mg 

plus poly-ICLC 2mg. 

Efficacy: Stable disease for 2.3 to 18.2 

months in 10% of patients. Toxicity: Most 

common ADRs were grade 1/2 injection 

site (erythema, pain, pruritus, induration 

- 70% of patients). No grade 4/5 ADRs 

occurred. Pharmacokinetics: In most 

patients, CDX-1307 plasma levels were 

not detected. Immunologic effects: 

Consistent humoral and T cell responses 

to hCG-β when co-administered with TLR 

agonists were induced. (NCT00709462 

and NCT00648102). 

n/a Newly 

diagnosed 

MIBC 

GM-CSF, poly-

ICLC and 

resiquimod 

Phase II n/a CDX-1307 mixed with 

GM-CFS plus poly-ICLC 

plus resiquimod 

followed by radical 

cystectomy plus CDX-

1307 mixed with GM-

CFS plus poly-ICLC for 

up-to 1 year. 

Completed - no study results published 

yet. (NCT01094496). 



INTRODUCTION 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS:  

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
51 

 

DEC-

205/NY-

ESO-1 

CDX-1401 NY-ESO-1 

vaccine fused 

with a DEC-

205-specific 

fully human 

moAb 

Sharma et al. 

(2008) [177] 

NY-ESO-1- 

positive UCC 

post-radical 

cystectomy 

BCG and GM-

CSF 

Phase I 6 CDX-1401 mixed with 

weekly BCG on weeks 

1 and 2, CDX-1401 

mixed with weekly GM-

CSF on day 2 of weeks 

3-6 plus GM-CSF on 

days 1, 3, 4 and 5 of 

weeks 3-6.  

Toxicity: Most common ADRs were grade 

1 injection site. Immunologic effects: 

NY-ESO-1-specific antibody responses 

were induced in 83% of patients, CD8 T 

cell responses occurred in 17% while CD4 

T cell responses in 100%. 

(NCT00070070). 

n/a NY-ESO-1-

positive 

advanced 

malignancies 

(including 

bladder 

cancer) 

Resiquimod 

and/or poly-

ICLC 

Phase 

I/II 

n/a CDX-1401 mixed with 

resiquimod and/or 

poly-ICLC every 2 

weeks for 4 doses.  

Completed - no study results published 

yet. (NCT00948961). 

†n/a: not applied because the clinical trial was ongoing or was completed but there were not reported results regarding the study. ‡Described therapeutic regimens were conducted 

until disease progression, discontinuation of therapy and/or study protocol suspension. #Complete response: all detectable tumor has disappeared. Partial response: at least a 50% 

decrease in the total tumor volume but with evidence of some residual disease remaining. Objective response = complete response + partial response [42]. For definition of toxicity 

grades please check Common Terminology Criteria for Adverse Events criteria [43]. *FOLFOX-4: oxaliplatin, leucovorin and 5-fluorouracil. ADR: adverse drug reaction; ALK1: Activin 

Receptor-Like Kinase-1; Ang: angiopoietin; BCG: bacillus Calmette-Guérin; CTLA-4: cytotoxic T lymphocyte associated antigen 4; EGFR: epidermal growth factor receptor; GM-CSF: 

granulocyte-macrophage colony-stimulating factor; hCG-β: human chorionic gonadotropin beta-chain; HER2: human epidermal growth factor receptor 2; IL: interleukin; MIBC: muscle-

invasive bladder cancer; moAb: monoclonal antibody; MR: mannose receptors; OS: overall survival; Ref: reference; PD-1: programmed death receptor 1; PD-L1: programmed death-

ligand 1; PFS: progression-free survival; PIGF: placental growth factor; poly-ICLC: polyinosinic-polycytidylic acid; TLR: toll-like receptor; UCC: urothelial cell carcinoma; VEGF: vascular 

endothelial growth factor. 
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Table 2. Antibody-based therapeutic strategies for non-muscle-invasive bladder tumors under clinical trial  

Target Antibody 

name 

Type Study (year) 

[Ref]† 

Indication Combined 

drugs 

Clinical 

phase 

n Therapeutic regimen‡ Preliminary results# (ClinicalTrials.gov 

identifier) 

Epithelial Cell Adhesion Molecule Inhibitors   

EpCAM  Oportuzuma

b monatox or 

VB4-845 

Recombinant 

fusion moAb 

Kowalski et 

al. (2010) 

[132] 

BCG-

refractory 

and BCG-

intolerant 

NMIBC 

None Phase I 64 Weekly instillations of 

oportuzumab monatox to the 

bladder via catheter with 

ascending doses ranging from 

0.1 to 30.16mg for 6 consecutive 

weeks. 

Efficacy: Objective responses in 39% of 

patients (all complete). Toxicity: 31% of 

patients had ≥1 ADR but none 

discontinued therapy due to ADRs. Most 

common ADRs were grade 1/2 dysuria 

(14%) and hematuria (9%). Only 1 grade 3 

ADR and no grade 4/5 occurred. 

Pharmacokinetics: In most patients, 

oportuzumab monatox plasma levels 

were not detected. Immunogenicity: 

Most patients had developed antibodies 

to oportuzumab monatox exotoxin 

portion. (NCT00481936). 

Kowalski et 

al. (2012) 

[136] 

BCG pre-

treated 

NMIBC in 

situ 

None Phase II 46 Arm A: 1 induction cycle of 6 

weekly intravesical instillations 

of 30mg. Arm B: 1 induction 

cycle of 12 weekly intravesical 

instillations of 30mg. Both 

induction cycles lasted up to 3 

maintenance cycles of 3 weekly 

administrations every 3 months. 

Efficacy: Arm A: Objective responses in 

41% of patients (all complete) with time 

to recurrence of 274 days. Arm B:  

Objective responses in 39% of patients 

(all complete) with time to recurrence of 

408 days. Both arms: 16% of patients 

remain disease-free. Toxicity: 65% of 

patients had ≥1 ADR but none 

discontinued therapy due to ADRs. ADRs 

were mostly reversible grade 1/2. 

(NCT00462488). 

Antibodies for Immunotherapy    

Targets for Tumor-Associated Antigens    

IL-2/p53 ALT-801 Bifunctional 

fusion IL-2-T 

cell receptor 

antibody 

n/a BCG pre-

treated 

NMIBC 

gemcitabine Phase I/II n/

a 

2 initial courses plus 1 

maintenance course of 

gemcitabine on day 1 and 8 and 

ALT-801 on day 3, 5, 8 and 15.  

Currently ongoing - no study results 

published yet. (NCT01625260). 

†n/a: not applied because the clinical trial was ongoing or was completed but there were not reported results regarding the study. ‡Described therapeutic regimens were conducted until 

disease progression, discontinuation of therapy and/or study protocol suspension. #Complete response: all detectable tumor has disappeared. Partial response: at least a 50% decrease 

in the total tumor volume but with evidence of some residual disease remaining. Objective response = complete response + partial response [42]. For definition of toxicity grades please 

check Common Terminology Criteria for Adverse Events criteria [43]. ADR: adverse drug reaction; BCG: bacillus Calmette-Guérin; EpCAM: epithelial cell adhesion molecule; IL: interleukin; 

moAb: monoclonal antibody; NMIBC: non-muscle-invasive bladder cancer; OS: overall survival; Ref: reference; PFS: progression-free survival. 
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ABSTRACT 

PURPOSE: The last three years (2015-2018) were characterized by significant 

developments in antibody-based therapies for bladder cancer (BC). This systematic 

review provides an update for this period, highlighting new directions and future 

challenges. EVIDENCE ACQUISITION: It includes data obtained from a 

comprehensive search of MEDLINE through PubMed and Clinical Trials Registry. 

EVIDENCE SYNTHESIS: Seventy-three clinical trials including immune checkpoint 

inhibitors, neoplastic pathway inhibitors and antibody-guided drugs met full 

criteria for selection. Focus was set on immunotherapy. In only one year, five anti-

PD-1/PD-L1 monoclonal antibodies (atezolizumab, durvalumab, nivolumab, 

avelumab and pembrolizumab) received FDA approval for locally 

advanced/metastatic and platinum refractory BC. Several clinical trials are currently 

attempting to combine immune checkpoint inhibitors with other forms of therapy 

to maximize favorable outcomes. Furthermore, phase I/II studies have combined 

chemotherapy with anti-HER2 (trastuzumab), VEGFR-2 (ramucirumab), VEGF-A 

(bevacizumab) and CD105 (TRC105) for advanced BC. However, only ramucirumab 

showed improvements in combined therapeutic schemes. Finally, multi-targeted 

approaches combining several antibodies, exploring bispecific antibody constructs 

as well as antibody-mediated drug delivery are ongoing. CONCLUSIONS: The last 

three years have provided significant developments in antibody-based therapies for 

BC, with emphasis on immune check-point inhibitors that are now paving the way 

for BC immunotherapy. Attempts to combine it with multi-targeted approaches 

highlights positive efforts to finally address the high molecular heterogeneity of 

bladder tumors. We anticipate that this may constitute a turning point towards 

personalized cancer therapy and improved patient care. Nevertheless, the 

molecular dimension of future trials should be strengthened, taking advantage of 

high-throughput molecular characterization platforms (genomics, transcriptomics, 

proteomics). 

 

Keywords: bladder cancer, antibody-based therapy, immunotherapy, antibody-

mediated drugs delivery, multi-targeted and bispecific antibodies.  
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1. INTRODUCTION 

Bladder cancer (BC) patient management presents a significant hurdle due 

to high recurrence rates, rapid progression, and poor response to chemotherapy 

[1-3]. This scenario is mainly caused by the high molecular heterogeneity of bladder 

tumours, limiting standard treatments efficiency and targeted therapeutics 

introduction [4]. Nevertheless, the need for new and effective therapies has driven 

remarkable research efforts during the past decades envisaging personalized 

medicine [5] with valuable molecular targets being identified and new antibody-

based therapeutics reaching clinical trials [5-7].  

In 2015 we delivered a systematic overview on past and ongoing clinical 

trials exploring targeted therapeutics for BC. Twenty-nine clinical trials were 

identified, half targeting the most prominent BC-related oncogenic pathways and 

the remaining involving immune check-point inhibitors [6]. According to Figure 1, 

approximately 60% of trials were completed before 2015, 17% were terminated 

before completion for different reasons, and only 7 remain active but not recruiting 

in 2019. This scenario was accompanied by the lack of approval for novel targeted 

therapeutics for BC until 2015, mostly due to inadequate study designs and 

incapacity to tackle the intricate molecular heterogeneity of bladder lesions [6]. 

This review attempts to provide a three-year update (2015-2018) on the previous 

status [6], hopping to set the rationale for novel and improved therapeutics for BC 

in the near future. 
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Figure 1. Timeline and status of the 29 clinical trials concerning antibody-based therapies in bladder cancer conducted 

before to 2015. Half of clinical trials targeted the most prominent bladder cancer-related oncogenic pathways and the remaining involving 

immune check-point inhibitors. Approximately 60% of them were completed before 2015, 17% were terminated before completion for different 

reasons, and only 7 remain active in 2019, even though not recruiting. 
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2. EVIDENCE ACQUISITION 

This systematic review comprises data derived from a comprehensive search 

of MEDLINE through PubMed and Clinical Trials Registry. Literature database search 

was performed by three independent authors (RA, AP and JAF), using the same 

search strategy outlined in our previous systematic review [6]. Only clinical trials 

written in English, exploiting antibody-based therapeutic strategies for BC, and 

conducted or published between June 29, 2015 and January 1, 2019 were 

considered for inclusion. Preclinical studies and abstracts were excluded. In 

addition, clinical trials that were terminated or did not present results after at least 

1 year of completion were excluded. Also, clinical trials included in the previous 

review by Azevedo et al. [6] were excluded unless new results were presented at 

the time of this search. All trials selected for further review from Clinical Trials 

Registry were screened independently using MEDLINE to identify additional studies. 

Guidelines from Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) were followed [8]. 

 

3. EVIDENCE SYNTHESIS 

Compared to our previous review spanning clinical trials until 2015 [6], 

where only 29 clinical trials met the inclusion criteria, 73 new clinical trials 

involving antibody-based therapeutics for BC were selected (Figure 2, Table 1). 

However, only 21 clinical trials (29%) published results in peer reviewed 

international journals [9-29]. Nevertheless, this three-year period was marked by 

intense research in this field, with almost all ongoing clinical trials targeting 

advanced and/or metastatic BC (97% vs 90%). An increase in combined and 

multiple-target approaches is observed, opposite to the single molecule outlook 

observed in previous years, which ultimately disregarded the complexity and 

intricate connection of biomolecular pathways in BC. Moreover, the number of 

clinical trials engaging immune system inhibitors dramatically increased in the 

recent triene (n=55 vs n=6 prior to 2015). Contrastingly, growth factors and kinase 

receptors inhibitors have lost emphasis (n=5 vs n=14), while the combination of 

immunotherapy with inhibitors of cancer-associated cell surface proteins is 

emerging (n=4 vs n=0). Also, more clinical trials transposed to phase III in the last 

three years (n=11 vs n=2), most of which comprising an immunotherapeutic 

approach. These include one clinical trial concerning ramucirumab (anti-VEGFR-2), 

enfortumab vedotin (anti-nectin-4), avelumab (anti-PD-L1), and ipilimumab plus 
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nivolumab (anti-CTLA-4 and anti-PD-1), as well as two clinical trials with 

atezolizumab (anti-PD-L1), pembrolizumab (anti-PD-1) and tremelimumab plus 

durvalumab (anti-CTLA-4 and anti-PD-L1). Most trials report improvements in 

patient response and/or low profiles of toxicity, making them likely candidates for 

FDA approval for the treatment of BC patients. 

 

 

Figure 2. Flow diagram of studies selection for systematic review. Seventy-three 

clinical trials about emerging antibody-based therapeutics in bladder cancer were included 

in this review, where 97% aimed for muscle-invasive bladder cancer. 
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3.1. Immunotherapy using mono- and combined-approaches 

Cancer cells frequently escape immune surveillance by circumventing 

immune checkpoints. As such, antibody-based therapeutic strategies targeting 

these inhibitory pathways provide a promising strategy booming in recent years 

[30, 31] (Figure 3). Particularly, from May 2016 to May 2017, five anti-PD-1/PD-L1 

monoclonal antibodies (atezolizumab, durvalumab, nivolumab, avelumab and 

pembrolizumab) received FDA approval for advanced/metastatic BC treatment [22, 

23, 32-34]. To date, these immunomodulators continue to be the only FDA-

approved antibody-based therapies for BC. 

 

3.1.1. Atezolizumab 

Atezolizumab (Tecentriq®), an anti-programmed death ligand 1 (PD-L1), was 

the first checkpoint inhibitor approved as second-line therapy for BC patients who 

had received platinum-based chemotherapy [34]. Rosenberg et al. [17] conducted 

a phase II trial in 310 advanced stage/metastatic BC patients’ refractory to 

platinum-based chemotherapy. As a result, 15% of patients presented objective 

response rates (ORR) and overall survival (OS) reached 7.9 months. Moreover, 

patients with ≥5% PD-L1-positive immune cells in the tumour microenvironment 

showed increased ORR rates (26%) and OS (11.4 months). Also, a relatively low 

toxicity profile was demonstrated, with grade 3-4 adverse drug reactions (ADRs) 

occurring in 16% of patients and immune-related ADRs occurring in only 5% of 

patients (NCT02108652). Moreover, a phase II clinical trial by Balar et al. [16], 

enrolling 119 patients, warranted an accelerated FDA-approval for atezolizumab 

use as first-line treatment in cisplatin-ineligible patients with locally 

advanced/metastatic BC. Particularly, at 17.2 months' median follow-up, the ORR 

was 23% (9% were complete responses), progression-free survival (PFS) was 2.7 

months and OS was 15.9 months. Responses occurred across all PD-L1 and poor 

prognostic factor subgroups. This trial reinforced the low toxicity profile of 

atezolizumab, with more than 10% of ADRs being fatigue, diarrhea, and pruritus. 

Notwithstanding, one treatment-related death (sepsis) occurred. Immune-related 

ADRs occurred in 12% of patients and 8% of patients had an ADR leading to 

treatment discontinuation (NCT02951767). Given these observations, 

atezolizumab showed encouraging durable ORR, survival, and tolerability, 

supporting its therapeutic use in metastatic cisplatin-ineligible BC patients. The 

identification of patients most likely to benefit from atezolizumab beyond 



INTRODUCTION 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
78 

 

progression remains an important challenge in the management of metastatic BC. 

As such, the IMvigor210 trial (NCT02108652) enrolled 137 patients that continued 

atezolizumab for ≥ 1 dose after progression. Accordingly, the median post-

progression OS was 8.6 months, far superior to patients whom received another 

treatment (6.8 months) or no further treatment (1.2 months) [18]. This 

demonstrated that continuing atezolizumab beyond progression prolonged clinical 

benefit without additional safety signals; thereby accelerating approval of 

atezolizumab for second-line use in advanced BC [32]. 

In order to convert accelerated approval to full approval in the US, Powles et 

al. (2018) [15] conducted a confirmatory phase III study in a larger dataset (931 

patients, IMvigor211) with advanced and metastatic BC patients who had 

progressed after platinum-based chemotherapy. Atezolizumab was not associated 

with significantly longer OS than chemotherapy in patients with platinum-refractory 

metastatic BC overexpressing PD-L1. However, the safety profile for atezolizumab 

was favorable compared with chemotherapy (grade 3-4 ADRs: 20% vs 43%; ADR-

related treatment discontinuation: 7% vs 18% of patients), making this approach an 

attractive alternative to chemotherapy (NCT02302807). A phase IIIb study of 

atezolizumab in locally advanced/metastatic urothelial or non-urothelial carcinoma 

of the urinary tract is being conducted to confirm these results (NCT02928406). In 

addition, several promising phase I/II clinical trials are currently ongoing to 

evaluate the combined effect of atezolizumab with other drugs (chemotherapy – 

NCT02989584, eribulin mesylate – NCT03237780 and guadecitabine – 

NCT03179943) or vaccines (CV301 and PGV001 plus polyICLC). Of note, the later 

trials brings groundbreaking novelty by: i) targeting tumour-associated 

glycoproteins (CEA and MUC-1), while upregulating PD-L1 expression and 

increasing T cell infiltration in the tumour microenvironment, ultimately presenting 

an opportunity for a greater response in patients who might otherwise not benefit 

from treatment with a checkpoint inhibitor alone (CV301, NCT03628716); ii) 

employing a personalized in silico neoantigen discovery for each patient to 

conceive a neopeptide-based vaccine combined with anti-tumour cytotoxic 

cytokines (PGV001 plus polyICLC, NCT03359239). 

 

3.1.2. Durvalumab 

Durvalumab (Imfinzi®), an anti-PD-L1 monoclonal antibody blocking PD-L1 

on tumour cells from binding to PD-1 and CD80 on T-cells, constitutes another 
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approved drug for second-line therapy of locally advanced/metastatic BC [21]. 

Subsequently, Powles et al. (NCT01693562) [21] reported a planned update on the 

safety and efficacy of durvalumab in 191 advanced stage patient that were 

refractory to platinum-based chemotherapy. Particularly, ORR were 18% (7 were 

complete responses), median PFS and OS were 1.5 months and 18.2 months, 

respectively, and the 1-year OS rate was 55%. Responses were early, durable, and 

observed regardless of PD-L1 expression, suggesting therapeutic off-target or an 

underlying therapeutic mechanism so far unexplored. Grade 3/4 ADRs occurred in 

7% of patients, grade 3/4 immune-related ADRs occurred in 2% of patients and only 

2% of patients had an ADR leading to treatment discontinuation. Facing these 

observations, durvalumab demonstrated favorable clinical activity and an 

encouraging and manageable safety profile. Other promising phase I/II clinical 

trials are currently ongoing to evaluate the combined effect of durvalumab with 

cisplatin/gemcitabine chemotherapy (NCT03406650), radiotherapy 

(NCT02891161), tremelimumab (NCT02643303, NCT02812420, NCT03234153 

and NCT02527434), olaparib (NCT03459846) or epacadostat (NCT02318277). 

Durvalumab is also being evaluated as a first-line therapy alone and in combination 

with tremelimumab in two phase III trials (NCT02516241 and NCT03682068). In 

addition, two phase I/II clinical trials in bacillus Calmette-Guerin (BCG)-

unresponsive NMIBC patients combining durvalumab with BCG plus radiotherapy 

or cystoscopy are currently ongoing (NCT03317158 and NCT02901548). 

 

3.1.3. Nivolumab 

Nivolumab (Opdivo®) is the first anti-PD-1 moAb approved in the European 

Union for advanced BC patients that progressed after platinum-based 

chemotherapy. Sharma et al. [22] (NCT01928394) enrolled 86 patients receiving 

nivolumab, resulting in ORR in 24.4% of patients. Grade 3/4 ADRs occurred in 22% 

of patients, with 10% of patients experiencing serious treatment-related ADRs and 

3% dying after treatment discontinuation. This trial demonstrated that nivolumab 

monotherapy produces a substantial and durable clinical response and a 

manageable safety profile, supporting further investigation. Later, Sharma et al. 

[23] (NCT02387996) enrolled a larger previously treated metastatic/unresectable 

patient set in the same therapeutic scheme, confirming that single-agent nivolumab 

provided meaningful clinical benefit, irrespective of PD-L1 expression, and was 

associated with an acceptable safety profile. Other clinical trials are currently 

http://clinicaltrials.gov/show/NCT02387996
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exploring the safety profile and effectiveness of combined regimens of nivolumab 

with chemotherapy (NCT03451331), radiotherapy (NCT03421652), as well as with 

other antibodies, such as the anti-CTLA-4 ipilimumab (NCT03693014, 

NCT03387761, NCT02553642, NCT03520491 and NCT03036098) and the anti-

CD137 urelumab (NCT02845323). 

 

3.1.4. Avelumab 

The safety and anti-tumour activity of the FDA-approved anti-PD-L1 

avelumab (Bavencio®) was explored by Apolo et al. (NCT01772004) [20] in 44 

refractory metastatic BC patients. Accordingly, the confirmed ORR was 18.2% (five 

complete responses and three partial responses), with 11.6 weeks of PFS and 13.7 

months OS. Of note, seven of eight responding patients had PD-L1-positive 

tumours. Grades 3-4 ADRs only occurred in 6.8% of patients, leading to the 

conclusion that avelumab was well tolerated and associated with durable responses 

and prolonged survival. Subsequently, Patel et al. [19] enrolled a larger refractory 

metastatic patient cohort receiving the same therapeutic scheme (NCT01772004), 

reporting ORR in 17% of patients, including 6% complete responses and 11% partial 

responses. PD-L1 expression profile did not seem to interfere with clinical 

response. Grade 3 or worse treatment-related ADRs occurred in 8% of patients with 

one treatment-related death. Altogether, avelumab showed anti-tumour activity in 

platinum-refractory metastatic BC patients with a manageable safety profile. These 

data provided the rationale for the therapeutic use of avelumab that has received 

accelerated US-FDA approval in this setting  

A phase III study is currently ongoing to determine if avelumab influences 

the survival of locally advanced/metastatic BC patients that did not worsen during 

or following completion of first-line chemotherapy (NCT02603432). Furthermore, 

several promising therapeutic strategies combining avelumab with conventional 

chemotherapy (NCT03674424, NCT03575013, NCT03390595, NCT03317496) or 

other drugs (eribulin mesylate - NCT03502681 and axitinib - NCT03472560) are 

being explored. 

 

3.1.5. Pembrolizumab 

A preliminary phase Ib study (KEYNOTE-012, NCT01848834)[24] assessed 

the anti-PD-1 antibody pembrolizumab (Keytruda®) safety and activity in patients 

with locally advanced or metastatic BC. Accordingly, 33 patients expressing at least 

http://clinicaltrials.gov/show/NCT01772004
http://clinicaltrials.gov/show/NCT01772004
http://clinicaltrials.gov/show/NCT01848834
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1% PD-L1 on tumour cells or stroma were given pembrolizumab until disease 

progression; an ORR was achieved in 26% of assessable patients, with 11% complete 

and 15% partial responses. No deaths occurred during the study were deemed 

treatment-related. As such, pembrolizumab showed anti-tumour activity and 

acceptable safety, supporting ongoing phase II and III studies in advanced BC 

patients. In line with this, 370 cisplatin-ineligible patients with advanced BC who 

had not been previously treated with systemic chemotherapy were recruited to the 

phase II study (KEYNOTE-052, NCT02335424)[26]. A PD-L1-expression cutoff of 

10% was associated with a higher response to pembrolizumab, and 38% of patients 

with a combined positive score of 10% or more had a centrally assessed ORR. The 

most common grade 3-4 ADRs were alkaline phosphatase increase, colitis, and 

muscle weakness, occurring in 1-2% of patients. Ten percent of patients had a 

serious treatment-related ADR, with one treatment-related death. Also, 5% of 

enrolled patients died from non-treatment-related ADRs, which can be explained 

by the fact that most patients were elderly, had poor prognostic factors, and 

serious comorbidities. In view of this result, first-line pembrolizumab has anti-

tumour activity and acceptable tolerability in cisplatin-ineligible patients. 

Pembrolizumab in the first-line setting is being further assessed in a phase III 

KEYNOTE-361 trial (NCT02853305) with or without platinum-based chemotherapy 

versus chemotherapy alone [35]. Concomitantly, a phase III trial (NCT03244384) is 

ongoing to determine pembrolizumab activity in short-distance and lymph node BC 

metastasis. 

Another phase III trial (KEYNOTE-045, NCT02256436) [28] in platinum-

refractory BC patients assessed pembrolizumab activity as second-line therapy 

compared to the investigator’s choice of chemotherapy with paclitaxel, docetaxel, 

or vinflunine. Of note, pembrolizumab treatment warranted an increased median 

OS (10.3 months) compared to chemotherapy (7.4 months), including among the 

patients who had a tumour PD-L1 combined positive score of 10% or more (8.0 

months vs 5.2 months). There was no significant between-group difference in the 

duration of PFS and fewer treatment-related ADRs of any grade were reported in 

the pembrolizumab group. Overall, data suggests that pembrolizumab provides 

significantly longer OS with fewer treatment-related ADRs as second-line therapy 

for platinum-refractory advanced BC patients compared to chemotherapy. Posterior 

health-related quality-of-life analysis from KEYNOTE-045 showed that 

pembrolizumab prolonged time to deterioration in global health status/quality-of-

http://clinicaltrials.gov/show/NCT02256436
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life score compared with chemotherapy (3.5 months vs 2.3 months). Moreover, 

patients treated with pembrolizumab had stable or improved global health 

status/quality of life, whereas those treated with chemotherapy experienced 

declines in global health status/quality of life [29]. Combined with efficacy and 

safety outcomes, these results support pembrolizumab as standard of care for 

patients with platinum-refractory advanced BC [29]. Furthermore, the combinatory 

value of pembrolizumab with chemotherapy (NCT02581982, NCT02437370), 

radiotherapy (NCT02826564), enzyme inhibitors (NCT02178722) [25], and fusion 

proteins (NCT02717156) is being explored in phase I/II studies. Beyond 

chemotherapy, the phase II PURE-01 study (NCT02736266), is investigating the 

activity of pembrolizumab as neoadjuvant immunotherapy before radical 

cystectomy for MIBC [27]. Of the 50 enrolled patients, 42% were down staged to 

pT0 after treatment. Moreover, PD-L1 expression statues seems to improve 

neoadjuvant therapy response, since 54.3% of patients with PD-L1 combined 

positive score ≥ 10% indicated pT0 after radical cystectomy compared to only 13.3% 

of those with combined positive score < 10%. Furthermore, only 2% of patients 

experienced a grade 3 transaminase increase and discontinued pembrolizumab. 

Overall, neoadjuvant pembrolizumab resulted in remission and was safely 

administered, suggesting it could be a worthwhile neoadjuvant therapy for the 

treatment of MIBC when limited to patients with PD-L1-positive tumours. 

 

3.1.6. Novel immunoantibodies 

 JNJ-63723283, spartalizumab (PDR001) and PF-06801591 are three novel 

fully humanized monoclonal anti-PD-1 checkpoint inhibitors currently under phase 

I/II clinical trials for advanced BC and other solid tumours. Namely, JNJ-63723283 

safety, efficacy, pharmacokinetics, and pharmacodynamics is being explored in 

combination with Erdafitinib, a pan-Fibroblast Growth Factor Receptor (FGFR) 

inhibitor, in a cohort of metastatic/unresectable BC patients with selected FGFR 

gene alterations (NCT03473743). In turn, spartalizumab efficacy and safety in 

combination with the immune checkpoint inhibitor adenosine A2A receptor 

antagonist NIR178 is being explored in a phase II trial in patients with solid 

tumours, including BC, and Non-Hodgkin Lymphoma (NCT03207867). Finally, a 

dose escalation phase I study of PF-06801591 in BC and other solid tumours is set 

to determine the safety, pharmacokinetics, and pharmacodynamics in previously 

treated adult patients (NCT02573259). 
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3.2. Antibodies for tumour cell surface proteins 

Cell surface differentiation antigens are highly expressed on tumour cells 

compared to healthy tissues, making them attractive targets for antibody-based 

therapy (Figure 3). However, its abundance, internalization turnover and degree of 

extracellular secretion impact the efficacy and safety of targeted therapies, 

warranting thorough investigation. Recently, The Cancer Genome Atlas (TCGA) 

consortium identified 32 mutated genes directly associated with tumour 

development and progression in 131 chemotherapy-naive high-grade muscle-

invasive bladder tumours. Among the highlighted genes were epidermal growth 

factor receptors 2 and 3 (ERBB2/ HER2 and ERBB3), vascular endothelial growth 

factor receptor (VEGFR), transforming growth factor β receptor (TGFR), FGFR3, as 

well as others involved in the phosphoinositide 3-kinase (PI3K)/protein kinase B 

(AKT)/mammalian target of rapamycin (mTOR) and receptor tyrosine kinase 

(RTK)/RAS pathways. Accordingly, several clinical trials targeting these upregulated 

proteins have come to light.  

A phase I/II trial combining paclitaxel and trastuzumab with daily irradiation 

(n=20, arm A) or paclitaxel alone with daily irradiation (n=46, arm B) after 

transurethral surgery for noncystectomy candidates with MIBC demonstrated that, 

in patients with HER2-positive tumours, the addition of trastuzumab results in 

comparable efficacy and toxicity [9]. Namely, the complete ORR defined as no gross 

tumour at cystoscopy and/or negative biopsies at 12 weeks were 68% (arm A) and 

72% (arm B). Acute ADRs were observed in 35% of arm A patients and 30.4% patients 

of arm B (NCT00238420). Facing these results, despite HER2 being one of the most 

established therapeutic targets in breast [36] and gastric cancer [37], its potential 

anti-tumour activity has not been demonstrated in MIBC. 

A randomized, double-blind, phase III trial as assessed the efficacy and 

safety docetaxel plus ramucirumab, a human IgG1 VEGFR-2 antagonist (263 

patients), or placebo (267 patients) in patients with platinum-refractory advanced 

or metastatic BC (NCT02426125). The combined therapy demonstrated better ORR 

and PFS (24.5% and 4.1 months) compared to docetaxel alone (14% and 2.8 months, 

respectively). Most common ADRs had grade 1-2 severity, and 3% of patients from 

the ramucirumab group died from treatment related events, compared to 2% from 

the placebo group, demonstrating comparable safety between groups [10]. Overall, 

ramucirumab plus docetaxel shows superior PFS over chemotherapy in patients 
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with platinum-refractory advanced BC, validating the inhibition of VEGFR-2 

signaling as a potential new therapeutic option for these patients. 

A phase II trial was set to explore clinical outcomes for 60 patients treated 

with neoadjuvant methotrexate, vinblastine, doxorubicin, cisplatin (MVAC), and 

bevacizumab as well as the impact of BC subtype in chemotherapy response. 

Accordingly, gene expression profiling was predictive of clinical outcomes, with 

basal tumours showing improved survival (91%) compared to luminal (73%) and 

p53-like tumours (36%), which associated with bone metastases and 

chemoresistant disease. Moreover, chemotherapy pT0N0 and ≤pT1N0 

downstaging rates were 38% and 53%, respectively, with 5-year OS of 63%, while 

bevacizumab had no appreciable impact on outcomes [12]. In summary, the 

inhibition of VEGF-A through bevacizumab administration do not seem to bring 

significant benefit in combination with pre-operative MVAC chemotherapy in 

chemotherapy-naïve BC patients (NCT00506155). 

A phase II clinical trial assessed the efficacy and tolerability of TRC105, a 

chimeric monoclonal antibody that blocks neovascularization through modification 

of CD105 (part of the TGF-β receptor complex) signaling in patients with 

advanced/metastatic previously treated BC (NCT01328574). CD105 expression 

was evaluated by IHC in a separate cohort of 50 BC patients, being present in 50% 

of cases and not associating with tumour stage or presence of lymph nodes. 

Moreover, TRC105 was well tolerated but did not improve 6-month PFS, 

establishing median OS at 8.3 months [14]. Overall, TRC105 treatment do not seem 

to bring significant benefit to advanced BC patients. Moreover, it should be 

beneficial to investigate the expression of TRC105 in the treated group instead of 

in a separate cohort. Moreover, increasing the number of enrolled patients should 

provide a more robust efficacy and safety assessment. 

  

3.3. Multi-target antibody-based strategies 

Blockade of multiple targets or multiple sites on one target by combination 

therapy with antibodies or a bispecific antibody should result in improved 

therapeutic efficacy compared to one-target approaches. Accordingly, in the last 

three years, multi-target antibody-based strategies for BC reached clinical trials, 

offering novel therapeutic approaches for the near future. 

A phase II clinical trial assessed the efficacy and safety of docetaxel 

monotherapy (arms A, n = 45) or docetaxel in combination with the anti-VEGFR-2 
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ramucirumab (arm B, n = 46), or the anti-VEGFR-1 icrucumab (arm C, n = 49) in 

platinum-refractory advanced/metastatic patients (NCT01282463) [11]. PFS was 

significantly longer in arm B (5.4 months) compared with arm A (2.8 months), while 

arm C (1.6 months) did not experience improvements compared with arm A. All 

arms had similar grade 3 ADRs. The addition of ramucirumab to docetaxel 

prolonged the PFS in this patient set and warrants further investigation in the phase 

III trials. 

Other phase II clinical trials are currently ongoing combining atezolizumab 

(anti-PD-L1) with or without bevacizumab (anti-VEGF-A) in previously untreated 

metastatic/unresectable BC patients (NCT03272217, NCT03133390). A phase I 

multiple dose study to evaluate the safety and tolerability of anti-PD-1/CTLA-4 

bispecific antibody XmAb
®

20717 in subjects with selected advanced solid tumours, 

including BC, is also currently ongoing (NCT03517488). No results have been 

published yet regarding these preliminary studies.  

 

3.4. Antibody-mediated delivery of drugs 

 At the time of our previous review, only two preclinical studies explored 

antibody-mediated chemotherapy delivery in BC [6]. Notwithstanding, in the last 

three years, several antibody-drug conjugates (ADC) were developed against 

different BC surface markers, including sacituzumab govitecan (IMMU-132), 

enfortumab vedotin (ASG-22CE/ASG-22ME), and ASG-15ME for advanced BC (Figure 

3).  

A phase I/II study of sacituzumab govitecan (IMMU-132) in patients with 

epithelial cancers, including urothelial carcinoma, is currently active 

(NCT01631552). This ADC comprises the active metabolite of irinotecan, the SN-

38 inhibitor of topoisomerase I, conjugated to an anti-Trop-2 antibody. The 

transmembrane glycoprotein Trop-2 is widely expressed in ≤83% of urothelial 

carcinomas, being associated with increased. proliferation, survival signaling, self-

renewal, and invasion of tumour cells [38]. So far, published results highlight the 

promise of sacituzumab govitecan as a novel therapeutic strategy for platinum-

resistant urothelial carcinoma, since 3 out 6 treated patients had a clinically 

significant response (PFS, 6.7 to 8.2 months; OS, 7.5 to 11.4 months). Moreover, 

sacituzumab govitecan was well tolerated [13]. A follow-up preliminary report of 

an expanded number of 41 BC patients of the same study reported a response rate 

of 39%, PFS of 7.1 months, and OS of 16.1 months in the intention-to-treat 
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population. Moreover, these patients had durable responses (median duration 12.6 

months) and tolerated treatment well, reinforcing that sacituzumab govitecan is a 

promising agent in patients relapsed/refractory to chemotherapy and immune 

checkpoint inhibitors [39]. Based on these results, a phase II trial has been initiated 

in patients with metastatic BC after failure of platinum-based regimen or anti-PD-

1/PD-L1 based immunotherapy (NCT03547973). 

In turn, enfortumab vedotin is an ADC that selectively targets and kills cells 

expressing Nectin-4 by delivering the potent microtubule-disrupting agent 

monomethyl auristatin E. Since almost all metastatic BC patients overexpress 

Nectin-4, the enfortumab vedotin clinical profile was preliminary assessed in an 

ongoing phase I study (NCT02091999) enrolling 62 metastatic patients that were 

ineligible for platinum chemotherapy, or that progressed after chemotherapy or 

checkpoint inhibitors therapy. Accordingly, enfortumab vedotin was considered 

tolerable, with ≥30% of patients showing ≤ grade 2 fatigue, rash, nausea, alopecia, 

decreased appetite and diarrhea. Grade ≥3 ADR were reported in ≥5% of patients, 

and one fatal respiratory failure was possibly treatment related. Evaluable patients 

(n = 54) response rate was 54%, like checkpoint inhibitor-naïve patients, with 15 

patients having a confirmed partial response. The overall response rate of 17 

evaluable patients with liver metastasis was 41%. These results confirm enfortumab 

vedotin antitumour activity in a cohort of metastatic patients that progressed after 

treatment [40, 41]. A phase II study assessing single-agent enfortumab vedotin in 

this population with highly unmet needs has been initiated and is currently 

enrolling (NCT03219333; EV-201 study). Additionally, a phase Ib study exploring 

the efficacy of enfortumab vedotin in chemotherapy-naïve BC patients combined 

with chemotherapy, pembrolizumab or atezolizumab (EV-103) is currently enrolling 

(NCT03288545) [42]. In summary, enfortumab vedotin is a promising agent in 

advanced/metastatic BC and has recently received breakthrough designation which 

further potentiates its future FDA-approval as a post-immunotherapy option in 

metastatic BC patients. 

ASG-15ME is an ADC developed to target SLITRK6, which is expressed at 

high levels in 88% of bladder tumours, with 90% seen in transitional cell carcinoma 

cases, 100% in metastatic BC samples, and 54% in other histological subtypes [43]. 

Specifically, ASG-15ME is composed of a SLITRK6-specific human gamma 2 

antibody (ASG-15C) conjugated to MMAE, a microtubule-disrupting agent. The first 

phase I trial was initiated in metastatic BC patients unselected for SLITRK6 

https://clinicaltrials.gov/ct2/show/NCT03288545
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expression and previously treated with chemotherapy in 2016, being currently 

active but not recruiting. An interim analysis of the study reported results from 49 

evaluable patients, of whom one had a complete response and 17 had a partial 

response with an overall response rate of 38%, including 43% with prior checkpoint-

inhibitor treatment [44]. While still in the early phases of development, ASG-15ME 

has demonstrated to be a promising therapeutic option for metastatic BC patients 

previously treated with chemotherapy or/and immunotherapy. 
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Figure 3. Antibody-mediated inhibition and/or drug delivery of bladder cancer 

cells using cancer-associated membrane proteins and immunotherapy through 

checkpoint-antibody-inhibitors. A. Antibodies being tested in clinical trials that inhibit 

or deliver drugs through cancer-associated membrane proteins. B. Antibody-based 

checkpoint inhibitors. 
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4. Conclusions 

Antibody-based therapeutics constitutes an important step towards 

personalized medicine and to overcome systemic toxicity associated with 

conventional chemotherapy. In the last three years, this field experienced an 

exponential growth, with 97% of clinical trials focusing on antibody therapeutic 

options for locally advanced/metastatic BC. This review highlights the most recent 

73 clinical trials in antibody-based therapeutic strategies including checkpoint-

inhibitors, antagonists of major cancer-associated pathways, and vectors for 

cytotoxic drug delivery. Specifically, in the last three years, several anti-PD-1/PD-L1 

monoclonal antibodies (atezolizumab, durvalumab, nivolumab, avelumab and 

pembrolizumab) received FDA approval for the treatment of patients with locally 

advanced/ metastatic BC, all of which providing a manageable safety profile 

compared to standard chemotherapy but only some providing extended OS up to 

15.9 months. Moreover, clinical responses are often independent of the checkpoint 

inhibitor expression, suggesting clinical off-target and beneficial therapeutic 

mechanisms so far unexplored. Furthermore, novel fully humanized monoclonal 

anti-PD-1 checkpoint inhibitors are still emerging and under phase I/II trials for 

safety, pharmacokinetics, pharmacodynamics and efficacy disclosure. 

In addition, despite the appealing rational of targeting cell surface 

differentiation antigens, most trials have shown comparable efficacy and toxicity 

compared to standard care, except for the combination of docetaxel with the 

VEGFR-2 antagonist ramucirumab, which provided increased PFS compared to 

chemotherapy in patients with platinum-refractory advanced BC. These results 

highlight the need for multimeric ligands targeting multiple receptors of the same 

family to shut down signaling transduction instead of downregulating it through 

one receptor. Moreover, combining these novel antibody-based strategies with 

standard chemotherapy seems to be more fructiferous than any of the options 

alone. 

Furthermore, the concept of exploiting the specific binding properties of 

monoclonal antibodies as a mechanism to selectively delivery cytotoxic agents to 

tumour cells is an attractive solution to the challenge of advanced stage BC and 

NMIBC refractory to BCG. Accordingly, ADC are emerging as promising therapeutic 

options in the treatment of patients with metastatic BC after failure of platinum-

based regimens or anti-PD-1/PD-L1 based immunotherapy. Notwithstanding, 

further investigation is warranted in larger patient sets. 
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In summary, the evolutionary perspective provided by our previous 

systematic review and the current update suggests increased benefit of multi-target 

approaches in comparison to single target, which warrants demonstration by 

ongoing and future studies. Nevertheless, many past and current clinical trials are 

of small dimension and most involve highly heterogeneous populations. Moreover, 

lessons learned from previous trials vow for the inclusion in study design of a more 

comprehensive molecular characterization of targeted lesions, as well as its 

spatiotemporal evolution throughout the course of disease management. This will 

enable the identification of patients better served by a given trial, which is often 

not performed limiting the scope of its therapeutics efficiency. It will also provide 

a clearer notion of the real impact of the targeted therapeutics, helping set the 

rational for future and improved studies. Finally, immune-checkpoint inhibitors 

now provide effective means to unleash immune responses against cancer cells, 

paving the way for immunotherapy. Its combination with multivalent and 

progressively more personalized cancer treatments, such as cancer vaccines, may 

constitute important milestones in BC management, as translated by a recently 

introduced clinical trial (NCT03359239). We anticipate that generalization of these 

approaches may pave the way for personalized immunotherapies based on cancer 

neoantigens reflecting the molecular heterogeneity and plasticity of cancer lesions, 

fulfilling the goal of personalized oncology. Therefore, future focus should also be 

set on neoantigen discovery with emphasis on the metastasis that remains to be 

comprehensively addressed. 
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Table 1. Antibody-based therapeutic strategies for bladder cancer under clinical trial  

Target Antibody 

name 

Type Study 

(year) 
Ref

† 

Indication Combined 

drugs 

Clinical 

phase 

n Therapeutic regimen‡ Preliminary results# 

(ClinicalTrials.gov identifier) 

Antibodies for Growth Factors and Kinase Receptors 

Epidermal Growth Factor Receptors Family 

HER2 Trastuzumab Recombinant 

humanized 

moAb 

Michaelson 

et al. 

(2017) [9] 

HER2-positive 

non-cystectomy 

candidates with 

muscle-invasive 

BC 

Paclitaxel and 

radiation 

Phase II 68 Arm A: Trastuzumab 4mg/Kg 

loading dose, 2mg/Kg per 

week on day 1 of radiation 

therapy, paclitaxel 50mg/m
2

 

on day 1 per week of radiation 

therapy, radiation therapy 1.8 

Gy fractions once daily, 5 

days/week, for a total of 36 

fractions. Arm B: equal to arm 

A except the use of 

Trastuzumab.  

Efficacy: ORR in 74% (Arm A) and 60% 

(Arm B) of patients (complete 

responses in 68% versus 72% after 

1year). Toxicity: 30% of ADRs in Arm A 

and 35% of ADRs in Arm B. Most 

common ADRs were gastrointestinal. 

One patient had grade 5 ADR (Arm B). 

(NCT00238420). 

 RC48-ADC Antibody-

drug 

conjugate 

n/a HER2-positive 

advanced or 

metastatic BC 

None Phase II n/a RC48-ADC 2mg/Kg every 2 

weeks. 

Currently ongoing - no study results 

published yet. (NCT03507166). 

Vascular Endothelial Growth Factor Receptors Family  

VEGFR-1 

VEGFR-2 

Icrucumab 

Ramucirumab 

Recombinant 

humanized 

moAbs 

Petrylak et 

al. (2016) 

[11] 

Advanced or 

metastatic BC 

refractory to 

platinum-based 

chemotherapy 

Docetaxel  Phase II 140 Arm A: Docetaxel 75mg/m
2 

on 

day 1 of 3-week cycle. Arm B: 

Docetaxel 75mg/m
2

 and 

ramucirumab 10mg/Kg on day 

1 of 3-week cycle. Arm C: 

Docetaxel 75mg/m
2

 and 

icrucumab 12mg/Kg on days 1 

and 8 of 3-week cycle. 

Efficacy: PFS was 5.4 months (Arm B), 

2.8 months (Arm A) and 1.6 months 

(Arm C). Toxicity: Most common ADRs 

were ≥grade 3 neutropenia (Arm A, B 

and C: 36%, 33% and 39%), fatigue 

(13%, 30% and 20%), febrile 

neutropenia (13%, 17% and 6.1%) and 

anemia (6.7%, 13% and 14%, 

respectively). (NCT01282463). 

VEGFR-2 Ramucirumab Recombinant 

humanized 

moAb 

Petrylak et 

al. (2017) 

[10] 

Advanced or 

metastatic BC 

refractory to 

platinum-based 

chemotherapy 

Docetaxel Phase III 530 Arm A: Docetaxel 75mg/m
2 

and ramucirumab 10mg/Kg on 

day 1 of 21-day cycles. Arm B: 

Docetaxel 75mg/m
2 

on day 1 

of 21-day cycles. 

Efficacy: PFS was 4.1 months (Arm A) 

and 2.8 months (Arm B). ORR in 24.5% 

(Arm A) and 14% (Arm B). Toxicity: 

Most common ADRs were grade 1/2 

fatigue, alopecia, diarrhea, decreased 

appetite and nausea. About 20% of 

patients had a serious ADR and 15% 

died on treatment or within 30 days of 

discontinuation (3% due to sepsis 

ADRs). (NCT02426125). 

VEGF-A Bevacizumab Recombinant 

humanized 

moAb 

McConkey 

et al. 

(2016) [12] 

Chemotherapy-

naive BC 

MVAC Phase II 60 Bevacizumab 10 mg/kg, 

methotrexate 30 mg/m
2

, 

doxorubicin 30 mg/m
2

, 

vinblastine 3 mg/m
2

, and 

cisplatin 70mg/m
2

 every 2-

weeks. 

 

 

Efficacy: pT0N0 and ≤pT1N0 

downstaging rates of 38% and 53%, 

respectively, and 5-year OS of 63%. 

Bevacizumab had no appreciable 

impact on outcomes. (NCT00506155). 
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Antibodies for Other Cancer-Associated Cell Surface Proteins  

TROP-2 Sacituzumab 

govitecan or 

IMMU-132 

Antibody- 

irinotecan 

drug 

conjugate 

Faltas et al. 

(2016) [13] 

Metastatic BC 

refractory to 

platinum-based 

chemotherapy 

None Phase I 6 Sacituzumab govitecan on 

days 1 and 8 of 21-day cycles. 

 

Efficacy: Two patients with partial 

response. 50% were responders with 

PFS of 6.7-8.2 months, OS of 7.5-11.4 

months. Toxicity: Two patients had 

grade 3 ADRs. No grade 4 

nonhematologic toxicities were 

observed. (NCT01631552). 

   n/a Metastatic BC 

refractory to 

platinum-based 

chemotherapy or 

anti-PD1/PD-L1 

immunotherapy 

None Phase II n/a Sacituzumab govitecan 

10mg/Kg on days 1 and 8 of 

21-day cycles. 

 

Currently ongoing - no study results 

published yet.  (NCT03547973). 

CD105 or 

endoglin 

TRC105 Chimeric 

moAb 

Apolo et al. 

(2017) [14] 

Advanced, 

previously 

treated BC 

None Phase II 50 TRC105 15mg/m
2

 every 2 

weeks on a 28-day cycle. 

Efficacy: PFS of 18% in 3 months (1.9 

months), OS of 8.3 months. Toxicity: 

Common Grade 1 toxicity was 

asymptomatic telangiectasia. 

Significant grade 2 ADRs included 

anemia (42%). Grade 3 toxicities 

included anemia (8%) and skin infection 

(8%). (NCT01328574). 

Nectin-4 Enfortumab 

vedotin or 

ASG-22ME or 

ASG-22CE 

Antibody-

drug 

conjugate 

n/a Advanced or 

metastatic BC 

None Phase I n/a Enfortumab vedotin once for 3 

weeks of every 4 weeks in a 28-

day cycle. 

Currently ongoing - no study results 

published yet.  (NCT03070990). 

  n/a Nectin-4-positive 

metastatic BC 

None Phase I n/a Enfortumab vedotin once for 3 

weeks of every 4 weeks. 

Currently ongoing - no study results 

published yet. (NCT02091999). 

   n/a Advanced or 

metastatic BC 

Chemotherapy Phase III n/a Arm A: Enfortumab vedotin on 

days 1, 8 and 15 of each 28-

day cycle. Arm B: Vinflunine 

320mg/m², paclitaxel 

175mg/m², or docetaxel 

75mg/m² on day 1 of every 21-

day cycle. 

Currently ongoing - no study results 

published yet. (NCT03474107). 

   n/a Advanced or 

metastatic BC  

None Phase II n/a Enfortumab vedotin on days 1, 

8 and 15 every 28 days. 

Currently ongoing - no study results 

published yet. (NCT03219333). 

RANK Denosumab Recombinant 

humanized 

moAb 

n/a Bone metastatic 

BC 

Chemotherapy Phase II n/a Arm A: Denosumab 120mg 

every 4 weeks and 

chemotherapy (physician’s 

choice: gemcitabine 

1000mg/m
2

 in day 1 and 8, 

cisplatin 70mg/m
2

 and 

carboplatin AUC4.5 in day 1 

every 21-day cycles. Arm B: 

Chemotherapy (physician’s 

choice). 

Currently ongoing - no study results 

published yet. (NCT03520231). 
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SLITRK6 ASG-15ME Antibody-

drug 

conjugate 

n/a Advanced or 

metastatic BC 

None Phase I  AGS15E 0.1, .25, .5, 0.75, 1, or 

1.25mg/Kg once weekly for 3 

weeks of every 4 weeks (Days 

1, 8, and 15).  

Currently ongoing - no study results 

published yet. (NCT01963052). 

Antibodies for Immunotherapy 

Immune Checkpoint Inhibitors 

PD-L1 MPDL3280A 

or 

Atezolizumab 

Human, Fc 

optimized 

moAb 

Rosenberg 

et al. 

(2016) [17] 

Advanced and 

metastatic BC 

refractory to 

platinum-based 

chemotherapy 

None Phase II 310 Atezolizumab 1200mg every 3 

weeks. 

Efficacy: ORR in 15% of patients, OS of 

7.9 months. Patients with PD-L1 

expression on tumour-infiltrating 

immune cells ≥5% demonstrated better 

ORR (26%) and OS (11.4 months). 

Toxicity: Grade 3-4 ADRs occurred in 

16% of patients, being that the 

immune-related ADRs occurred in 5% of 

patients. (NCT02108652). 

   Balar et al. 

(2017) [16] 

Advanced and 

metastatic 

cisplatin-

ineligible BC  

None Phase II 119 Atezolizumab 1200mg every 3 

weeks. 

Efficacy: ORR in 23% of patients (9% 

were complete), PFS of 2.7 months, OS 

of 15.9 months. Patients with PD-L1 

expression presented better efficacy. 

Toxicity: ≥10% ADRs were fatigue, 

diarrhea, and pruritus, and one death 

(sepsis) occurred. Immune-related 

ADRs occurred in 12% of patients and 

8% of patients had an ADR leading to 

treatment discontinuation.  

(NCT02108652 and NCT02951767). 

   Necchi et 

al. (2017) 

[18] 

Advanced and 

metastatic BC 

treated with 

platinum 

Another 

treatment or 

placebo 

Phase II 220 Atezolizumab 1200mg every 3 

weeks. 

Efficacy: Patients that continued 

treatment for ≥1 dose after 

progression (137): 11.7% had initial 

response and 4% had subsequent 

responses, PFS of 8.6 months (6.8 

months in another treatment group 

and 1.2 months for placebo group). 

Toxicity: Patients that continued 

treatment for ≥1 dose after 

progression (137) were less likely to 

have liver metastases (27%) versus 41% 

of other groups. (NCT02108652). 

   Powles et 

al. (2018) 

[15] 

Advanced and 

metastatic BC 

refractory to 

platinum-based 

chemotherapy 

Chemotherapy Phase III 931 Arm A: Atezolizumab 1200mg 

every 3 weeks. Arm B: 

Chemotherapy (physician’s 

choice: vinflunine 320mg/m², 

paclitaxel 175mg/m², or 

docetaxel 75mg/m²) every 3 

weeks. 

Efficacy: ORR of 23% (Arm A) and 22% 

(Arm B) of patients, OS of 11.1 months 

(Arm A) and 10.6 months (Arm B), and 

duration of treatment was 15.9 months 

(Arm A) and 8.3 months (Arm B). 

Toxicity: Grade 3-4 ADRs in 20% (Arm 

A) and 43% (Arm B) of patients and 7% 

(Arm A) and 18% (Arm B) of patients 

had an ADR leading to treatment 

discontinuation (NCT02302807). 
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   n/a Advanced or 

metastatic BC 

refractory to 

platinum-based 

chemotherapy 

CV301 vaccine-

based 

immunotherap

y 

Phase II n/a Atezolizumab 1200mg on day 

1 every 21-day cycle and 

CV301 (prime with MVA-BN-

CV301 1.6 x 109 Inf.U and 

boost with FPV-CV301 1 × 10
9

 

Inf.U in 0.5mL. 

Currently ongoing - no study results 

published yet. (NCT03628716).  

   n/a Advanced or 

metastatic BC 

PGV001-

peptide vaccine 

and PolyICLC 

Phase I n/a Atezolizumab 1200mg on day 

1 every 21-day cycle and up to 

ten doses of PGV001 (up to ten 

synthetic peptides 10mg/mL 

per peptide and one tetanus 

helper peptide 10mg/mL) 

mixed with PolyICLC 2mg/mL. 

Currently ongoing - no study results 

published yet. (NCT03359239). 

   n/a Advanced or 

metastatic 

recurrent BC  

Eribulin 

mesylate 

Phase II n/a Arm A: Atezolizumab on day 1 

every 21 days. Arm B: 

Atezolizumab on day 1 and 

eribulin mesylate on days 1 

and 8 every 21 days. 

Currently ongoing - no study results 

published yet. (NCT03237780). 

   n/a Advanced and 

metastatic 

recurrent BC 

refractory to anti-

PD1/PD-L1 

immunotherapy 

Guadecitabine Phase II n/a Atezolizumab on day 1 and day 

22 of a 6-week cycle for the 

period of 8 cycles and 

guadecitabine on days 1 

through 5 of the 6-week cycle 

for the period of 4 cycles. 

Currently ongoing - no study results 

published yet. (NCT03179943). 

   n/a Advanced and 

metastatic BC 

Chemotherapy Phase 

I/II 

 Atezolizumab 1200mg, 

gemcitabine 1000mg/m
2

 and 

cisplatin 70 mg/m
2

 on a 21-day 

cycle. 

Currently ongoing - no study results 

published yet. (NCT02989584). 

   n/a Advanced or 

metastatic BC or 

non-urothelial 

carcinoma of the 

bladder 

None Phase 

IIIb 

n/a Atezolizumab 1200mg every 3 

weeks. 

Currently ongoing - no study results 

published yet. (NCT02928406). 

 Avelumab Fully human 

moAb 

Apolo et al. 

(2017) [20] 

Patel et al. 

(2018) [19] 

Advanced and 

metastatic BC 

refractory to 

platinum-based 

chemotherapy 

None Phase I 44 + 

329 

Avelumab 10mg/Kg every 2 

weeks. 

Efficacy: ORR in 18% and 88% of PD-L1-

positive patients responded (80% had 

complete response). PFS was 11.6 

weeks, OS was 13.7% with a 12-month 

OS rate of 54%. Toxicity: Common 

ADRs were fatigue/asthenia (32%), 

infusion-related reaction (20%) and 

nausea (11%). Grade ≥3 ADRs in 7% 

occurred. (NCT01772004). 

   n/a Advanced and 

non-metastatic 

BC 

MVAC, 

gemcitabine, 

cisplatin, 

paclitaxel and 

cystectomy 

Phase II n/a Arm A: Avelumab 10mg/Kg on 

day 2 every 2 weeks and MVAC 

(methotrexate 30 mg/m
2

, 

doxorubicin 30 mg/m
2

, 

vinblastine 3 mg/m
2

, and 

cisplatin 70mg/m
2

) on day 2 

Currently ongoing - no study results 

published yet. (NCT03674424). 
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every 2-weeks and cystectomy 

at 3-6 weeks. Arm B: Avelumab 

10mg/Kg on day 1 every 2 

weeks, gemcitabine 

1000mg/m
2

 in day 1 and 8, 

cisplatin 70mg/m
2

 in day 1 and 

cystectomy at 3-6 weeks. Arm 

C: Avelumab 10mg/Kg on day 

1 every 2 weeks, paclitaxel 

80mg/m2 in day 1 and 8, 

gemcitabine 1000mg/m
2

 in 

day 1 and 8 and cystectomy at 

3-6 weeks. Arm D: Avelumab 

10mg/Kg every 2 weeks and 

cystectomy at lasted 2 weeks. 

   n/a Metastatic BC 

refractory to 

platinum-based 

chemotherapy 

Docetaxel Phase I n/a Avelumab 10mg/Kg and 

docetaxel 75mg/m² every 3 

weeks for 6-cycles and 

maintenance avelumab 

10mg/Kg every 2 weeks. 

Currently ongoing - no study results 

published yet. (NCT03575013). 

   n/a Metastatic BC 

refractory to 

platinum-based 

chemotherapy 

Eribulin 

mesylate 

Phase Ib n/a Avelumab 10mg/Kg and 

Eribulin mesylate 0.7mg/m
2

, 

1.1mg/m
2

 and 1.4 mg/m
2 

every 

day 1 and 15. 

Currently ongoing - no study results 

published yet. (NCT03502681). 

   n/a Chemotherapy-

naive advanced 

or metastatic BC 

Axitinib Phase II n/a Avelumab 800mg every two 

weeks and axitinib 5mg. 

Currently ongoing - no study results 

published yet. (NCT03472560). 

   n/a Metastatic BC 

refractory to 

platinum-based 

chemotherapy 

Carboplatin 

and 

gemcitabine 

Phase II n/a Arm A: Avelumab 10mg/kg 2-

cycles of induction every 2 

weeks and carboplatin 5AUC 

day 1, gemcitabine 

1000mg/m
2

 day 1 and 8 and 

avelumab 10mg/kg day 15 for 

6-cycles every 3 weeks. 

Avelumab 10mg/kg every 2 

weeks. Arm B: Carboplatin 

5AUC day 1 and gemcitabine 

1000mg/m
2

 day 1 and 8 for 6-

cycles every 3 weeks. 

Currently ongoing - no study results 

published yet. (NCT03390595). 

   n/a Cisplatin-eligible 

advanced BC 

Cisplatin and 

gemcitabine 

Phase 

Ib/II 

n/a Arm A: Avelumab 800mg in 

combination with gemcitabine 

1000mg/m
2

 and cisplatin 

70mg/m
2

. 

Currently ongoing - no study results 

published yet. (NCT03317496). 

   n/a Advanced or 

metastatic BC 

None Phase III n/a Avelumab every 2 weeks in 4-

week cycles. 

Currently ongoing - no study results 

published yet. (NCT02603432). 

 Durvalumab 

or MEDI4736 

Fully human 

moAb 

Powles et 

al. (2017) 

[21] 

Advanced and 

metastatic BC 

None Phase 

I/II 

191 Durvalumab 10mg/Kg every 2 

weeks. 

Efficacy: ORR in 18% (7 were complete), 

PFS was 1.5 months and OS was 18.2 

months. 1-year OS rate was 55%. 
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refractory to 

chemotherapy 

Toxicity: Grade 3/4 ADRs occurred in 

7% of patients, being that grade 3/4 

immune-related ADRs occurred in 2% of 

patients. 2% of patients had an ADR 

leading to discontinuation. 

(NCT01693562). 

   n/a Stage IV 

unresectable BC 

refractory to 

platinum-based 

chemotherapy 

Olaparib Phase II n/a Arm A: Durvalumab 1500mg 

every 4 weeks. Arm B: 

Durvalumab 1500mg every 4 

weeks and olaparib 300mg. 

Currently ongoing - no study results 

published yet. (NCT03459846). 

   n/a Advanced or 

metastatic 

operable BC 

Chemotherapy Phase II n/a Cisplatin 70mg/m
2

 or 

gemcitabine 1000mg/m
2

 and 

surgery with 4-cycles of 

neoadjuvant durvalumab 

1500mg and 10-cycles of 

adjuvant durvalumab 1500mg. 

Currently ongoing - no study results 

published yet. (NCT03406650). 

   n/a Advanced non-

metastatic BC 

Radiotherapy Phase 

Ib/II 

n/a Durvalumab 1500mg 4-cycles 

weekly and radiotherapy 64.8 

Gy, 36 daily fractions over 

about 7 weeks.  

Currently ongoing - no study results 

published yet. (NCT02891161). 

   n/a Advanced solid 

tumours 

(including BC) 

Epacadostat  Phase 

I/II 

n/a Durvalumab at selected dose 

levels every 2 weeks and 

INCB024360 25mg as starting 

dose, followed by dose 

escalations. 

Currently ongoing - no study results 

published yet. (NCT02318277). 

   n/a BCG-relapsing 

unresponsive 

non-muscle 

invasive BC 

Radiotherapy 

BCG 

Phase 

I/II 

n/a Arm A: Durvalumab 1120mg 

day 1 every 21 days for 8-

cycles. Arm B: Durvalumab 

1120mg day 1 every 21 days 

for 8-cycles and radiotherapy 

three times 6 Gy, Cycle 1, day 

1, 3, and 5 or BCG therapy.  

Currently ongoing - no study results 

published yet. (NCT03317158). 

   n/a BCG-relapsing 

unresponsive 

non-muscle 

invasive BC 

Cystoscopy 

with biopsy 

Phase II n/a Durvalumab 1500mg/Kg every 

4 weeks for total of 12 

months/13 doses and 

cystoscopy with biopsy. 

Currently ongoing - no study results 

published yet. (NCT02901548). 

PD-1 Pembrolizuma

b 

Fc-modified 

humanized 

moAb 

n/a Metastatic BC Radiotherapy Phase 

I/II 

20 + 

23 

Arm A: Pembrolizumab 200mg 

every 3 weeks, four cycles, and 

radiotherapy 24 Gy in 3 

fractions before the first cycle 

of pembrolizumab. Arm B: 

Pembrolizumab 200mg every 3 

weeks, four cycles, and 

radiotherapy 24 Gy in 3 

fractions before the third cycle 

of pembrolizumab. 

Currently ongoing - no study results 

published yet. (NCT02826564). 
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   Plimack et 

al. (2017) 

[24] 

Advanced or 

metastatic PD-L1-

positive BC 

None Phase Ib 33 Pembrolizumab 10mg/Kg 

every 2 weeks. 

Efficacy: ORR in 26% of patients (11% 

were complete). Toxicity: Common 

ADRs were fatigue (18%) and peripheral 

oedema (12%). Grade 3 ADRs occurred 

in 15% of patients and 3 patients had to 

discontinue the treatment at baseline 

and four died. (NCT01848834). 

   Mitchell et 

al. (2018) 

[25] 

Advanced solid 

tumours 

(including BC) 

Epacadostat Phase I 62 Escalating doses of 

Epacadostat 25, 50, 100 or 

300mg twice per day plus 

pembrolizumab 2mg/Kg or 

200mg every 3 weeks. 

Efficacy: ORR in 55% of patients. 

Toxicity: 84% of patients had ADRs. 

Common ADRs were fatigue (36%), rash 

(36%), arthralgia (24%), pruritus (23%) 

and nausea (21%). Grade 3/4 ADRs 

occurred in 34% of patients and 7 

patients had to discontinue the 

treatment and none died. 

(NCT02178722). 

   Balar et al. 

(2017) [26] 

Advanced and 

unresectable or 

metastatic BC 

refractory to 

platinum-based 

chemotherapy 

None Phase II 370 Pembrolizumab 200mg every 3 

weeks. 

Efficacy: ORR in 83% of patients. 

Median follow-up of 5 months. PD-L1 

expression of ≥10% was associated 

with higher response (38%). Toxicity: 

Common grade 3/4 ADRs were fatigue 

(2%) and alkaline phosphatase increase 

(1%). Serious ADRs occurred in 10% of 

patients and 5% died (1 patient died 

due to ADRs). (NCT02335424). 

   Necchi et 

al. (2018) 

[27] 

Advanced or 

metastatic BC 

Radical 

cystectomy 

Phase II 50 Pembrolizumab 200mg every 3 

weeks. 

Efficacy: All patients underwent radical 

cystectomy, 21 patients presented 

downstaging to pT0. 54% of patients 

had downstaging to pT<2. 54% of PD-

L1-positive patients with score ≥10% 

had downstaging to pT0 compared to 

13% of PD-L1-negative patients. 

Toxicity: 2% of patients experienced 

grade 3 transaminase increase and 

discontinued therapy. (NCT02736266). 

   Bellmunt et 

al. (2017) 

[28] 

Vaughn et 

al. (2018) 

[29] 

Advanced BC 

refractory to 

platinum-based 

chemotherapy 

Chemotherapy Phase III 542 Arm A: Pembrolizumab 200mg 

every 3 weeks. Arm B: 

Chemotherapy (physician’s 

choice: vinflunine 320mg/m², 

paclitaxel 175mg/m², or 

docetaxel 75mg/m²) every 3 

weeks. 

Efficacy: OS of 10 months (Arm A) and 

7 months (Arm B). PD-L1-positive 

patients (score of ≥10%) had an OS of 8 

months (Arm A) and 5 months (Arm B). 

Median PFS of 2 months (Arm A) and 3 

months (Arm B). Arm A had improved 

global health status/quality of life. 

Toxicity: Fewer ADRs of any grade were 

reported in Arm A (61% versus 90%). 

Arm A had 15% of grade ≥3 ADRs 

compared to 49% of Arm B. 

(NCT02256436). 
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   n/a Advanced and 

metastatic BC 

None Phase III n/a Pembrolizumab 200mg on day 

1 every 21 days for up to 18 

courses. 

Currently ongoing - no study results 

published yet. (NCT03244384). 

   n/a Advanced and 

metastatic BC 

Chemotherapy Phase III n/a Arm A: Pembrolizumab 200mg 

on day 1 every 3-weeks for up 

to 35 doses. Arm B: 

Pembrolizumab 200mg on day 

1 every 3-weeks for up to 35 

doses and chemotherapy 

(either cisplatin 70 mg/m
2

 on 

day 1 plus gemcitabine 

infusion 1,000 mg/m
2

 on day 1 

and day 8 of each 3-week cycle, 

OR carboplatin AUC 5 on day 1 

plus gemcitabine 1,000 mg/m
2

 

on day 1 and day 8 of each 3-

week cycle. 

Currently ongoing - no study results 

published yet. (NCT02853305). 

   n/a Advanced and 

metastatic BC 

sEphB4-HSA Phase II n/a Pembrolizumab on day 1 and 

EphB4-HSA fusion protein on 

days 1, 8, and 15 every 3 

weeks. 

Currently ongoing - no study results 

published yet. (NCT02717156). 

   n/a Advanced and 

metastatic BC 

refractory to 

therapy 

Paclitaxel Phase II n/a Pembrolizumab on day 1 and 

paclitaxel day 1 and 8 every 21 

days for 8 courses. 

Currently ongoing - no study results 

published yet. (NCT02581982). 

   n/a Advanced or 

metastatic BC 

Chemotherapy Phase I n/a Arm A: Pembrolizumab and 

docetaxel on day 1. Arm B: 

Pembrolizumab and 

gemcitabine hydrochloride on 

days 1 and 8. 

Currently ongoing - no study results 

published yet. (NCT02437370). 

 Nivolumab, 

MDX1106 or 

BMS936558  

Fully human 

moAb 

Sharma et 

al. (2016) 

[22] 

Advanced and 

metastatic BC 

refractory to 

platinum-based 

chemotherapy 

None Phase 

I/II 

86 Nivolumab 3mg/Kg solution 

every 2 weeks. 

Efficacy: ORR in 24% of patients. 

Toxicity: Grade 3/4 ADRs occurred in 

22% of patients and 3% of patients had 

an ADR leading to treatment 

discontinuation and died. 

(NCT01928394). 

   Sharma et 

al. (2017) 

[23] 

Metastatic or 

unresectable BC 

None Phase II 265 Nivolumab 3mg/Kg solution 

every 2 weeks. 

Efficacy: ORR in 20% of patients. PD-L1 

expression did not impacted the 

clinical benefit. Toxicity: Grade 3/4 

ADRs occurred in 18% of patients such 

as grade 3 fatigue and diarrhea (5 

patients) and three patients have died. 

(NCT02387996). 

   n/a Metastatic BC 

refractory to 

platinum-based 

chemotherapy 

Gemcitabine, 

carboplatin, 

oxaliplatin 

Phase II n/a Arm A: Nivolumab 240mg, 

gemcitabine 1000mg/m
2

 and 

carboplatin AUC4.5. Arm B: 

Nivolumab 240mg, 

Currently ongoing - no study results 

published yet. (NCT03451331). 



INTRODUCTION 

 
DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS:  

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
99 

 

gemcitabine 1000mg/m
2

 and 

oxaliplatin 130 mg/m
2

. 

   n/a Advanced BC 

refractory to 

chemotherapy 

Radiation Phase II n/a Nivolumab on day 1 every 2 

weeks for up to 6 months and 

radiation therapy over 32-35 

on weeks 1, 3, 5, 7 and 9. 

Currently ongoing - no study results 

published yet. (NCT03421652). 

 JNJ-63723283 Fully human 

moAb 

n/a Metastatic or 

unresectable BC 

Erdafitinib Phase 

Ib/II 

n/a JNJ-63723283 and erdafitinib. Currently ongoing - no study results 

published yet. (NCT03473743). 

 PDR001 or 

Spartalizumab 

Fully human 

moAb 

n/a Solid tumours 

(including BC) 

NIR178 Phase II n/a NIR178 and PDR001 400mg 

every 4 weeks. 

Currently ongoing - no study results 

published yet. (NCT03207867). 

 PF-06801591 Fully human 

moAb 

n/a Advanced or 

metastatic solid 

tumours 

(including BC) 

None Phase I n/a PF-06801591 0.5mg/Kg, 

1.0mg/Kg, 3.0mg/Kg, 

10mg/Kg every 21 days or 

300mg every 28 days. 

Currently ongoing - no study results 

published yet. (NCT02573259). 

CTLA-4 

PD-L1 

Tremelimuma

b  

Durvalumab 

Fully human 

moAb 

n/a Advanced solid 

tumours 

(including BC) 

polyICLC Phase 

I/II 

n/a Durvalumab and polyICLC. Currently ongoing - no study results 

published yet. (NCT02643303). 

   n/a Advanced and 

metastatic BC 

ineligible to 

platinum-based 

chemotherapy 

Surgery Phase I n/a Tremelimumab and 

durvalumab on day 1 of weeks 

1 and 4. Beginning 4-6 weeks 

after the last infusion, patients 

undergo cystectomy. 

Currently ongoing - no study results 

published yet. (NCT02812420). 

   n/a Advanced BC 

refractory to 

chemotherapy 

None Phase II n/a Durvalumab 1500mg and 

tremelimumab 75mg every 4 

weeks for a total of 4 cycles. 

Currently ongoing - no study results 

published yet. (NCT03234153). 

   n/a Advanced solid 

tumours 

(including BC) 

None Phase II n/a Arm A: Tremelimumab. Arm B: 

Tremelimumab and 

durvalumab. Arm C: 

Durvalumab. 

Currently ongoing - no study results 

published yet. (NCT02527434). 

   n/a Advanced BC Chemotherapy Phase III n/a Arm A: Durvalumab and 

tremelimumab. Arm B: 

Durvalumab. Arm C: 

chemotherapy (cisplatin, 

gemcitabine or carboplatin) 

Currently ongoing - no study results 

published yet. (NCT02516241). 

   n/a Advanced or 

metastatic or 

unresectable BC 

Chemotherapy Phase III n/a Arm A: Durvalumab every 3 

weeks plus chemotherapy 

(cisplatin, gemcitabine or 

carboplatin) followed by 

durvalumab every 4 weeks. 

Arm B: Durvalumab and 

tremelimumab 4-cycles every 3 

weeks plus chemotherapy 

(cisplatin, gemcitabine or 

carboplatin) followed by 

durvalumab every 4 weeks. 

Currently ongoing - no study results 

published yet. (NCT03682068). 
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CTLA-4 

PD-1 

Ipilimumab, 

MDX-010 or 

MDX-101  

Nivolumab  

Fully human 

moAbs 

n/a BC patients with 

limited 

progression on 

immune 

checkpoint 

blockade 

Radiation or 

another 

checkpoint 

inhibitor 

including 

pembrolizuma

b or 

atezolizumab 

Phase II n/a Radiation 27 Gy over 3 

fractions and Ipilimumab. 

Currently ongoing - no study results 

published yet. (NCT03693014). 

   n/a High-risk 

resectable BC 

Radical 

cystectomy 

Phase I n/a Ipilimumab 3mg/Kg at day 1 of 

week 1, 4 and nivolumab 

3mg/Kg at day 1 of week 4 and 

7, radical cystectomy at weeks 

7-9. 

Currently ongoing - no study results 

published yet. (NCT03387761). 

   n/a Advanced BC None Phase II n/a Arm A: Ipilimumab 3mg/Kg 

and nivolumab 1mg/Kg every 3 

weeks for 4 doses. Arm B: 

Nivolumab 240mg for every 2 

weeks up to 2 years. 

Currently ongoing - no study results 

published yet. (NCT02553642). 

   n/a Pre-surgical BC 

refractory to 

chemotherapy 

Radical 

cystectomy 

Phase II n/a Arm A: Nivolumab 3mg/Kg on 

day 1 for 5-cycles. Arm B: 

Ipilimumab 3mg/Kg and 

Nivolumab 1mg/Kg on day 1 

for 3/6-cycles. Radical 

cystectomy after week 9. 

Currently ongoing - no study results 

published yet. (NCT03520491). 

   n/a Untreated 

inoperable or 

metastatic BC 

Chemotherapy Phase III n/a Arm A: Nivolumab and 

ipilimumab. Arm B: 

Chemotherapy (cisplatin, 

gemcitabine or carboplatin). 

Arm C: Nivolumab plus 

cisplatin and gemcitabine 

followed by nivolumab. Arm D: 

Cisplatin and gemcitabine. 

Currently ongoing - no study results 

published yet. (NCT03036098). 

 XmAb20717 Fc-modified 

humanized 

bispecific 

moAb 

n/a Advanced solid 

tumours 

(including BC) 

None Phase I n/a XmAb20717 on days 1 and 15 

of each 28-day cycle for a total 

of two cycles. 

Currently ongoing - no study results 

published yet. (NCT03517488). 

Antibodies for Cancer-Associated Cell Surface Proteins and Immunotherapy 

HER2  

PD-1 

 

DS-8201a or 

Trastuzumab 

deruxtecan  

Nivolumab 

Antibody-

drug 

conjugate 

and fully 

human moAb 

n/a HER2-positive 

muscle-invasive 

BC refractory to 

standard 

therapies 

None Phase I n/a DS-8201a and nivolumab on 

day 1 of each 21-day cycle. 

Currently ongoing - no study results 

published yet. (NCT03523572). 

VEGF-A 

PD-L1 

Bevacizumab 

Atezolizumab 

Recombinant 

humanized 

moAb and 

human, Fc 

optimized 

moAb 

n/a Metastatic BC 

refractory to 

platinum-based 

chemotherapy 

None Phase II n/a Arm A: Atezolizumab 1200mg 

plus bevacizumab 15mg/kg 

every 21 days. Arm B: 

Atezolizumab 1200mg every 

21 days. 

Currently ongoing - no study results 

published yet. (NCT03272217 and 

NCT03133390). 
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Nectin-4 

PD-1 

Enfortumab 

vedotin  

Pembrolizuma

b 

Antibody-

drug 

conjugate 

and Fc-

modified 

humanized 

moAb 

n/a Advanced or 

metastatic BC 

Chemotherapy Phase I n/a Arm A: Enfortumab vedotin on 

days 1 and 8 plus 

pembrolizumab on day 1 every 

21 days. Arm B: Enfortumab 

vedotin on days 1 and 8 plus 

chemotherapy on day 1 

(cisplatin, gemcitabine or 

carboplatin) every 21 days. 

Arm C: Enfortumab vedotin on 

days 1 and 8 plus cisplatin or 

carboplatin on day 1 plus 

pembrolizumab on day 1 every 

21 days. 

Currently ongoing - no study results 

published yet. (NCT03288545). 

CD137 

PD-1  

Urelumab  

Nivolumab  

fully human 

moAbs 

n/a Cisplatin-

ineligible 

muscle-invasive 

BC 

None Phase II n/a Arm A: Nivolumab 240mg plus 

urelumab 8mg on day 1 for two 

cycles. Arm B: Nivolumab 

240mg on day 1 and 15 for two 

cycles. 

Currently ongoing - no study results 

published yet. (NCT02845323). 

†n/a: not applied because the clinical trial was ongoing or was completed but there were not reported results regarding the study. ‡Described therapeutic regimens were conducted until 

disease progression, discontinuation of therapy and/or study protocol suspension. #Complete response: all detectable tumour has disappeared. Partial response: at least a 50% decrease in the 

total tumour volume but with evidence of some residual disease remaining. ORR = complete response + partial response. For definition of toxicity grades please check Common Terminology 

Criteria for Adverse Events criteria. ADR: adverse drug reaction; BC: bladder cancer; BCG: bacillus Calmette-Guérin; CTLA-4: cytotoxic T lymphocyte associated antigen 4; EGFR: epidermal growth 

factor receptor; HER2: human epidermal growth factor receptor 2; moAb: monoclonal antibody; MVAC: methotrexate, vinblastine, doxorubicin, and cisplatin; ORR: objective response rates; OS: 

overall survival; Ref: reference; PD-1: programmed death receptor 1; PD-L1: programmed death-ligand 1; PFS: progression-free survival; RANK: receptor activator of nuclear factor κB; VEGF: 

vascular endothelial growth factor. 
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ABSTRACT 

The high molecular heterogeneity of bladder tumours is responsible for 

significant variations in disease course, as well as elevated recurrence and 

progression rates, thereby hampering the introduction of more effective targeted 

therapeutics. The implementation of precision oncology settings supported by 

robust molecular models for individualization of patient management is warranted. 

This effort requires a comprehensive integration of large sets of panomics data 

that is yet to be fully achieved. Contributing to this goal, over 40 years of bladder 

cancer glycobiology have disclosed a plethora of cancer-specific glycans and 

glycoconjugates (glycoproteins, glycolipids, proteoglycans) accompanying disease 

progressions and dissemination. This review comprehensively addresses the main 

structural findings in the field and consequent biological and clinical implications. 

Given the cell surface and secreted nature of these molecules, we further discuss 

their potential for non-invasive detection and therapeutic development. Moreover, 

we highlight novel mass-spectrometry-based high-throughput analytical and 

bioinformatics tools to interrogate the glycome in the postgenomic era. Ultimately, 

we outline a roadmap to guide future developments in glycomics envisaging clinical 

implementation.  

 

Keywords: cancer glycobiology; bladder cancer; glycoproteomics; glycomics; 

precision medicine 
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1. INTRODUCTION 

Bladder cancer, particularly muscle invasive bladder cancer (MIBC), is 

amongst the most common and deadliest genitourinary cancers [1]. The mainstay 

treatment for advanced stage tumours includes surgery and cisplatin-based 

chemotherapeutic regimens [1], which fail in avoiding tumour relapse and disease 

progression. Tremendous efforts have been put in the establishment of biomarker 

panels for early diagnosis, follow-up, patient stratification, prognosis, treatment 

selection and development of targeted therapeutics [2]. However, the highly 

heterogeneous molecular nature of bladder tumours has hampered true 

developments in this field [3]. Moreover, bladder cancer remains mostly an “orphan 

disease” in terms of targeted therapeutics, leading to few improvements in 

patient’s overall survival over the last decade [2, 4]. More detailed information on 

the clinicopathological nature of bladder tumours and critical aspects in disease 

management have been recently reviewed [5]. A schematic illustration of bladder 

cancer staging and grading is shown in Figure 1. 

 

 

Figure 1. Schematic representation of bladder cancer stage and grade. The stage 

of the primary tumour (T) is based on the extent of penetration or invasion into the bladder 

wall. Regarding tumour grading, bladder lesions can be classified as urothelial papilloma 

(a benign lesion), papillary urothelial neoplasm of low malignant potential (PUNLMP), low-

grade papillary urothelial carcinoma and high-grade papillary urothelial carcinoma. Of note, 

PUNLMP lesions do not have cytological features of malignancy and have a very low risk of 

progression. Nevertheless, they show high tendency to recur.  
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Tis, Tumour in situ: ‘‘flat tumour’’; Ta, Non-invasive papillary carcinoma; T1, Tumour invades sub-

epithelial connective tissue; T2, Tumour invades muscle; T2a, Tumour invades superficial muscle 

(inner half); T2b, Tumour invades deep muscle (outer half); T3, Tumour invades perivesical tissue; 

T4, Tumour invades any of the following: prostate, uterus, vagina, pelvic or abdominal wall. 

 

Several decades of glycobiology research have disclosed the existence of 

profound alterations in the glycosylation patterns of bladder tumours, reflecting 

specific changes in glycan biosynthetic pathways, glycosyltransferases expression, 

amongst other factors [6]. These events often lead to novel protein and lipid 

glycoforms, either by incomplete or neo-synthesis of glycan epitopes, that cannot 

be found in the corresponding healthy tissues and preneoplastic lesions. These 

events play a key role in tumour progression by affecting ligand-receptor 

interactions, and interfering with regulation of cell signaling, adhesion, migration, 

proliferation, angiogenesis, and immune responses [6]. Moreover, cancer-

associated glycans may be actively secreted into bodily fluids (e.g. blood and urine) 

or shed from apoptotic and necrotic cancer cells [7]. As such, glycans and 

abnormally glycosylated molecules (e.g. proteins and lipids) hold tremendous value 

for non-invasive cancer detection, while membrane bound glycans may be used to 

selectively target tumour sites and specific cancer cells. Nevertheless, the structural 

complexity and heterogeneity of oligosaccharides, and the lack of analytical 

methods for elucidating structures still pose a major difficulty when addressing the 

glycome, glycolipidome and glycoproteome [8]. Still, a plethora of mass 

spectrometry-based analytical approaches have been developed to address these 

challenges [8, 9] and the standardization of high-throughput glycomics is expected 

to boost our knowledge on bladder cancer glycobiology in the near future. 

Based on these considerations, the present review comprehensively 

summarizes the clinical significance of the main biomarkers arising from over forty 

years of bladder cancer glycobiology research and establishes the milestones 

towards clinical applications. Ultimately, we discuss the need to integrate glycans 

in holistic panomics models for precision oncology, namely the molecular-based 

individualization of patient care.  

 

2. GLYCOSYLATION SIGNATURES IN BLADDER CANCER: BIOLOGICAL AND 

CLINICAL IMPLICATIONS 

Glycosylation is the most frequent, complex and plastic post-translational 

modification of secreted and membrane-bound proteins, as well as a common 
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substitution in lipids at the cell membrane [10]. Glycans are secondary gene 

products resulting from the coordinated action of nucleotide sugar transporters, 

glycosyltransferases and glycosidases in the endoplasmic reticulum (ER) and Golgi 

apparatus (GA) of mammalian cells [10]. Glycans are involved in several structural, 

modulatory, molecular mimicry and recognition roles including protein folding, 

stability, adhesion and trafficking, as recently reviewed [11]. Alterations in 

glycosylation patterns are common features of solid tumours, being detected even 

in pre-malignant lesions [12]. Generally, the most frequently described cancer-

related glycosylation modifications include the synthesis of highly branched and 

heavily sialylated glycans, the premature termination of biosynthesis, resulting in 

the expression of short-chained forms, and the expression de-novo of glycosidic 

antigens of foetal type [13]. These structural motifs are mostly associated with: i) 

altered glycogenes expression [14, 15]; ii) impaired glycosyltransferases’ 

chaperone function [16]; iii) altered glycosidase/glycosyltransferase activity [15]; 

iv) reorganization of glycosyltransferases topology [17, 18]; v) bioavailability of 

sugar nucleotide donors and cofactors [19]; vi) alterations on the conformation of 

peptide backbone or on the nascent glycan chain structure [19]. The resultant 

aberrant and cancer-associated glycans seem to be implicated in the activation of 

oncogenic pathways [20], establishment of tumour-tolerogenic immune responses 

[21], and in epithelial-to-mesenchymal transition (EMT), a crucial milestone towards 

invasion and metastasis [22, 23]. Thus, many glycoepitopes, and their related 

glycosidases/glycosyltransferases, can be considered relevant tumour-associated 

antigens [24, 25], with possible clinical significance in bladder cancer. Therefore, 

the following sections will focus on these key findings in bladder cancer 

glycobiology (summarized in Table 1). Given their structural complexity and broad 

distribution, known cancer-associated glycogenes, glycosyltransferases and 

glycans will be presented in the context of specific classes of biomolecules 

(glycoproteins, glycolipids, proteoglycans).  

  

3.1. PROTEIN GLYCOSYLATION 

Two main classes of glycans can be found altered in cancer cell-surface 

proteins, namely N-glycans, attached to the peptide sequence via an asparagine 

(Asn) residue, and O-glycans, attached by a N-acetylgalactosamine (GalNAc) residue 

to the hydroxyl group of a serine (Ser) or threonine (Thr) residue. 
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3.1.1. Cancer-associated N-glycans 

Protein N-glycosylation takes place in the ER, where the oligosaccharide 

transferase complex (OSTase) scans nascent proteins for Asn-X-Ser/Thr “sequons” 

(“X” stands for any amino acid residue except proline), and transfers a precursor 

glycan (Glc3Man9GlcNAc2-) from dolichol pyrophosphate to Asn residues [26]. At 

this point, all N-glycans share a common core structure (Manα1–6(Manα1–3)Manβ1–

4GlcNAcβ1–4GlcNAcβ1-Asn-X-Ser/Thr), which is further processed in the ER and GA 

by several glycosyltransferases and glycosidases, yielding mature core structures 

that may be classified into three major N-glycan types (oligomannose, complex, 

and hybrid, Figure 2). The O-3 linked Man residues in hybrid and complex N-glycans 

may be further O-4 substituted with N-acetylglucosamine (GlcNAc) residues by 

GlcNAcT-III (GnT-III) to yield bisecting core structures. The introduction of the 

bisecting GlcNAc residue by GnT-III alters the composition and conformation of the 

N-glycan, resulting in the suppression of further processing and elongation [27, 

28]. More highly branched N-glycans may be generated by the action of different 

GlcNActransferases (GnT-IV, -V, -VI). These structures may be further elongated 

with galactose, poly-N-acetyllactosamine, sialic acid, and fucose residues. 

Particularly, N-glycans frequently exhibit Lewis (Le) blood group related antigens 

(Lea, Lex, Leb and Ley) and corresponding sialylated structures or ABO(H) blood 

group determinants as terminal epitopes. Similar terminal structures may also be 

found in O-glycans (Figure 2). Other sugar modifications may include 

phosphorylation, O-acetylation of sialic acids, and O-sulfation of galactose and N-

acetylglucosamine residues, thereby increasing the structural complexity of the 

glycome [29].  

Several N-glycan alterations have been described in bladder tumours, 

including changes in branching and terminal structures through oversialylation, 

fucosylation (Table 1), which will be discussed in detail in the following sections. 
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Figure 2. Schematic representation of protein-associated glycan structures. The figure represents specific N-linked and O-linked 

glycan structures, as well as terminal structures. 
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a) N-glycans branching 

 Alterations in N-glycans branching resulting from impaired GnTs expression 

have been evaluated in the context of bladder cancer prognosis. Namely, increased 

GnT-III, N-glycans bisection and GnT-IV expression were associated with higher 

disease stage and grade in bladder cancer patients [30]. Conversely, decreased 

GnT-V expression, responsible by O-6 N-glycans branching, was found associated 

with higher bladder tumour grade and stage, shorter disease-free survival and 

bladder cancer recurrence [31, 32]. Moreover, low GnT-V expression was found to 

predict shorter cause-specific survival of bladder cancer patients while 

overexpression of O-6 branched N-linked oligosaccharides was associated with 

lower tumour stage, suggesting that these findings could be applied to risk 

stratification [32]. The opposing associations of GnT-III and GnT-V in bladder cancer 

prognosis can be explained by the antagonistic effect of their enzymatic activity 

[28]. Contrasting with the findings for bladder cancer, reduced GnT-III and 

increased GnT-V expressions have been found to promote metastasis in different 

cancer models [33-36] yet no consensus exists between GnT-V expression and 

prognosis in gastric [35, 36], oral squamous cell [37] and endometrial cancers [38]. 

These observations suggest GnT-V/III evaluation may hold potential for bladder 

cancer prognosis and ultimately targeted therapeutics, which warrants 

confirmation in future studies.  

 

b) N-glycans terminal structures (also found in protein O-glycans and 

glycolipids) 

 Amongst the most common cancer-associated structural features are 

alterationsof terminal glycan epitopes. In fact, the first reported glycosylation 

alterations in bladder cancer were the loss of ABO(H) blood group determinants in 

advanced stage carcinomas of secretor individuals [39, 40], as well as changes in 

Lewis antigens patterns.  

The ABO(H) blood group system consists of terminal oligosaccharide 

antigens carried by glycoproteins or glycolipids in hematopoietic or epithelial cells 

[41]. Their biosynthesis is presumed to be controlled by the ABO(H), Se, H, Le, and 

X blood group genes [41]. These antigens are present on normal bladder 

epithelium of secretor individuals but not on some low-grade and early-stage 

papillary urothelial carcinomas [42]. Moreover, initially expressing tumours lose 

these cell surface antigens upon local recurrence, progression to invasion or 
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metastization [42]. As such, the possibility that loss of genetically predicted blood 

group antigens precedes the development of recurrent, invasive or metastatic 

bladder cancer has been extensively explored [43]. Studies have shown that 

abnormally low or absent expression of these epitopes is frequently found in high 

grade and invasive bladder disease [44-46] and associated with bladder tumour 

progression and shorter recurrence-free survival [47]. Furthermore, loss of tissue 

ABO(H) antigens in the initial biopsy of bladder carcinomas predicts a much greater 

chance of subsequent invasion than in tumours with detectable ABO(H) antigens 

[44, 45, 47]. However, a significant number of patients whose initial tumours were 

reported as blood group antigen negative failed to develop an invasive tumour [47]. 

It is possible that these conflicting results may, at least in part, be explained by 

differences in methodology, interpretation, or both. Moreover, the loss of activity 

of the A and B gene-encoded transferases in bladder tumours from blood group A 

and B individuals was reported, which explains the deletion of these antigens in 

bladder tumours [48]. In addition, the loss of the ABO(H) gene and/or its promoter 

hypermethylation is a specific marker for urothelial carcinoma [39]. In summary, 

alterations in ABO(H) accompanying bladder malignant transformation and disease 

dissemination are well established surrogate markers of profound alterations in 

glycosylation pathways, constituting important starting points for more in depth 

structural studies.  

 The ABO(H) determinants have biosynthetic and structural similarities with 

Lewis antigens, including the fucosylated type 1 Lewisa (Galβ(1-3)GlcNAc[Fucα(1-

4)]) and type 2 Lewisx (Galβ(1-3)GlcNAc[Fucα(1-4)]). Several authors have associated 

Lewisa and Lewisx expression patterns with malignant transformations of the 

bladder, reporting significantly lower expression of this antigen in healthy 

urothelium when compared to invasive tumours [44, 46]. As such, reduced 

expression of Lewisa and Lewisx was associated with higher tumour grade and 

invasion [44] and shorter recurrence-free survival [49]. As such, the expression of 

these antigens can be associated with worse bladder cancer phenotypes. Moreover, 

Lewisa antigen expression patterns change at an early neoplastic stage, suggesting 

that Lewisa determination might be useful in the diagnosis of very early 

premalignant changes in the urothelium [49]. In addition, scoring Lewisa 

expression allows the sub-classification of histologically identical tumours into 

prognostically different groups, pointing to a relationship between the pathological 

grade and stage of the evaluated tumours and a morphological and functional de-
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differentiation [49]. Given this, Lewisa antigen is a valuable functional marker of 

the malignant potential in superficial bladder cancer. In turn, the Lewisx antigen is 

not expressed in normal urothelium, except for occasional umbrella cells [46, 50], 

but has been found in the majority of invasive tumours, regardless of blood type 

and secretor status of the individuals studied [46]. Lewisy is expressed in both 

normal urothelium and bladder tumours, yet its expression was associated with 

bladder tumour invasion capability [46]. Nevertheless, the number of studies 

concerning Lewis antigens in bladder cancer is still scarce to withdraw conclusions 

about their biological and clinical significance. 

 

c) Oversialylation and fucosylation (also occurring in protein O-glycans 

and glycolipids)  

 Oversialylation of cancer cells often stem from the overexpression of 

sialylated Lewis antigens sialyl lewisa (SLea; the CA19-9 antigen) and sialyl lewisx 

(SLex), which can be found as terminal epitopes of N-glycans, O-glycans and 

glycolipids [51]. SLea/x are specific ligands for E- and P-selectins in endothelial 

cells, thereby promoting the adhesion of malignant cells to the endothelium and 

the metastatic cascade [50-52]. These antigens also thought to play a role in 

tumour growth, invasion, and angiogenesis [51, 53]. In line with these 

observations, the overexpression of SLea and SLex have also been associated with 

bladder cancer malignant potential. Particularly, serum overexpression of SLea was 

associated with higher stage, grade and invasion [53] while tissue loss/reduction 

of SLea expression was associated with higher atypia grade [50]. SLex has been 

closely link to invasive and metastatic potential of primary bladder tumours and 

correlated with shorter 5-year and 7-year survival rates [54], but another study 

demonstrated no associations between SLex with grade or stage in urothelial 

carcinoma of the renal pelvis, ureter, and urinary bladder [50]. The disialylated 

form of Lea (termed disialyl-Lewisa, dSLea) was described as preferentially 

expressed in non-malignant cells, and may be useful for distinguishing benign from 

malignant diseases mostly expressing SLea [55]. Supporting these observations, 

the overall increase in cell-surface sialic acid content was shown to reduce the 

attachment of metastatic tumour cells to the extracellular matrix [56]. These 

observations support the need for a comprehensive interrogation of bladder cancer 

cells “sialome” towards understanding tumour progression and dissemination. 
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Moreover, future studies should explore the biological and clinical relevance of 

structurally identical sialylated forms in the context of bladder cancer. 

Fucosylation is another common modifications involving oligosaccharides 

on glycoproteins and glycolipids [57]. Particularly, the quantitative glycome 

analysis of N-glycan patterns in bladder cancer cells often reveals significant 

differences in N-glycan fucosylation compared to normal cells. Namely, bladder 

cancer cells (KK47, YTS1, J82, T24) showed high expression of complex core-

fucosylated N-glycans and low expression of terminally fucosylated N-glycans [58]. 

Nevertheless, the implications of these differential fucosylation patterns in bladder 

cancer malignancy have been so far poorly explored. The transcript levels of 

fucosyltransferase (FUT) VI (FUT-VI) and FUT-VII from invasive and non-invasive 

bladder tumours were also explored using RT-PCR. Particularly, bladder cancer cell 

lines from invasive tumours that maintained their metastatic properties showed 

high levels of both enzymes, and cell lines from non-invasive tumours (KK-47) or 

normal bladder epithelia (HCV-29) were negative for FUT-VI and FUT-VII [54]. These 

evidences suggest that FUT-VI/-VII expression associates with more malignant 

cancer cell phenotypes. Another study has described β1-integrin activation by 

alpha1,2-fucosyltransferase 1 (FUT-I)-mediated fucosylation in J82 human bladder 

cancer cells, thereby enhancing bladder cancer adhesion and subsequent 

metastasis [59]. As such, changes in bladder cancer fucosylation patterns seem to 

be associated with tumour invasion and progression to metastization in cancer cell 

lines, suggesting that these changes could provide novel strategies for cancer 

therapy.  

 

3.1.2. Cancer-associated O-glycosylation  

The most common form of cell-surface protein O-glycosylation results from 

the transfer of a GalNAc residue from a UDP-GalNAc donor to either serine or 

threonine in a given polypeptide chain (O-GalNAc glycosylation), originating the 

monosaccharide Tn antigen. This reaction is catalysed by several UDP-

GalNAc:polypeptide N-acetylgalactosaminyl transferases (ppGalNAc-Ts) in the ER, 

in a substrate dependent manner [60]. As opposed to N-glycosylation, no 

consensus sequence is required for ppGalNAc-Ts recognition. The Tn antigen is 

generally extended with a Gal residue by Gal-transferase (β(1-3)-

galactosyltransferase, C1Gal-T1 or T-synthase) and cosmc chaperone, originating 

the disaccharide Thomsen-Friedenreich or T antigen (Galβ1-3GalNAcα-O-Ser/Thr, 
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core 1). Alternatively, Tn and T antigens can be sialylated by sialyltransferases, 

forming the sialyl-Tn (STn), sialyl-T and disialyl-T antigens. Sialylation stops any 

further processing of the oligosaccharide chain, prompting short-chain GalNAc-

type O‐glycans expression [60]. Alternatively, core 1 may be extended originating 

cores 2-4 (Figure 3), which are precursors for a vast array of more extended 

oligosaccharides and terminal structures, similar to the ones found in mature N-

glycans.  

 Recently, a precision mapping of human O-GalNAc glycoproteome has 

revealed over 6000 glycosites in more than 600 O-glycoproteins, the majority of 

which of membrane origin [61], greatly expanding our view on the O-

glycoproteome and its functional role. Alterations in O-glycosylation pathways are 

a common hallmark of malignant transformations, frequently amplified at the cell-

surface as a result of the high number of O-glycosylation sites presented by mucins 

[62]. Such events are particularly pronounced in adenocarcinomas, due to the 

overexpression of these molecules [63]. While hindered by extended glycosylation 

in healthy and benign tissues, simple mucin-type O-GalNAc glycans are uncovered 

in most human carcinomas, including bladder cancer [45, 64-67].  
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Figure 3. Schematic representation of short-chained O-linked glycan 

structures. The addition of specific sugar monomers to Ser/Thr residues of a protein 

backbone begins with the action of polypeptide N acetylgalactosamine transferases 

(ppGalNAc Ts; a family of 20 enzymes, including GalNAc T1, GalNAc T2, GalNAc T3, GalNAc 

T4, GalNAc T5 and GalNAc T6) given rise to the Tn antigen, which is generally extended 

with a Gal residue by C1Gal-T1, originating the Thomsen-Friedenreich or T antigen (core 1). 

Alternatively, Tn and T antigens can be sialylated by α2,3 sialyltransferases (ST3Gal Ts) and 

α-GalNAc ST6Gal I (ST6GalNAc I), forming the sialyl-Tn (STn), and sialyl-T antigens. On the 

other hand, core 1 may be extended originating cores 2-4 by the action of N 

acetylglucosamine (GlcNAc) transferases (GnTs; such as GnT-III, GnT V, core 2 GnTs 

(C2GnTs) and β3GnT). 

 

a) Premature stop in O-glycosylation 

 Perhaps the most studied cancer-associated O-glycans are the Tn antigen, 

its sialylated counterpart sialyl-Tn (STn) and the T antigen. They result from a 

premature stop in protein O-glycosylation and are classically termed simple mucin-

type O-glycans, reflecting their overexpression in cancer-associated mucins [68]. 
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Nevertheless, these alterations can also be significantly observed in other densely 

O-glycosylated proteins of relevant importance in bladder cancer, namely CD44 and 

different types of integrins [69, 70]. Several reports attribute the expression of 

simple mucin-type O-glycans to a disorganisation of secretory pathway organelles 

in cancer cells, mutations on Cosmc, a gene encoding a molecular chaperone of T-

synthase [16, 71], and absence or altered expression and/or activity of 

glycosyltransferases [72]. In particular, the overexpression of ST6GalNAc-I has 

been found to promote the premature sialylation of the Tn antigen and consequent 

formation of the STn antigen in bladder cancer [64, 69]. Specifically, the STn 

antigen is absent in the healthy urothelium, while being present in more than 70% 

of high-grade NMIBC and MIBC, denoting a cancer specific nature [64]. This post-

translational modification of cell surface proteins is mostly expressed in non-

proliferative tumour areas, known for their high resistance to cytostatic agents 

currently used to improve the overall survival of advanced stage bladder cancer 

patients [64]. Recently, a novel STn-dependent mechanism for chemotherapeutic 

resistance of gastric cancer cells to cisplatin has been described, in which STn 

protects cancer cells against chemotherapeutic-induced cell death by decreasing 

the interaction of cell surface glycan receptors with galectin-3 and increasing its 

intracellular accumulation [73]. Nevertheless, the relationship between 

chemoresistance and STn overexpression remains to be fully explored in bladder 

cancer. Furthermore, STn expression is significantly higher in MIBC when compared 

to NMIBC, denoting its association with muscle invasion and poor prognosis [20]. 

Studies in vitro have further demonstrated that this antigen plays an important role 

in bladder cancer cell migration and invasion through mechanisms so far 

unexplored [64, 69]. Recent glycoproteomics studies of bladder cancer cell models 

highlighted that STn was mainly present in integrins and cadherins, further 

reinforcing a possible role for this glycan in adhesion, cell motility and invasion 

[69]. Also, recent work from our group has demonstrated the presence of STn in 

lymph node and distant metastasis, strengthening the notion that STn expression 

may influence cancer cell motility and metastization (unpublished data). 

Furthermore, STn-expressing bladder cancer cells have shown the ability to induce 

a tolerogenic microenvironment by impairing dendritic cells maturation, allowing 

cancer cells to evade innate and adaptive immune system responses [21]. 

Interestingly, the tolerogenic effect of short-chained O-glycans has also been 

correlated with bladder tumour metastasis through a mechanism in which MUC1 



 INTRODUCTION 

 

 
 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
121 

 

carrying core 2 O-glycans functions as a molecular shield against NK cells attack, 

thereby promoting metastization [74]. In addition, STn expression in bladder 

cancer tissues has been used in combination with other surrogate markers of 

tumour aggressiveness envisaging patient stratification regarding disease stage 

and therapeutic benefit. Specifically, expression of STn and sialyl-6-T (s6T), a 

sialylated form of T antigen, are independent predictive markers of BCG treatment 

response and were found useful in the identification of patients who could benefit 

more from this immunotherapy [75]. Moreover, STn was found to be a marker of 

poor prognosis in bladder cancer and, in combination with PI3K/Akt/mTOR 

pathway evaluation, holds potential to improve disease stage stratification [20]. In 

turn, it was observed that the reduction of Tn antigen expression was associated 

with higher bladder cancer stage [67].  

Several reports associated the presence of T antigens with higher grade, 

stage and poor prognosis in bladder cancer [66, 76], suggesting that these 

antigens may be surrogate markers of profound cellular alterations. Also, there is 

growing evidences linking the overexpression of ST3Gal.I, the enzyme responsible 

for T antigen sialylation, with higher stage and poor prognosis [65]. Moreover, the 

expression of T antigen is significantly associated with higher risk for subsequent 

recurrences with deep muscle invasion and metastatic involvement of regional 

lymph nodes [67]. In agreement with these observations, we have recently reported 

that short-chain O-glycans are preferentially accumulated in hypoxic tumour areas 

[69], known to harbor more malignant sub-populations. It has been suggested that 

HIF-1α directly or indirectly modulates the expression of glycosyltransferases 

involved in the initial steps of O-glycosylation while repressing core elongation, 

thereby promoting an accumulation of precursor structures [69]. 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 therapeutic 

targets for bladder cancer therapy [77]. 

 

3.1.3. Overexpression of cancer-associated membrane glycoproteins  

Alteration in N- and O-glycosylation and other types of protein glycans are 

often amplified in cancer cells by the overexpression of key cancer-associated 

glycoproteins. Namely, HER2 (also known as ErbB2 or HER2/neu) is an heavily 

glycoprotein [78], member of the EGF receptor (EGFR) family, that is overexpressed 

in several malignancies, including advanced stage bladder cancer [79-81]. 
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Curiously, the incidence of HER2 overexpression in bladder cancer (12.4%) is even 

higher than that found in breast carcinomas (10.5%), where it is associated with 

tumour aggressiveness, prognosis and responsiveness to therapy [81]. In fact, 

HER2 expression is also associated with poor prognosis in bladder cancer [82]. 

Thus, HER2 could serve as a useful biomarker for clinical prediction and trials of 

anti-HER2 agents are warranted in patients with advanced bladder cancer. 

Nevertheless, the glycosylation of HER2 in bladder cancer remains to be addressed, 

which would be critical for the establishment of a more sensitive and specific 

biomarker. 

EpCAM, also known as CD326, is a glycoprotein predominantly located in 

intercellular spaces of epithelial, progenitor and normal stem cells [83, 84]. This 

transmembrane macromolecule regulates both normal and cancer-associated 

cellular adhesion, proliferation, differentiation, migration and invasion [84, 85]. Its 

expression is associated with increased tumour stage and grade, as well as with 

poor prognosis and decreased overall survival in bladder cancer patients [86, 87]. 

Despite these evidences, the glycosylation pattern of EpCAM in bladder cancer has 

also not yet been evaluated.  

Frequently, cancer cells also overexpress galectins, N-acetyllactosamine-

binding glycoproteins yielding either one or two carbohydrate-recognition 

domains. Galectins cross-link glycoproteins depending on their glycan structures 

and concentrations, forming galectin–glycan molecular lattices [88]. Particularly, 

the correlation between increased galectin expression and tumour progression is 

proposed to be linked to their interaction with poly-N-acetyllactosamines on matrix 

proteins such as laminin, aiding cellular invasion [89]. Moreover, these 

glycoproteins are known to modulate cell growth, differentiation, adhesion, and 

apoptosis [90-92]. The altered expression of galectins has been implicated in 

bladder cancer malignancy [93], and both galectin-1, -2, -3, and -8 were suggested 

as potential disease markers and possible targets for bladder cancer therapy [94]. 

Specifically, galectin-1 is a possible independent prognostic marker of urothelial 

carcinoma [95], with its positive immuno-expression being significantly correlated 

with tumour stage, grade, vascular invasion and nodal status [96]. Moreover, 

galectin-1 mRNA and protein levels are markedly increased in most high-grade 

bladder tumours compared with low-grade and normal bladder tissue [97, 98]. 

Furthermore, this glycoprotein is associated with bladder cancer cell invasion by 

mediating the activity of MMP9 through the Ras-Rac1-MEKK4-JNK-AP1 signalling 
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pathway [95]. Recently, a photodynamic therapeutic approach targeting galectin-1 

in bladder cancer cells and xenografts has inhibited tumour growth and enabled 

selective cytotoxicity in cancer cells, preventing undesired phototoxicity in the 

surrounding healthy tissues [99]. This study ultimately suggests that galectin-1 

constitutes a valid bladder cancer cell biomarker capable of being used in effective 

targeted therapies. In turn, galectin-3 mRNA and protein levels were also found 

increased in bladder tumours when compared with normal urothelium [94, 97, 98, 

100]. Moreover, galectin-3 levels are increased in invasive tumours compared with 

non-muscle invasive lesions [101-103]. Furthermore, its expression patterns are 

also correlated with tumour stage, grade, proliferation (Ki67), apoptosis 

(apopdetek and bcl-2), and overall survival in patients with T1G3 tumours [101]. 

These observations suggest a role for galectin-3 as a biomarker for bladder cancer 

staging and prognosis. In succession, galectin-7 was pointed as a predictive marker 

of chemosensitivity to cisplatin in urothelial cancer [104]. Finally, the loss of 

galectin-8 in bladder tumours increases tumour recurrence, while decreased 

immunohistochemical staining is associated with higher tumour stage and grade 

[105]. As such, the loss of galectin-8 might be an early step in the development of 

malignant lesions of the bladder and is a significant independent predictor of 

recurrence [105].  

Several studies have recently pointed out the unique biological properties of 

basal-like bladder tumour cell subpopulations in their anchorage-independent 

growth ability and their association to poorly differentiated bladder cancer [106]. 

In this context, CD44, a member of the transmembrane glycoprotein family 

commonly implicated in cell-cell and cell-matrix interactions, cell proliferation, 

differentiation, migration, angiogenesis, presentation of cytokines, chemokines, 

and growth factors to the corresponding receptors, docking of proteases at the cell 

membrane, and cell survival [107-109], has been implicated as a cancer stem cell 

(CSC) marker in several malignancies [110-114]. Particularly, both CD44 and its 

splicing variants have been involved in bladder cancer carcinogenesis and 

progression. CD44+ cells exhibit an enhanced capacity to form xenografts in 

immunocompromised mice as well as chemoresistance compared to CD44− cells 

[115, 116]. CD44v6, a CD44 isoform containing the CD44v6 exon, has also been 

shown increased in bladder CSCs [117, 118]. CD44v6 expression on CSCs is 

supported by a study that correlates CD44v6 expression on bladder cancer cell 

lines with stem cell properties [119]. Both expression levels of CD44 and CD44v6 
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were higher in invasive bladder tumours than in pre-invasive tumours and normal 

urothelium [120]. Also, CD44 and CD44v6 upregulation is associated with higher 

tumour grade and stage [120, 121]. However, other studies have demonstrated an 

inverse association between CD44v6 expression and bladder cancer grade and 

stage [121, 122]. Moreover, the loss of CD44v6 expression was demonstrated as 

an independent factor for increased recurrence and shorter overall survival [123]. 

Also, the loss of CD44 expression was associated with shorter progression-free 

survival [124]. These discrepancies can be explained by the lack of standard 

immunohistochemical assays, the use of antibodies with different specificities, and 

differences in the clinicopathological status of bladder tumours used in the 

different studies. Therefore, integrative and standardized studies are necessary to 

elucidate the role of CD44 and CD44v6 in bladder cancer, as they hold an important 

biological and clinical value and may serve as therapeutic targets. In turn, CD44 

variant 9 (CD44v9) overexpression has been associated with shorter progression-

free and cancer-specific survival in bladder cancer [125], likely impacting invasion 

and migration via the epithelial‐mesenchymal transition (EMT). Therefore, its 

expression might be a useful predictive biomarker in basal‐type muscle invasive 

and high-risk NMIBC [125]. Nevertheless, the specific glycosylation patterns of 

CD44 in the context of bladder cancer also remains an open research topic.  

Mucins are large membrane-bound glycophosphoproteins, commonly 

overexpressed in several malignancies [126], including bladder cancer [127-129]. 

Mucin 1 (MUC1) is restricted to the apical membranes of umbrella cells in normal 

urothelium, while there is an aberrant MUC1 expression in basal and intermediate 

layers of neoplastic epithelium [128, 130]. Additionally, the pattern, intensity and 

depth of MUC1 immunostaining are correlated with bladder cancer grade [129]. 

Notwithstanding, other study reported no correlation of MUC1 expression with 

survival, tumour stage or grade [131]. Yet, patients overexpressing MUC1 only had 

a favourable survival when HER3 was also overexpressed [131]. This may be at least 

partially explained by the existence of several MUC1 glycoforms, including 

underglycosylated, sialylated, and fully glycosylated forms. As previously 

mentioned, several studies have been focusing on the identification of extracellular 

cell surface markers for urothelial CSCs, envisaging diagnosis and drug targeting. 

Of note, it has been shown that urothelial CSCs are enriched in an MUC1−CD44v6+ 

subpopulation of cells. This conclusion was based on the observation that MUC1− 

and CD44v6+ cells were only present in the basal layer of normal urothelium, which 
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is thought to comprise urothelial stem cells. Subsequently, MUC1− and CD44v6+ 

cells were isolated, and a slightly increased clonogenicity was observed for these 

cells compared with unsorted bladder tumour cells [117]. Expression of other 

mucins such MUC2 and MUC6 were associated with a less aggressive behavior of 

bladder tumours and demonstrated to be useful predictors of better bladder cancer 

survival while MUC4 demonstrated an opposite role [129]. In addition, MUC16 STn+ 

glycoforms, characteristic of ovarian cancers, were recently described for the first 

time in bladder cancer and demonstrated to be expressed in a subset of advanced-

stage bladder tumours facing worst prognosis [132]. Nevertheless, with the 

exception of MUC16, the specific glycosylation patterns of this class of 

glycoproteins also remains unknown in bladder cancer.  

Integrins are a family of transmembrane adhesion receptors for extracellular 

matrix components participating in the metastatic cascade. Particularly, normal 

urothelium presents a polarized expression of alpha6beta4 integrin (ITGA6) on 

basal cells, while neoplastic urothelium frequently overexpresses this receptor 

[133]. Moreover, the evaluation of alpha6beta4 integrin tumour expression may 

provide valuable prognostic information on bladder cancer patients clinical 

outcome, since patients with alpha6beta4 integrin overexpression hold a 

significantly worst survival [133]. Throughout EMT-driven carcinogenesis, 

disseminated cancer cells often acquire a stem cell-like self-renewal capability [134, 

135]. Moreover, during EMT, epithelial markers such as ITGAV (αv integrin 

receptors) are upregulated in several solid tumours [136-138], including bladder 

cancer with a trend increase in ITGAV expression with disease stage and grade 

[139]. Furthermore, the functional inactivation of ITGAV (targeting with the integrin 

receptor antagonist GLPG0187 or knockdown of ITGAV) leads to a less malignant 

bladder cancer phenotype with significantly impaired migration, EMT response, 

clonogenicity and a reduction in the size of the stem/progenitor pool. In line with 

these in vitro observations, knockdown of ITGAV or treatment with GLPG0187 

significantly inhibited metastasis and secondary tumour growth [140]. In turn, a 

central role was also suggested for the beta1-integrin subunit in forming the cell-

cell and cell-matrix bonds necessary for adhesion, extravasation and migration of 

bladder cancer cells [141] through enhanced transmission and generation of 

contractile forces [142] and possible microenvironmental involvement [69]. Despite 

its role in bladder carcinogenesis there are also no reports about the specific 

glycosylation of this class of glycoproteins.  
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In summary, increased levels of several glycoproteins have been associated 

with the severity of disease and as part of the molecular signature of more 

malignant bladder cancer sub-populations. These events not only amplify structural 

alterations that stem from deregulations in glycosylation pathways but also 

synergically contribute together with altered glycosylation, to a net effect favouring 

disease progression. Nevertheless, a comprehensive and context-oriented 

glycomapping of relevant glycoproteins has not been provided yet, which would be 

crucial for achieving highly specific cancer biomarkers holding true therapeutic 

potential. Moreover, the glycomic mapping of relevant glycoproteins may provide 

highly cancer-specific epitopes in comparison to glycans or glycoproteins alone. 

This would pave the way for designing more effective targeted therapeutics for 

more malignant bladder cancer cells. 

 

3.2. PROTEOGLYCAN GLYCOSYLATION 

Proteoglycans are structurally and functionally complex glycoconjugates, 

exhibiting one or more high molecular weight glycosaminoglycan (GAG) chains 

covalently attached to a protein core [143]. These structures can be found as: i) 

transmembrane syndecans or glypicans, at the cell surface; ii) hyalectans 

(aggrecan, versican, brevican and neurocan) or small leucine-rich proteoglycans 

(decorin, biglycan and lumican) at the extracellular matrix (ECM); iii) basement 

membrane proteoglycans (perlecan, agrin and collagen XVIII) [144]. Serglycin is the 

only characterized proteoglycan found at intracellular level, normally in secretory 

compartments [145].  

The biosynthesis and modification of proteoglycans occurs in the Golgi 

apparatus (GA) through the action of glycosyltransferases, sulfotransferases, 

epimerases, sulfatases, glycosidases, and heparanases, revealing multiple layers of 

regulation of these macromolecules [143]. The length and structure of each GAG 

chain may differ greatly within a certain proteoglycan molecule, while the number 

of chains linked to the protein core is determined by the number of sugar 

attachment sites, marked by Ser-Gly dipeptide motifs [143, 146]. The biosynthesis 

of GAGs, such as chondroitin sulfate, heparan sulfate, dermatan sulfate, hyaluronic 

acid, and heparin is initiated by the sequential addition of four monosaccharides 

(Xyl, Gal and GlcA) to a Ser-Gly motif on the core protein. Then, the sugar chains 

are extended by the addition of two alternating monosaccharides containing an 

acetylated or sulfated hexosamine (GalNAc, GlcNAc) and uronic acid (GlcA acid or 
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idoA) [143]. In the case of keratan sulfate, the GAG is initiated as N-linked or O-

linked repeating disaccharides and extended by the addition of N-acetyl-

glucosamine and galactose residues [143]. Once synthesized, the GAGs are linked 

to a core protein and proteoglycans are transported from the GA to the cell surface 

or ECM [144, 147]. Notably, unlike all other GAGs, hyaluronic acid is primarily 

found as a free sugar chain at the ECM, and its synthesis is epigenetically regulated 

[148]. Interestingly, hyalectans have the ability to bind hyaluronic acid through 

their N-terminal globular domain (G1), therefore increasing ECM complexity [149]. 

Of note, proteins such as MHC class II invariant chain, transferrin receptor, 

thrombomodulin and CD44 can be considered proteoglycans, since some of their 

alternative splicing variants present GAG-initiation sites [150]. Other proteoglycans 

like endocan and versican also present alternatively spliced forms with variable 

sugar modifications [150]. In particular, a versican variant without chondroitin 

sulphate attachment sites has been described, turning versican into a “part-time” 

proteoglycan as well [149].  

Proteoglycans present high affinities for various ECM constituents and cell 

adhesion molecules, playing a crucial role in intercellular interactions [144]. These 

glycoconjugates can also bind growth factors, cytokines and chemokines, allowing 

them to escape proteolysis. Some can also act as co‐receptors for growth factors 

and tyrosine kinase receptors, changing the duration of their signaling reactions or 

lowering their activation thresholds [143, 144]. Therefore, the altered expression 

of proteoglycans, including syndecan-1, neuropilins, versican, chondroitin sulfate 

proteoglycan 6, decorin, biglycan, endocan, hyaluronic acid and its metabolic 

enzymes, has been linked to several cancers and, specifically, with bladder cancer 

carcinogenesis, metastasis and prognosis (Figure 4, Table 1).  
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Figure 4. Schematic representation of the main glycomolecules with biological 

relevance in bladder cancer. The figure represents specific proteoglycans that have one 

or more glycosaminoglycan (GAG) chains, consisting of linear co polymers of acidic 

disaccharide repeating units such as chondroitin sulfate, heparan sulfate and dermatan 

sulfate. These glycomolecules can be found attached to the outer leaflet of the plasma 

membrane (Syndecan-1) or in the extracellular matrix (Versican, Chondroitin sulfate 

proteoglycan-6, decorin and biglycan). Particularly, some of these structures can bind to 

each other through their N-terminal globular domain (G1), therefore increasing ECM 

complexity. Of note, hyaluronic acid is the only GAG primarily found as a free sugar chain 

in the extracellular matrix. Hyaluronic acid synthases (HAS) and Hyaluronidases (HAse) 

constantly degrade and remodel HA molecules largely affecting ECM dynamics. Some 

glycoproteins can also be found linked to the cell membrane through a 

glycosylphosphatidylinositol (GPI) anchor, an example is glypican-3. 

 

 

3.2.1. Cancer-associated transmembrane proteoglycans 

Syndecans are a family of heparin sulfate proteoglycans, commonly 

presenting three to five heparin sulfate chains, and are known to modulate cellular 
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adhesion, migration, proliferation, differentiation, and growth factor signaling 

[151]. These macromolecules are commonly found at bladder cancer cell surfaces, 

along with other transmembrane proteoglycans and glypicans [152, 153]. 

Syndecans can also be found in their soluble form, due to a post-translational 

modification causing the release of their ectodomains through juxtamembrane 

region proteolysis [154]. Particularly, syndecan-1 (CD138), frequently found in 

epithelial cells and some leukocytes [155], was found to be increased in bladder 

cancer patients serum and stroma, especially in muscle-invasive cases [156-158]. 

Serum overexpression of syndecan-1 was associated with lymph node metastasis, 

while stromal overexpression was related with poorer overall survival [158]. The 

loss of transmembrane syndecan-1 expression in tumour cells was related to higher 

tumour stage and grade [159, 160], as well as reduced recurrence-free survival in 

bladder cancer [160, 161]. Still, high-grade superficial, and deep invasive bladder 

carcinomas were also characterized by elevated expression of syndecan-1, while 

low-grade and non-invasive phenotypes do not [161]. Cytoplasmic overexpression 

of syndecan-1 in cancer cells, often accentuated close to the nucleus, was 

demonstrated in Ta tumours compared to normal urothelium, suggesting a failure 

in intracellular trafficking caused by the loss of functional syndecan-1 [162]. This 

directly affects carcinogenesis through the loss of cellular adhesion properties, 

thereby promoting more invasive phenotypes [160]. Also, syndecan-1 altered 

expression can affect tumour cells via junB–FLIP long signals, involving apoptosis 

resistance and increased proliferation [161]. Simultaneous loss of syndecan-1 

expression in tumour cells and its overexpression in high-stage and high-grade 

bladder cancer patients serum suggest the importance of syndecan-1 in tumour 

progression; therefore, this molecule could be a new therapeutic target in human 

urinary bladder cancer [158].  

Neuropilins are co-receptors of two structurally and functionally unrelated 

ligands classes, the class 3 semaphorins and selected VEGF family members [163]. 

Neuropilin-1 has multiple heparan and/or chondroitin/dermatan sulfate GAG 

chains [163]. Recent reports demonstrate neuropilin-1 expression on non-

endothelial cells in bladder urothelium [164], as well as its overexpression in high 

grade/stage bladder tumours [165]. Moreover, neuropilin-1 upregulation was 

associated with shorter overall survival in bladder cancer patients [165]. In 

addition, neuropilin-2 is expressed in neural and endothelial cells and, upon ligand 

stimulation, induces neural development and the growth of newly formed blood 
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and lymphatic vessels [163]. Overexpression of neuropilin-2 demonstrated to have 

prognostic value in bladder cancer, as it was associated with shorter overall and 

cancer-specific survival and earlier cancer-specific death after transurethral 

resection and radiochemotherapy [166]. Additionally, the co-expression of 

neuropilin-2 and the family member VEGF-C is also a prognostic marker for overall 

survival of bladder cancer patients [166]. Therefore, syndecan-1 and neuropilins 

may play an important role in the progression of bladder cancer and their altered 

expression may serve as a biomarker for prognosis. 

 

3.2.2. Cancer-associated extracellular matrix proteoglycans 

Versican, also known as chondroitin sulfate proteoglycan 2, a central 

component of cancer-related inflammation, is highly expressed in metastatic 

bladder carcinomas and its overexpression is correlated with poor survival [167]. 

In tumour cell lines, versican overexpression was associated with increased cell 

migration and tumour stage [168]. A correlation between versican overexpression, 

RhoGTP dissociation inhibitor 2 (RhoGDI2) underexpression, metastasis and poor 

clinical outcome was also demonstrated [167, 169]. Particularly, RhoGDI2 

underexpression and versican overexpression are associated with metastasis 

through the involvement of macrophages and the CCL2/CCR2 signaling axis [167, 

169]. In fact, RhoGDI2 is a regulator of several Rho GTPases that play important 

roles in cell cycle progression, neovascularization, invasiveness, and metastasis 

[170]. Therefore, targeting this mechanism may provide novel therapeutic 

strategies for delaying the appearance of clinical metastasis [170]. 

The role of decorin, a key component of the tumour stroma, in cancer 

progression and its therapeutic potential has been the focus of several studies. 

Increased secretion of decorin in the MB49/MB49-I murine bladder cancer model 

and in muscle-invasive tumours was associated with the promotion of angiogenesis 

and tumour cell invasiveness [171]. Nevertheless, other studies demonstrate a 

possible tumour suppressor role for decorin, where bladder tumour tissues are 

entirely devoid of decorin expression while non-malignant stromal areas express 

this proteoglycan [172, 173]. A mechanism through which decorin exerts its 

tumour suppressor role has been proposed, where decorin may act as a natural 

antagonist of the oncogene insulin-like growth factor receptor I (IGF-IR) [173, 174]. 

Therefore, in bladder tumours, the loss of decorin expression eliminates IGF-IR 
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activity and signaling repression, promoting cellular motility, invasion, and cancer 

progression [173, 174].  

Biglycan is a small leucine-rich proteoglycan with immune and growth factor 

activity modulating properties, as well as matrix assembly involvement [175]. This 

proteoglycan has been demonstrated to be overexpressed on invasive bladder 

cancer tissue [172, 176]. Interestingly, while biglycan overexpression is associated 

with higher tumour stages and muscle invasiveness, it’s up-regulation was related 

with tumour cell proliferation inhibition and increased patients’ 10-year survival 

[176]. 

Endocan, also known as endothelial cell-specific molecule 1, is a secreted 

proteoglycan that has a single dermatan sulfate side chain attached to serine 137 

and demonstrated to be highly elevated on tumour vessels from invasive bladder 

cancer tissues [177]. Moreover, its expression correlated with stage, and 

invasiveness as well as predicted a shorter recurrence-free survival time in non-

invasive bladder cancers [177]. Therefore, endocan expression impacts the 

prognosis of bladder cancer patients and, as described ahead, also is a possible 

diagnosis marker. 

Hyaluronic acid (HA), an unsulfated anionic linear GAG, its implicated in cell 

adhesion, migration and angiogenesis [178]. Particularly, hyaluronidases (HAse) 

are enzymes that hydrolyze HA molecules into small angiogenic fragments, 

participating in the degradation of tumour surrounding ECM, and enabling cancer 

cells invasion and dissemination [178]. As such, HA, HAses (e.g. HYAL1), hyaluronic 

acid synthases (HAS) 1, 2 and 3, as well as hyaluronic acid receptors (e.g. CD44 

and receptor for hyaluronan-mediated motility, RHAMM) have been suggested as 

possible diagnosis and prognosis biomarkers. Also, both HAS, HYAL1, CD44 and 

RHAMM were found to be overexpressed in bladder cancer tissues [179, 180]. In 

addition, HYAL1 expression was also correlated with disease-specific mortality and 

recurrence [179, 181]. Finally, elevated expression of RHAMM was found in invasive 

bladder tumours and associated with poor prognosis, due to increased tumour cell 

proliferation and shorter overall and disease-specific survival [180]. 

Alterations in cancer-associated proteoglycans were demonstrated as 

associated with bladder cancer progression and may present prognosis value, yet 

more studies are necessary in order to confirm these associations and transpose 

these markers to clinical practice.  

 



 INTRODUCTION 

 

 
 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
132 

 

3.3. LIPID GLYCOSYLATION 

Glycolipids are a major class of glycoconjugates that include 

glycosphingolipids (GSLs) and GPI anchors. 

 

3.3.1. Alterations in sphingolipids’ glycosylation 

Glycosphingolipids (GSLs) are neutral or anionic molecules composed by a 

hydrophilic glycan covalently β‐linked via glucose (glucosylceramide) or galactose 

(galactosylceramide) to the terminal hydroxyl group of a hydrophobic ceramide 

backbone [182, 183]. Specifically, GSL biosynthesis is initiated in the ER with the 

condensation of sphingosine and acyl-CoA by a group of six ceramide synthases, 

giving rise to a long-chain amino alcohol base (sphingosine) in amide linkage to a 

fatty acid, namely a ceramide lipid [183, 184]. Ceramide can then be galactosylated 

by galactosylceramide synthase, to produce galactosylceramide, which in turn can 

be transported to the GA where it is sialylated to produce GM4 ganglioside, or 

sulfated to produce sulfogalactolipids [185-187]. Also, ceramide is frequently 

glucosylated in the GA by glucosylceramide synthase to form glucosylceramide, the 

core structure of 90% of GSLs [185-187]. Subsequently, the C-4 hydroxyl of 

glucosylceramide can be galactosylated by β4-galactosyltransferases V and VI, 

forming lactosylceramide [188]. Once produced, lactosylceramide will serve as the 

metabolic precursor of more than 300 structurally different classes of complex 

GSLs through the action of specific glycosyltransferases and sulfotransferases, 

depending on nucleotide sugar donors availability [189]. Particularly, 

lactosylceramide is a template for: 1) GA2, through β,4-N-

acetylgalactosylaminyltransferase (B4GALNT1) activity; 2) GM3 ganglioside, 

through α-2,3-sialyltransferase (ST3GAL5Gb3); 3) Gb3, by α-1-4-

galactosyltransferase (A4GALT) activity; and, 4) Lc3, by the β-1,3-N-

acetylglucosaminyltransferase (B3GNT5) [189]. GSLs glycan chains can be further 

extended and terminated with structural moieties similar to those found in 

glycoproteins, namely and Lewis blood type antigens. After synthesis, these 

structures leave the GA and are redirected to the plasma membrane [190], 

constituting approximately 5% of all membrane lipids. 

GSLs are also implicated in key cellular functions, such as cell adhesion, 

proliferation, differentiation, apoptosis, motility and immune recognition [191-

193]. Particularly, ceramide is implicated in apoptosis and regulates several cell 

cycle and senescence pathways [194]. Consequently, GSLs have received 
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considerable attention as promising biomarkers for disease progression, as well as 

pharmacological targets for bladder cancer therapy. Pioneering studies 

demonstrated that glucosylceramide and glucosylceramide synthase are 

overexpressed in several multidrug resistant cancer cell lines, being related with 

drug resistance [195-197]. Particularly, in bladder cancer, glucosylceramide 

synthase overexpression was demonstrated to be associated with higher histologic 

grade [198]. In accordance, the overexpression of this enzyme is an indicator of 

poor prognosis, showing associations with lymph node metastasis, reduction in the 

5-year overall and disease-free survival [198]. The glycosphingolipid composition 

of human bladder cancer tissue has been assessed, showing large amounts of 

ganglioside GM3 in superficial bladder tumours, but not in invasive tumours [199]. 

This overexpression can be caused by the simultaneous overexpression of GM3 

synthase and downregulation of both Gb3 and GD3 synthases [199]. Moreover, 

high levels of GM3 are associated with reduced invasive potential [199], 

proliferation, motility, tumour growth and increased apoptosis [200]. Since 

exposure to exogenous GM3 have been proved to inhibit tumour cell lines 

proliferation and adhesion, this approach was proposed as bladder cancer therapy. 

Also, the direct instillation of GM3 in orthotopic models inhibited tumour growth 

[201]. It has also been reported that the expression of GM2, GM3, or GM2/GM3 

complexes inhibited bladder cancer cell motility and growth [202] (Figure 5, Table 

1).  
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Figure 5. Schematic representation of the main biologically relevant 

glycosphingolipids and glycosylphosphatidylinositol-anchored proteins in 

bladder cancer. The figure represents certain glycosphingolipids, especially the sialic 

acid containing glycomolecules, glycosylphosphatidylinositol-anchored proteins, and the 

enzymes implicated in the synthesis and hydrolysis of these conjugates have been 

implicates in bladder cancer malignancy. 

 

3.3.2. Alterations in glycosylphosphatidylinositol-anchored molecules 

The anchoring of proteins and proteoglycans to cell membranes through the 

lipid portion of a GPI anchor is a conserved post-translational modification [203]. 

These anchors present conserved core structures consisting of ethanolamine 

phosphate, three mannose monomers, and a non-N-acetylated glucosamine 

attached to a inositol phospholipid (EtNP-6Manα-2Manα-6Manα-4GlNα-

6myoInositol-P-lipid) [204]. This backbone can be modified with 

phosphoethanolamine and/or various glycan side-branches. More detailed 

information about the biosynthesis of this class of glycans may be found in [204-

206] and has been summarized in Figure 5. 
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Alterations in several enzymes involved in glycosylation of GPI-anchored 

molecules such the multi-protein transaminase complex were first mentioned as 

relevant in cancer after the discovery of the oncogenic activity of PIG-U in bladder 

cancer [207, 208]. This was demonstrated through the induction of tumourigenesis 

mediated by PIG-U overexpression in mice [208]. In addition, PIG-U overexpression 

in vitro was correlated with increased cell proliferation and upregulation of GPI-

anchored proteins, such as urokinase receptor, increasing STAT-3 phosphorylation 

and subsequent cellular migration, and apoptosis [208]. PIG-U overexpression is 

also associated with higher tumour grade and muscle invasion, suggesting its role 

in tumour development and progression [209]. Moreover, overexpression of PIG-U 

is an independent predictor of recurrence for superficial bladder cancer [209]. 

Consequently, the expression of PIG-U and other multi-protein transaminase 

complex subunits was explored and confirmed in different cancer types using 

microarrays [210]. 

GPI-anchored proteins are almost exclusively located on cell surfaces, and 

are functionally diverse, presenting key roles in cell–cell interaction, adhesion, host 

defense, and signaling transduction [204, 211]. Thus, these proteins have been 

explored regarding their potential as biomarkers for carcinogenesis and metastatic 

potential in bladder cancer (Figure 5, Table 1). The expression of GPI-specific 

phospholipase D, a highly specific GPI-anchored enzyme, is significantly increased 

in highly malignant murine bladder carcinoma cells when compared to less 

malignant controls [212]. In addition, CD109, a GPI-anchored glycoprotein that 

negatively regulates the transforming growth factor (TGF)-β/Smad signaling in 

vitro, is overexpressed in the basal layer of NMIBC and low-grade tumours. 

Interestingly, CD109 shows a similar expression pattern to cancer stem cell marker 

CD44, and its overexpression was associated with better cancer-specific survival 

[213]. Prostasin, a GPI-anchored serine protease crucial for epithelial differentiation 

[214] and epidermal growth factor receptor (EGFR) proteolysis [215], was shown to 

be downregulated in high-grade urothelial bladder cancer cell lines [216]. This loss 

of expression was associated with EMT, marked by a reduced E-cadherin expression 

and loss of epithelial morphology, which may have implications in the invasive 

potential and resistance to anti-EGFR therapy [216]. However, the clinical relevance 

of prostasin was not yet evaluated in bladder cancer. Notwithstanding, multi-

protein transaminase complex subunits and GPI-anchored proteins have potential 
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to serve as markers of tumourigenesis and metastatic capability, being relevant 

targets for bladder cancer therapy.  

Beyond GPI-anchored proteins, alterations in glypicans, a class of GPI-

anchored proteoglycans, also have been studied in cancer. Glypicans are a family 

of GPI-anchored heparan sulfate proteoglycans known to interact with growth 

factors through heparan sulfate chains [217]. This class of proteoglycans is 

predominantly expressed during fetal development, being critical to organogenesis 

[218]. Moreover, glypicans were described in several cancers [219, 220], including 

bladder cancer. Particularly, glypican-3 is expressed in squamous cell and invasive 

urothelial carcinomas; however, it is not a good biomarker for diagnosis using 

tumour tissues [217]. Furthermore, glypican-3 expression was not associated with 

tumour stage, grade, lymph node metastasis, concomitant CIS, soft tissue surgical 

margins, disease recurrence or cancer specific mortality after radical cystectomy 

[221]. 

In conclusion, alterations in PIG-U and GPI-anchored proteins seem to be 

promising regarding their prognosis value while GPI-anchored proteoglycans 

appear to be bad prognosis biomarkers. Notwithstanding, further studies are 

necessary to evaluate these GPI-anchored molecules and enzymes from multi-

protein transaminase complex in bladder cancer biological and clinical context. 

 

4. PROGNOSIS GLYCOMARKERS FOR BLADDER CANCER 

The most challenging aspect in bladder cancer management stems from its 

highly heterogeneous nature, irrespectively of disease stage. This constitutes a true 

obstacle for individualized therapeutic decision, disease monitoring and prognosis 

with tremendously negative impact on patient care and life expectancy. In this 

context, several clinical studies have unveiled glycan-associated signatures 

(glycans, glycan binding proteins, glycosyltranserases, heavily glycosylated 

proteins/lipids/GPI-anchored molecules) associated with more aggressive cancer 

cell phenotypes, tumour recurrence, progression, metastization, or decreased 

overall survival. Particularly, in bladder cancer, the presence/overexpression of 

GnT-III/IV, Lex, Ley, SLex, STn, ST6GalNAc.I, T-antigen, ST3Gal.I, HER2, EpCAM, 

galectin-1, galectin-3, CD44, CD44v9, MUC1, MUC4, ITGA6, ITGAV, neuropilin-1, 

neuropilin-2, versican, decorin, biglycan, endocan, HYAL1, hyaluronic acid 

synthase 1, RHAAM, glucosylceramide synthase, and PIG-U was also associated with 

more aggressive phenotypes and/or poor prognosis [20, 30, 46, 50, 54, 64-67, 76, 
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82, 86, 87, 96, 97, 101-103, 120, 121, 124, 125, 129, 133, 139, 165-168, 171, 

172, 176, 177, 179-181, 198, 208, 209]. By another hand, (over)expression of β-

1-6GalNAc antennae, galectin-7, CD44v6, MUC2, MUC6, glycolipid enzyme GM3, 

and CD109 were linked to a less aggressive phenotype and/or better prognosis 

[32, 104, 121, 122, 129, 199, 213]. In turn, the loss of GnT-V, ABO(H) terminal 

structures, sLea, Tn, galectin-8 and prostasin is associated with more aggressive 

cancer phenotypes, making them potential markers of poor prognosis [31, 32, 44-

47, 50, 67, 105, 158-160, 200, 216]. Yet, glypican-3 tissue expression was not 

associated with aggressive phenotype nor prognosis [217, 221] and studies for 

syndecan-1 demonstrated contradictory results [158-162, 222], warranting 

elucidation of its prognostic and diagnostic role. For other molecules, the co-

expression with another allowed to have or enhanced a significant prognostic and 

therapeutic outcome impact, such as Lea/Leb antigens [44, 49], s6T/STn [75] 

neuropilin-2/VEGF-C [166], Gb3/GD3 synthases [199] and GPI-specific 

phospholipase D/H-ras oncogene [212] (Figure 6 and 7, Table 1).  

While these studies support the potential of glycans for patient stratification 

significant bias hampers conclusive remarks to support introduction in clinical 

practice. Namely, most studies differ in cohort size and distribution of the cohort 

by bladder cancer type, stage and grade, which often translate into conflicting 

results. Moreover, most studies disregard patient ethnicity, lack endpoints 

standardization and rely on different biological samples, as well as in different 

sample processing and analysis techniques. Nevertheless, several molecular 

markers hold promise for becoming widely available and cost-effective tools for a 

more reliable risk assessment. Thus, efforts need to be conducted to validate 

glycobiomarkers in larger series for prospective use, ideally in the context of 

prospective clinical multicenter randomized trials, using current 

clinicopathological parameters for risk assessment. The inclusion of relevant 

glycobiomakers in current patient stratification parameters may help accurately 

assess patient's prognosis and response to different treatment options. Therefore, 

future studies should also evaluate the impact of glycomarkers in the therapeutic 

outcome and as novel targets for bladder cancer therapy. Finally, recent evidences 

support the need to integrate this knowledge in multiplex risk assessment tool 

combining standard clinicopathological factors with molecular markers [223] 

envisaging individualization of responses. Although much effort has been spent on 

glycobiomarkers research, clinicians and medicinal chemists rarely consider 
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glycans as biological targets or drugs [224], hindering advances in bladder cancer 

management and in the development of targeted therapeutics. Notwithstanding, 

this unfamiliarity is beginning to change as improved methods for carbohydrate 

synthesis [225-227], sequencing [228, 229], and biological analysis [230-232] 

become more sensitive and widely available.  

 

5. EXPLORING GLYCANS FOR NON-INVASIVE BLADDER CANCER DETECTION 

Non-invasive disease detection remains a major challenge despite the 

pressing need for tools capable of reducing the burden of disease-follow up, 

treatment monitoring and early detection [233]. The active secretion of cancer-

associated glycoconjugates into bodily fluids, such as urine and blood, or shed 

from apoptotic and necrotic cancer cells holds tremendous potential to address 

this challenge [7, 51]. Accordingly, several FDA-approved cancer biomarkers for 

non-invasive cancer detection, follow-up and prognosis are either glycans, such as 

CA19-9 (SLea), or heavily glycosylated glycoproteins, such as CA125 (MUC16), 

CA15-3 (MUC1), CA-72-4 (tumour-associated glycoprotein 72, TAG-72), PSA 

(prostate-specific antigen), and CEA (carcinoembryonic antigen) [233]. In bladder 

cancer, serum CA19-9 is a marker of aggressiveness and advanced stage disease, 

being almost invariably raised in patients with metastatic cancer. As such, it 

constitutes a valuable marker of poor prognosis [234]. Notwithstanding, its value 

as a screening tool has been opposed by its low sensitivity (29%) [234]. On the 

other hand, urinary CA19-9 is a better screening parameter, with optimum 

sensitivity and specificity, than its serum counterpart for diagnosis of low grade 

and early stage bladder cancer. Furthermore, it can be suggested that urinary 

CA19-9 can be used as better prognostic marker for low grade bladder cancer than 

its serum equivalent [235]. Moreover, urinary CA19-9 levels could be a new 

effective diagnostic tool for bladder cancer patients with both Le and Se alleles. 

Particularly, 70% of bladder cancer patients with both Le and Se alleles presented 

CA19-9 levels over the cut-off value, and only 16% of patients with other urological 

conditions were over the cut-off [236]. Furthermore, simultaneous elevation of 

CA19-9 and CEA serum levels correlated with tumour invasion and grade in patients 

with CA19-9-expressing urothelial carcinomas [53]. In addition, SLea antigen has 

been observed in bladder dysplasia, Tis, non-invasive, and invasive carcinomas of 

the bladder [53, 236, 237], suggesting that these patients may present elevated 

CA19-9, which warrants confirmation in broad clinical studies.  
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Considering the cancer-associated glycoproteins, galectins also hold 

potential for bladder cancer detection. In fact, bladder cancer patient’s serum levels 

of galectin-3 are considerably higher than control groups, and are correlated with 

tumour type, stage and grade [98, 100, 103]. Particularly, patients with high-grade 

urothelial carcinoma have higher serum levels of galectin-3 than those with low-

grade tumours [103]. Moreover, patients with muscle-invasive tumours also have 

higher serum levels of galectin-3 than those with Ta tumours [103], conferring to 

this glycoprotein a diagnostic and stratification value for bladder cancer patients. 

In addition, serum levels of galectin-3 also have diagnostic value for bladder 

squamous cell carcinoma (SCC) patients [103]. More recently, a multiplexed 

immunosensor has been developed for the detection of specific biomarkers 

galectin-1 and lactate dehydrogenase B present in different grades of bladder 

cancer cell lysates. This approach has allowed not only the identification of 

different grades of bladder cancer cells but also the real time detection of multiple 

analytes on a single chip, providing more practical benefits for clinical diagnosis 

[238]. 

Regarding proteoglycans, syndecan-1 was also explored as a diagnosis 

biomarker in a non-invasive urine-based assay, however with low predictive value 

(sensitivity of 70%, specificity of 48% and accuracy of 59%) [222]. Therefore, further 

validation is warranted in larger and prospective studies. The chondroitin sulfate 

proteoglycan 6, also known as structural maintenance of chromosomes 3 (SMC3), 

has also been found overexpressed in bladder cancer. Moreover, when used in 

combination with six gene transcripts (insulin-like growth factor-binding protein 7, 

sorting nexin 16, cathepsin D, chromodomain helicase DNA-binding protein 2, nell-

like 2, and tumour necrosis factor receptor superfamily member 7), it could 

discriminate bladder cancer from control blood samples with a sensitivity of 83% 

(95% confidence interval, 67-93%) and a specificity of 93% (95% confidence interval, 

76-99%), constituting a possible blood diagnosis biomarker [239]. Beyond the 

prognosis role of endocan, recently this proteoglycan also demonstrated non-

invasive diagnosis potential for bladder cancer. In fact, serum expression of 

endocan could discriminated bladder cancer patients with a sensitivity of 50% and 

specificity of 77% while the urinary endocan expression resulted in a sensitivity of 

62% and specificity of 71% [240]. Moreover, HA and its related enzymes may have 

potential for detecting bladder cancer patients. In fact, increased HA levels are 

detected in all bladder cancer grades, while HAse levels are preferentially elevated 
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in urothelial bladder cancer grades 2 and 3 [241, 242]. Lokeshwar et al. and 

Passerotti et al. have reported an optimal sensitivity (91.9% and 81.9%, respectively) 

and specificity (92.8% and 80.5%, respectively) of the HA test for bladder cancer 

detection [243, 244]. Urinary HAse measurement demonstrated a 100% sensitivity 

and 88.8% specificity to detect grade 2 and 3 bladder tumours [242]. Measurements 

of both urinary HA and HAse (the HA-HAse test) demonstrated an 89% sensitivity 

and 83% specificity for detecting urothelial bladder cancer [241]. Similarly, other 

study evaluated this non-invasive method in urine samples, showing that the HA 

test has 83.1% sensitivity, 90.1% specificity and 86.5% accuracy to detect bladder 

cancer [245]. Also, the urinary HAse test demonstrated 81.5% sensitivity, 83.8% 

specificity and 82.9% accuracy in detecting grade 2 and 3 bladder cancer [245]. 

Other studies also reported high sensitivity and specificity for detecting bladder 

cancer using both urinary HA and HAse by a non-invasive approach [246-249]. In 

fact, the sensitivity of HA-HAse test demonstrated to be superior to ImmunoCyt® 

and cytology (83.3% versus 63.3% and 73.0%, respectively), as well as to BTA STAT® 

test (94.0% versus 61.0%). In turn, specificity was comparable between HA-HAse 

and ImmunoCyt® or cytology (78.1% versus 75.0% and 79.7%, respectively) and 

between HA-HAse and BTA STAT® test (63.0% versus 74.0%) for detecting bladder 

cancer or bladder cancer recurrence [248, 249]. The evaluation of HAS1 and HA 

expression resulted in a 79% and 88% sensitivity, as well an 83.3% and 100% 

specificity, respectively, for detecting bladder cancer. Moreover, both expressions 

correlated with a positive HA urine test [247]. In addition, the combined expression 

of HAS2-HYAL1 detected bladder cancer with overall sensitivity of 85.4% and 79.5% 

specificity, predicting recurrence within 6 months [179] (Figures 6 and 7). 

Despite significant research efforts and promising upfront results, neither 

glycans nor glycoconjugates have yet been approved for non-invasive bladder 

cancer detection. Again, reduced study dimensions, biased patient series and 

variations in detection methods are amongst the factors hampering the 

generalization of these approaches. As such, comprehensive clinical studies on the 

glycome, glycoproteome and glycolipidome of bodily fluids are warranted to 

broaden our understanding about alterations accompanying malignant 

transformations, disease progression and dissemination. Moreover, efforts should 

be undertaken to incorporate glycans in broad biomarker panels envisaging highly 

sensitive and specific detection methods.   
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Figure 6. Schematic representation of the glycomolecule-mediated 

metastization model and diagnostic value of glycans. Herein we represent the 

process of tumour cell invasion, dissociation and metastization in which glycans interfere 

with cell–cell adhesion and haematogenous tumour cell spread. We emphasize the 

modification of epithelial cadherin with β1,6 N acetylglucosamine (β1,6GlcNAc) branched N 

glycan structures, the loss of ABO(H) blood group determinants, changes in Lewis antigens 

patterns, and the oversialylation of glycans resulting in the over-expression of simple mucin 

type O-GalNAc glycans. Furthermore, expression of glycolipids, proteoglycans and 

gangliosides in cancer cell membranes can also modulate signal transduction, activating 

various cellular pathways that induce tumour growth and progression. As such, some of 

these relevant glycomolecules are represented as well. The diagnostic value of some of 

these macromolecules is also highlighted. 
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Table 1. Biological and clinical significance of altered glycans and related biosynthetic enzymes in bladder cancer  

 Type of sample (n)  Biological 

samples 

Main 

techniques 

% positive in bladder 

tumours 

% positive in 

normal 

bladder 

epithelium 

Biological/Clinical significance Refs 

Protein glycosylation 

Cancer-associated alterations in N-glycosylation 

GnT-III Normal bladder epithelium (n=10) 

Urothelial bladder cancer (n=10) 

- Grade: pG1 (n=3), pG2 (n=4), pG3 

(n=3) 

- Stage: pT1 (n=5), pT2 (n=4), pT3 (n=1) 

Tissue HPLC Not Specified Not specified Overexpression associated with 

higher stage and grade 

[30] 

Bis-GlcNAc  

antennae 

Normal bladder epithelium (n=10) 

Urothelial bladder cancer (n=10) 

- Grade: pG1 (n=3), pG2 (n=4), pG3 

(n=3) 

- Stage: pT1 (n=5), pT2 (n=4), pT3 

(n=1) 

Tissue HPLC Not Specified Not specified Overexpression associated with 

higher stage and grade 

[30] 

GnT-IV Normal bladder epithelium (n=10) 

Urothelial bladder cancer (n=10) 

- Grade: pG1 (n=3), pG2 (n=4), pG3 

(n=3) 

- Stage: pT1 (n=5), pT2 (n=4), pT3 (n=1) 

Tissue HPLC Not Specified Not specified Overexpression associated with 

higher stage 

[30] 

GnT-V 

 

NMIBC (n=60): 

- Grade: G1 (n=9), G2 (n=43), G3 (n=8) 

- Stage: pTa (n=44), pT1 (n=16) 

FFPE IHC NMIBC (52%) 

- Grade: G1 (78%), G2 

(49%), G3 (38%) 

- Stage: pTa (60%), 

pT1 (31%) 

Not specified Reduction of expression 

associated with higher grade and 

stage, shorter disease-free 

survival and RFS 

[31] 

Normal bladder epithelium (n=15) 

Dysplasia (n=3) 

NMIBC and MIBC (n=164): 

- Grade: G1 (n=19), G2 (n=74), G3 

(n=71)  

- Stage: pTa (n=62), pT1 (n=37), pT2 

(n=33), pT3/4 (n=32) 

FFPE  

 

IHC 

 

 

Dysplasia (100%) 

NMIBC and MIBC (40%) 

- Grade: G1 (79%), G2 

(47%), G3 (22%) 

- Stage: Ta (68%), T1 

(32%), T2 (27%), T3/4 

(13%) 

0%  Reduction of expression 

associated with higher grade, 

invasion and shorter cause-

specific survival 

[32] 

Normal bladder epithelium (n=10) 

Urothelial bladder cancer (n=10) 

- Grade: pG1 (n=3), pG2 (n=4), pG3 

(n=3) 

- Stage: pT1 (n=5), pT2 (n=4), pT3 

(n=1) 

Tissue HPLC Not Specified Not specified NS for stage or grade [30] 

β1,6-GlcNAc 

antennae 

Normal bladder epithelium (n=4) 

NMIBC pTa (n=2) and MIBC pT2/3 (n=4) 

Tissue HPLC Not Specified Not specified Overexpression associated with 

lower stage 

[32] 

ABH(O) 

antigens 

Urothelial bladder cancer (n=81) 

- Grade: pG1 (n=7), pG2 (n=23), pG3 

(n=51) 

FFPE IHC Urothelial bladder 

cancer (31%) 

- A (35%) 

100% NS for stage or grade [39] 
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- Stage: pTa (n=14), pT1 (n=36), pT2 

(n=12), pT3 (n=10), pT4 (n=9) 

Normal bladder epithelium (n=35) 

Urothelial bladder cancer (n=48) 

Blood 

samples 

Frozen 

tissues 

Modified RCA 

test  

Urothelial bladder 

cancer (56%) 

- O (69%) 

- A (40%) 

- B (80%) 

- AB (100%)  

100% Loss/ reduction associated with 

higher grade and invasion 

[44] 

Urothelial bladder cancer (n=39) 

- Grade: G1 (26%), G2 (56%), G3 (18%) 

FFPE IHC 46% Not specified Loss/ reduction associated with 

invasion 

[45] 

Urothelial bladder cancer (n=19) FFPE IHC Urothelial bladder 

cancer (74%) 

- O (63%) 

- A (50%) 

- B (0%) 

- AB (50%) 

100% Loss/ reduction associated with 

invasion 

[46] 

Normal bladder epithelium (n=21) 

Urothelial bladder cancer (n=5) 

- Grade: G2 (80%), G3 (20%) 

- Stage: T1 (20%), T2 (60%), T3 (20%) 

Frozen 

tissues 

IF  Urothelial bladder 

cancer (0%) 

- O (0%) 

- A (0%) 

100% Loss/ reduction associated with 

progression and shorter RFS 

[47] 

Lewis
a

 + 

Lewis
b

 

Normal bladder epithelium (n=35) 

Urothelial bladder cancer (n=48) 

Blood 

samples 

Frozen 

tissues 

Modified RCA 

test  

Urothelial bladder 

cancer (48%) 

- Le
a-b+

 (48%) 

- Le
a+b- 

(64%) 

- Le
a-b- 

(0%) 

Normal bladder 

epithelium 

(74%) 

- Le
a-b+

 (67%) 

- Le
a+b- 

(91%) 

Loss/ reduction associated with 

higher grade and invasion 

[44] 

Urothelial bladder cancer (n=19) Saliva 

samples 

Blood 

samples 

FFPE 

EIA 

IHC 

- Le
a-b+

 (16%) 

- Le
a+b+ 

(53%) 

- Le
a-b- 

(31%) 

- Le
a-b+

 (16%) 

- Le
a+b- 

(5%) 

- Le
a+b+ 

(58%) 

- Le
a-b- 

(21%) 

NS for invasion [46] 

Urothelial bladder cancer (n=93) 

- Grade: G2 (62%), G3 (38%) 

- Stage: pTa (71%), pT1-pT3 (29%) 

Blood 

samples 

FFPE 

IHC Urothelial bladder 

cancer (71%) 

- Le
a+b-

 and Le
a-b+

 (73%) 

- Le
a-b- 

(50%) 

Not specified Loss/ reduction associated with 

higher grade and invasion and 

shorter RFS 

[49] 

Lewis
x

 (SSEA-

1) 

Urothelial bladder cancer (n=19) Saliva 

samples 

Blood 

samples 

FFPE 

EIA 

IHC 

100% 0% (expect 

occasional 

umbrella cells) 

Expression associated with 

invasion 

[46] 

Urothelial bladder cancer (n=26) 

- Grade: G1 (23%), G2 (31%), G3 (46%) 

- Stage: pTa (42%), pT1 (19%), pT2 

(8%), pT3 (27%), T4 (4%) 

Renal pelvis and ureter cancer (n=26) 

FFPE IHC 98% (for both urothelial 

bladder cancer and 

renal pelvis and ureter 

cancer) 

Not specified NS for grade [50] 

Lewis
y 

 Urothelial bladder cancer (n=19) Saliva 

samples 

Blood 

samples 

EIA 

IHC 

100% 68% Expression associated with 

invasion 

[46] 
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FFPE 

Sialyl Lewis
a

 

(CA19-9) 

Urothelial bladder cancer (n=26) 

- Grade: G1 (23%), G2 (31%), G3 (46%) 

- Stage: pTa (42%), pT1 (19%), pT2 

(8%), pT3 (27%), pT4 (4%) 

Renal pelvis and ureter cancer (n=26) 

FFPE IHC 19% (for both urothelial 

bladder cancer and 

renal pelvis and ureter 

cancer) 

Not specified Loss/reduction associated with 

higher malignant potential 

[50] 

Normal bladder epithelium (n=25) 

Urothelial bladder cancer (n=75) 

- Grade: Low (55%), High (45%) 

- Stage: Ta (16%), T1 (52%), T2 (16%), 

T3 (7%), T4 (9%) 

Blood 

samples 

EIA 37% Not specified Diagnosis – expressed in blood [234] 

Normal bladder epithelium (n=50) 

Urothelial bladder cancer (n=55) 

- Grade: Low (64%), High (36%) 

Blood 

samples 

Urine 

samples 

EIA Elevated compared to 

normal bladder 

epithelium (not 

specified) 

Not specified Diagnosis – expressed in blood 

and urine 

[235] 

Dysplasia (n=2) 

Bladder cancer (n=119) 

- Grade: G0 (3%), G1 (43%), G2 (42%), 

G3 (12%) 

- Stage: Tis (3%), Ta (54%), T1 (31%), T2 

(6%), T3 (4%), T4 (2%) 

- Adenocarcinoma (n=1) 

- Not determined (n=6) 

Other urologic diseases (n=31) 

Urine 

samples 

Blood 

samples 

 

EIA 

PCR 

70%  Not specified in 

normal bladder 

epithelium 

16% of patients 

with other 

urologic 

diseases 

Diagnosis – expressed in urine [236] 

Normal bladder epithelium (n=71) 

Urothelial bladder cancer (n=146) 

- Grade: G1 (28%), G2 (47%), G3 (25%) 

- Stage: pTa (48%), pT1 (26%), pT2 (13%), 

pT3/pT4/N+ (13%) 

Blood 

samples 

Tissues 

EIA 

IHC 

Not Specified Not specified Serum overexpression 

associated with higher stage, 

grade and invasion 

[53] 

Normal bladder epithelium (n=50) 

Urothelial bladder cancer (n=47) 

Blood 

samples 

Urine 

samples 

EIA Elevated compared to 

normal bladder 

epithelium (not 

specified) 

Not specified Diagnosis – expressed in blood 

and urine 

[237] 

Sialyl Lewis
x

 Urothelial bladder cancer (n=44) 

- Grade: G2 (34%), G3 (66%) 

- Stage: pT2 (55%), pT3 (43%), pT4 (2%) 

FFPE IHC 70% Not specified Expression associated with 

invasion and shorter overall 

survival 

[54] 

Urothelial bladder cancer (n=26) 

- Grade: G1 (23%), G2 (31%), G3 (46%) 

- Stage: pTa (42%), pT1 (19%), pT2 

(8%), pT3 (27%), T4 (4%) 

Renal pelvis and ureter cancer (n=26) 

FFPE IHC 100% (for both 

urothelial bladder 

cancer and renal pelvis 

and ureter cancer) 

Not specified NS for grade [50] 

Cancer-associated alterations in O-glycosylation 

Tn-antigen Normal bladder epithelium (n=10) 

Bladder cancer (n=34) 

- Stage: Initially all were Ta 

FFPE IHC 79% 0% Loss/reduction associated with 

higher stage 

[67] 

Sialyl-Tn 

antigen 

Normal bladder epithelium (n=6) 

Bladder cancer (n=69) 

- Stage: NMIBC (72%), MIBC (28%) 

FFPE IHC 52%  0% Overexpression associated with 

higher stage and invasion 

[64] 
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Normal bladder epithelium (n=10) 

Bladder cancer (n=34) 

- Stage: Initially all were Ta 

FFPE IHC 3% 10% NS for invasion [67] 

Urothelial bladder cancer (n=96) 

- Grade: Low (17%), High (83%) 

- Stage: Ta (28%), T1 (21%), T2 (9%), T3 

(21%), T4 (21%) 

FFPE IHC 60% Not specified Overexpression associated with 

higher stage and shorter cancer-

specific survival 

[20] 

Urothelial bladder cancer (n=96) 

- Grade: Low (40%), High (60%) 

- Stage: Ta (43%), T1 (57%) 

FFPE IHC 66% Not specified Expression associated with BCG 

response and higher RFS 

[75] 

ST6GalNAc.I Bladder cancer (n=69) 

- Stage: NMIBC (72%), MIBC (28%) 

FFPE qPCR 53% in MIBC Not specified Overexpression associated with 

higher stage and sialyl-Tn levels 

[64] 

T-antigen Urothelial bladder cancer (n=39) 

- Grade: G1 (26%), G2 (56%), G3 (18%) 

FFPE IHC 38% Not specified NS for invasion or RFS [45] 

Bladder cancer (n=73) 

 

Blood 

samples 

FFPE 

EIA 

IF 

55% 0% 

 

Expression associated with 

higher grade and shorter RFS 

[66] 

Normal bladder epithelium (n=10) 

Bladder cancer (n=34) 

- Stage: Initially all were Ta 

FFPE IHC 29% 0% Expression associated with 

invasion 

[67] 

Urothelial bladder cancer (n=96) 

- Grade: Low (17%), High (83%) 

- Stage: Ta (28%), T1 (21%), T2 (9%), T3 

(21%), T4 (21%) 

FFPE IHC 10% Not specified NS for stage or cancer-specific 

survival 

[20] 

Urothelial bladder cancer (n=56) 

- Stage: NMIBC (59%), MIBC (41%) 

FFPE 

Frozen 

tissues 

IHC 

Modified RCA 

test 

65% MIBC 

10% NMIBC 

0% Expression associated with 

higher stage 

[76] 

s6T Urothelial bladder cancer (n=96) 

- Grade: Low (40%), High (60%) 

- Stage: Ta (43%), T1 (57%) 

FFPE IHC 31% Not specified Combined expression with STn 

associated with BCG response 

and higher RFS 

[75] 

ST3Gal.I Normal bladder epithelium (n=4) 

Bladder cancer (n=49) 

- Stage: NMIBC (88%), MIBC (12%) 

Tissues qPCR Not specified Not specified Overexpression associated with 

higher stage and shorter RFS 

[65] 

Overexpression of cancer-associated membrane glycoproteins 

HER2 Nine studies with 2,242 eligible 

bladder cancer patients (meta-

analysis) 

Tissues IHC 41% Not specified Overexpression associated with 

higher grade, metastasis, and 

shorter disease-specific survival 

and disease-free survival 

[82] 

EpCAM Normal bladder epithelium (n=53) 

Urothelial bladder cancer (n=607) 

- Grade: G1 (22%), G2 (30%), G3 (48%) 

- Stage: Ta (49%), T1 (28%), T2+ (23%) 

Urine 

samples 

EIA Elevated compared to 

normal bladder 

epithelium (not 

specified) 

Not specified Overexpression associated with 

higher grade, stage and shorter 

cancer-specific survival 

[86] 

Urothelial bladder cancer (n=99) 

 

Tissues IHC Not specified Not specified Overexpression associated with 

higher grade, stage and shorter 

overall survival 

[87] 



 INTRODUCTION 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS:  

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
146 

 

Galectin-1 Urothelial bladder cancer (n=185) 

- Grade: Low (18%), High (82%) 

- Stage: Ta (31%), T1 (35%), T2 (22%), 

T3 (6%), T4 (6%) 

Frozen 

tissues 

IHC 

qPCR 

30% Not specified Overexpression associated with 

invasion and shorter disease-

specific survival 

[96] 

Normal bladder epithelium (n=5) 

Urothelial bladder cancer (n=38) 

- Grade: G0 (8%), G1 (40%), G2 (26%), 

G3 (26%) 

- Stage: Ta (50%), T1 (18%), T2 (11%), 

T3 (21%) 

FFPE Northern, 

Southern and 

Western 

blotting 

IHC 

34% for patients with 

grade>0 

Very low levels 

(not specified) 

Overexpression associated with 

higher grade and stage 

[97] 

Galectin-3 Normal bladder epithelium (n=5) 

Urothelial bladder cancer (n=38) 

- Grade: G0 (8%), G1 (40%), G2 (26%), 

G3 (26%) 

- Stage: Ta (50%), T1 (18%), T2 (11%), 

T3 (21%) 

FFPE Northern and 

Southern  

blotting 

58% for patients with 

grade>0 

Very low levels 

(not specified) 

NS for stage and grade [97] 

Normal bladder epithelium (n=24) 

Bladder cancer (n=43) 

- Grade: G1 (5%), G2 (49%), G3 (46%) 

- Stage: NMIBC (77%), MIBC (23%) 

Blood 

samples 

EIA Not specified Not specified Diagnosis – overexpressed in 

blood 

[100] 

Urothelial bladder cancer (n=494) 

- Grade: G1 (7%), G2 (19%), G3 (74%) 

- Stage: pTa (1%), pT1 (44%), pT2+ 

(55%) 

Frozen 

tissues 

FFPE 

Urine 

samples 

Arrays 

IHC 

EIA 

 

Not specified Not specified Overexpression associated with 

higher stage and grade, and 

shorter overall survival (T1G3 

tumours) 

[101] 

Normal bladder epithelium (n=10) 

Urothelial bladder cancer (n=35) 

- Grade: Low (49%), High (51%) 

- Stage: NMIBC (49%), MIBC (51%) 

Squamous cell carcinoma (n=10) 

Cystitis (n=15) 

Tissues 

Blood 

samples 

IHC 

EIA 

Elevated in bladder 

cancer compared to the 

other groups (not 

specified) 

Week (not 

specified) 

Overexpression associated with 

higher grade 

Diagnosis – overexpressed in 

blood 

[102] 

Normal bladder epithelium (n=10) 

Urothelial bladder cancer (n=35) 

Squamous cell carcinoma (n=10) 

Blood 

samples 

EIA Not specified Not specified Overexpression associated 

higher stage and stage 

Diagnosis – overexpressed in 

blood 

[103] 

Galectin-7 Normal bladder epithelium (n=4) 

Urothelial bladder cancer (n=17) 

- Stage: cT3 or greater (100%) 

Tumour cell 

lines 

Frozen 

tissues 

Dose-

response 

assay 

qPCR 

Western 

blotting 

53% Not specified Overexpression associated with 

lower stage and reduced 

chemoresistance 

[104] 

Galectin-8 Normal bladder epithelium (n=10) 

Urothelial bladder cancer (n=187) 

- Stage: NMIBC (87%), MIBC (13%) 

Tissues IHC Loss of expression  High 

expression (not 

specified) 

Loss associated with higher 

grade and stage and shorter RFS 

[105] 

CD44 Normal bladder epithelium (n=6) 

Urothelial bladder cancer (n=30) 

- Grade: Low (57%), High (43%) 

- Stage: T1 (23%), T2 (47%), T3 (30%) 

FFPE IHC 83% 83% Expression associated with 

higher grade and stage 

[120] 
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Squamous cell carcinomas (n=20) 

Urothelial bladder cancer (n=173) 

- Grade: G1 (30%), G2 (48%), G3 (22%) 

- Stage: Ta (13%), T1 (39%), T2 (27%), 

T3 (15%), T4 (6%) 

 

Tissues IHC 2% Not specified Expression associated with 

higher grade, stage, mitotic 

index, density of tumour 

infiltrating lymphocytes and 

shorter overall survival 

[121] 

pTa/pT1 grade 2 and 3 bladder cancer 

(n=66) 

FFPE IHC Loss of expression Not specified Expression associated with 

higher progression-free survival 

[124] 

CD44v6 Normal bladder epithelium (n=6) 

Urothelial bladder cancer (n=30) 

- Grade: Low (57%), High (43%) 

- Stage: T1 (23%), T2 (47%), T3 (30%) 

Squamous cell carcinomas (n=20) 

FFPE IHC 77% 67% Expression associated with 

higher grade and stage 

[120] 

Urothelial bladder cancer (n=173) 

- Grade: G1 (30%), G2 (48%), G3 (22%) 

- Stage: Ta (13%), T1 (39%), T2 (27%), 

T3 (15%), T4 (6%) 

 

Tissues IHC 84% Not specified Expression associated with lower 

grade, stage, mitotic index and 

higher overall survival 

[121] 

Urothelial bladder cancer (n=410) 

- Grade: G1 (10%), G2 (30%), G3 (51%), 

CIS (8%) 

- Stage: Tis (8%), Ta (30%), T1 (19%), T2 

(24%), T3 (15%), T4 (4%) 

FFPE IHC 81% Not specified Expression associated with lower 

grade and stage and higher RFS 

and overall survival 

[122] 

CD44v9 pT1 high-grade bladder cancer (n=98) FFPE IHC Not specified Not specified Overexpression associated with 

shorter progression-free and 

cancer-specific survival 

[125] 

MUC1 Urothelial bladder cancer (n=539) FFPE IHC 62% Not specified Expression associated with 

higher grade 

[129] 

Urothelial bladder cancer (n=82) Tissues qPCR Not specified Not specified Overexpression associated 

higher overall survival only when 

there is co-overexpression of 

HER3 

[131] 

MUC2 Urothelial bladder cancer (n=539) FFPE IHC 40% Not specified Expression associated with lower 

grade and stage, reduced 

cancer-specific death and higher 

overall survival 

[129] 

MUC4 Urothelial bladder cancer (n=539) FFPE IHC 27% Not specified Expression associated with 

higher cancer-specific death 

[129] 

MUC6 Urothelial bladder cancer (n=539) FFPE IHC 22% Not specified Expression associated with lower 

grade and stage, reduced 

cancer-specific death and higher 

overall survival 

[129] 

ITGA6 Urothelial bladder cancer (n=57) Tissues IHC 37% Not specified Overexpression associated with 

shorter overall survival 

[133] 

ITGAV Normal bladder epithelium (n=34) 

Urothelial bladder cancer (n=61) 

FFPE 

Frozen 

tissues 

IHC 

qPCR 

46% 13% Overexpression associated with 

higher stage and grade 

[139] 
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- Stage: pTa (21%), pTis (10%), pT1 

(13%), pT2 (11%), pT3 (28%), T4 (17%) 

 

 

 

Proteoglycan glycosylation 

Alterations in cancer-associated transmembrane proteoglycans 

Syndecan-1 Normal bladder epithelium (n=15) 

Bladder cancer (n=198) 

- Grade: G1 (10%), G2 (22%), G3 (55%) 

- Stage: Ta (16%), T1 (22%), T2 (21%), 

T3 (28%), T4 (13%) 

FFPE  

Blood 

samples  

IHC 

EIA 

63% in serum 

83% in membrane 

40% in stroma 

100% in 

membrane 

Serum levels 

similar to 

bladder cancer 

 

Serum overexpression associated 

with higher stage and grade and 

invasion 

Membranous loss/reduction of 

expression associated with 

higher grade  

Stromal overexpression related 

with higher grade and stage and 

shorter overall survival  

[158] 

Normal bladder epithelium (n=206+8) 

Bladder cancer (n=102+185) 

- Grade: Low (37%+15%), High 

(63%+85%) 

- Stage: Tis (6%+9%), Ta (40%+24%), T1 

(14%+34%), ≥T2 (40%+33%) 

Urine 

samples + 

FFPE  

 

EIA + IHC 

 

52% in membrane 

55% in cytoplasm in 

high-grade tumours 

70% in 

membrane 

Urinary levels 

similar to 

bladder cancer 

Loss of membranous expression 

associated with higher stage and 

grade  

Cytoplasmic overexpression 

associated with higher stage 

Urinary overexpression 

associated with lower grade and 

stage 

[159] 

Bladder cancer (n=109) 

- Grade: G1 (17%), G2 (53%), G3 (30%) 

- Stage: Ta (48%), T1 (52%) 

FFPE IHC 63% Not specified Loss of expression associated 

with higher stage and grade and 

shorter RFS  

[160] 

Urothelial bladder cancer (n=51) 

- Grade: Low (41%), High (59%) 

- Stage: pTis (14%), pTa (41%), pT1 

(18%), ≥pT2 (27%) 

FFPE IHC 74% at initial diagnosis 

of pTa⁄pT1  

Not specified Loss of expression associated 

with lower grade and non-

invasive tumours and shorter RFS 

[161] 

Normal bladder epithelium (n=9) 

Primary Ta bladder cancer (n=25) 

FFPE  

Frozen 

tissues 

IHC 

Microarray 

99% Not specified Cytoplasmic overexpression 

associated with Ta tumours 

[162] 

Normal bladder epithelium (n=63) 

Urothelial bladder cancer (n=64) 

- Grade: Low (14%), High (86%) 

- Stage: Tis (9%), Ta (23%), T1 (14%), T2 

(48%), T3 (6%), T4 (3%) 

Urine 

samples 

EIA Not specified Not specified NS for diagnosis [222] 

Neuropilin-1 Urothelial bladder cancer (n=139) 

- Grade: G1 (23%), G2-G3 (77%) 

- Stage: ≤T1 (68%), T2-T4 (32%) 

FFPE IHC 56% 16% in adjacent 

non-malignant 

areas 

Overexpression associated with 

higher stage and grade and 

shorter overall survival 

[165] 

Neuropilin-2 Urothelial bladder cancer (n=247) 

- Grade: G1 (1%), G2 (9%), G3 (90%) 

- Stage: Ta (1%), T1 (32%), T2 (55%), T3 

(9%), T4 (3%) 

FFPE IHC 71% Not specified Overexpression associated with 

shorter overall survival, cancer-

specific survival and higher early 

cancer-specific death 

[166] 

Neuropilin-2 + 

VEGF-C 

Urothelial bladder cancer (n=247) 

- Grade: G1 (1%), G2 (9%), G3 (90%) 

FFPE IHC Not specified Not specified Overexpression associated with 

shorter overall survival 

[166] 



 INTRODUCTION 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS:  

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
149 

 

- Stage: Ta (1%), T1 (32%), T2 (55%), T3 

(9%), T4 (3%) 

Alterations in cancer-associated extracellular matrix proteoglycans 

Versican Bladder cancer (n=5) Tumour cell 

lines 

Tissues 

qPCR  

TEM 

Not specified Not specified Overexpression associated with 

invasion and poor survival 

[167] 

Normal bladder epithelium (n=15) 

Bladder cancer (n=46) 

- Stage: Ta (54%), ≥pT2 (46%) 

Tumour cell 

lines 

Tissues 

RMA 

Microarray 

Not specified Not specified Overexpression associated with 

invasion and stage 

[168] 

Chondroitin 

sulfate 

proteoglycan 

6 

Normal bladder epithelium (n=27) 

Bladder cancer (n=40) 

Blood 

samples 

Microarray Not specified Not specified Diagnostic value (in a 

combination of six gene ratios) - 

expressed in blood 

[239] 

Decorin Normal bladder epithelium (n=4) 

Bladder cancer (n=162) 

Tumour cell 

lines 

Frozen 

tissues 

MIA 

Microarray 

Not specified Not specified Increased secretion associated 

with invasion and angiogenesis 

[171] 

Bladder cancer (n=199) 

- Grade: G1 (4%), G2 (36%), G3 (60%) 

- Stage: ≤pT1 (46%), pT2 (21%), pT3 

(25%), pT4 (7%) 

Tissues  

Tumour cell 

lines 

IHC 

qPCR 

Not specified Not specified Diagnostic value - not expressed 

in tumour tissues (Tumour 

suppressor) 

[172] 

Urothelial bladder cancer (n=40) 

- Grade: Low (50%), High (50%) 

FFPE IHC Not specified Not specified Diagnostic value - not expressed 

in tumour tissues (Tumour 

suppressor) 

[173] 

Biglycan Bladder cancer (n=199) 

- Grade: G1 (4%), G2 (36%), G3 (60%) 

- Stage: ≤pT1 (46%), pT2 (21%), pT3 

(25%), pT4 (7%) 

Tissues IHC Not specified Not specified Overexpression associated with 

invasion  

[172] 

Urothelial bladder cancer (n=120) 

- Stage: ≤pT1 (46%), pT2 (18%), pT3 

(21%), pT4 (16%) 

Frozen 

tissues 

FFPE 

qPCR  

IHC 

Not specified Not specified Overexpression associated with 

higher stages, invasion, 

proliferation inhibition and 

higher survival  

[176] 

Endocan Normal bladder epithelium (n=60) 

Urothelial bladder cancer (n=148) 

 

Frozen 

tissues 

FFPE 

Blood 

samples 

IHC 

EIA 

27% 0% in blood 

vessels and 

tissues 

Increased secretion associated 

with higher stages, invasion and 

shorter RFS 

[177] 

Normal bladder epithelium (n=51) 

Bladder cancer (n=50) 

Urinary tract infection (n=50) 

Serum 

samples 

Urine 

samples 

EIA Higher than in normal 

bladder epithelium (not 

specified) 

Not specified Diagnosis – expressed in urine 

and serum 

[240] 

Hyaluronic 

acid 

Normal bladder epithelium (n=25) 

Bladder cancer (n=144) 

Other urologic diseases (n=45) 

Urine 

samples 

EIA Not specified Not specified Diagnosis – expressed in urine [243] 

Urothelial bladder cancer (n=160) 

- Grade: Low (35%), High (65%) 

Urine 

samples 

EIA Not specified Not specified Diagnosis – expressed in urine [244] 



 INTRODUCTION 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS:  

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
150 

 

- Stage: Tis (16%), Ta (27%), T1 (34%), 

T2 (17%), T3 (4%), T4 (1%) 

Bladder cancer (n=178) 

- Grade: G1 (29%), G2 (50%), G3 (21%) 

- Stage: Ta (46%), T1 (35%), T2 (10%), 

T3 (7%), T4 (2%) 

FFPE IHC Not specified Not specified Detecting invasion [181] 

Hyaluronidase 

(HYAL1) 

Normal bladder epithelium (n=20) 

Bladder cancer (n=71) 

- Grade: G1 (31%), G2 (13%), G3 (56%) 

Other urologic diseases (n=48) 

Urine 

samples 

EIA 100% in grade 2 and 3 0% Diagnosis of grade 2 and grade 3 

– expressed in urine 

[242] 

Normal bladder epithelium (n=148) 

Bladder cancer (n=72) 

Frozen 

tissues 

FFPE 

Urine 

samples 

IHC 

qPCR 

EIA 

Not specified Not specified Detecting invasion and higher 

probability of disease-specific 

mortality 

[179] 

Bladder cancer (n=178) 

- Grade: G1 (29%), G2 (50%), G3 (21%) 

- Stage: Ta (46%), T1 (35%), T2 (10%), 

T3 (7%), T4 (2%) 

FFPE IHC Not specified Not specified Detecting invasion and 

recurrence 

[181] 

Hyaluronic 

acid + 

Hyaluronidase 

(HA-HAse test) 

Normal bladder epithelium (n=46) 

Urothelial bladder cancer (n=97) 

- Grade: G1 (30%), G2 (30%), G3 (40%) 

- Stage: Tis (21%), Ta (39%), T1 (7%), T2 

(16%), T3 (17%) 

Other urologic diseases (n=51) 

Urine 

samples 

EIA 20% + 20% 20% + 20% Diagnosis regardless of grade + 

Diagnosis of grade 1 and grade 2 

– expressed in urine 

[241] 

Normal bladder epithelium or other 

urologic diseases (n=252) 

Bladder cancer (n=270) 

Urine 

samples 

EIA 80% + 80% of G2/G3 10% + 20% 

 

Diagnosis regardless of grade + 

Diagnosis of grade 1 and grade 2 

– expressed in urine 

[245] 

Normal bladder epithelium (n=12) 

Bladder cancer (n=71) 

- Grade: G1 (11%), G2 (34%), G3 (55%) 

- Stage: Tis (10%), Ta (20%), T1 (11%), 

T2 (14%), T3 (42%), T4 (3%) 

FFPE 

Urine 

samples 

IHC 

EIA 

89% + 77% 0% + 0% Diagnosis – expressed in urine [246] 

Normal bladder epithelium (n=15) 

Bladder cancer (n=33) 

- Grade: G1 (18%), G2/G3 (82%) 

- Stage: NMIBC (21%), MIBC (79%) 

Urine 

samples 

Frozen 

tissues and 

FFPE 

Tumour cell 

lines 

EIA 

IHC 

RT-PCR 

Not specified Not specified Diagnosis – expressed in urine [247] 

Normal bladder epithelium (n=64) 

Urothelial bladder cancer (n=30) 

- Grade: G1 (13%), G2 (50%), G3 (37%) 

- Stage: pTis (7%), pTa (47%), pT1 

(30%), pT2 (16%) 

Urine 

samples 

EIA Not specified Not specified Diagnosis – expressed in urine [248] 

Bladder cancer (n=70) Urine 

samples 

EIA Not specified Not specified Diagnosis and detection of 

recurrence – expressed in urine 

[249] 
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Hyaluronic 

acid synthase 

1 

Normal bladder epithelium (n=15) 

Bladder cancer (n=33) 

- Grade: G1 (18%), G2/G3 (82%) 

- Stage: NMIBC (21%), MIBC (79%) 

Urine 

samples 

Frozen 

tissues and 

FFPE 

Tumour cell 

lines 

EIA 

IHC 

RT-PCR 

Not specified Not specified Diagnosis and detection of 

recurrence – expressed in urine 

[247] 

Normal bladder epithelium (n=148) 

Bladder cancer (n=72) 

Frozen 

tissues 

FFPE 

Urine 

samples 

IHC 

qPCR 

EIA 

Not specified Not specified Overexpression was associated 

with invasion 

[179] 

Hyaluronic 

acid synthase 

2-HYAL1 

Normal bladder epithelium (n=148) 

Bladder cancer (n=72) 

Frozen 

tissues 

FFPE 

Urine 

samples 

IHC 

qPCR 

EIA 

Not specified Not specified Diagnosis and detection of 

recurrence – expressed in urine 

[179] 

RHAMM Urothelial bladder cancer (n=120) 

- Grade: G1 (17%), G2 (36%), G3 (47%) 

- Stage: Ta (26%), T1 (20%), T2 (17%), 

T3 (21%), T4 (16%) 

Frozen 

tissues  

FFPE 

 

qPCR 

IHC 

25% Not specified Overexpression associated with 

higher stage, invasion, increased 

proliferation and shorter disease-

specific and overall survival 

[180] 

Lipid glycosylation 

Alterations in sphingolipids’ glycosylation 

Glucosylceram

ide synthase 

Bladder cancer (n=75) 

- Stage: ≤T1 (60%), T2 (37%), T3 (3%) 

FFPE 

Frozen 

tissues 

IHC 

Western 

blotting 

61% Not specified Overexpression associated with 

higher grade, invasion, poor 

survival and disease-free survival 

[198] 

GM3 Normal bladder epithelium (n=2) 

Bladder cancer (n=14)  

- Grade: G1 (7%), G2 (64%), G3 (29%) 

- Stage: Ta (14%), T1 (30%), T2 (21%), 

T3 (21%), T4 (14%) 

Frozen 

tissues 

Tumour cell 

lines 

IHC 

Enzyme assay 

100% in NMIBC Not specified Overexpression associated with 

reduced invasion potential  

[199] 

Gb3 and GD3 

synthases 

Normal bladder epithelium (n=2) 

Bladder cancer (n=14)  

- Grade: G1 (7%), G2 (64%), G3 (29%) 

- Stage: Ta (14%), T1 (30%), T2 (21%), 

T3 (21%), T4 (14%) 

Frozen 

tissues 

Tumour cell 

lines 

IHC 

Enzyme assay 

Not specified Not specified Loss/reduction associated with 

reduced invasion potential and 

both GM3 and its synthase 

accumulation in NMIBC 

[199] 

Alterations in glycosylphosphatidylinositol-anchored molecules 

PIG-U Invasive, high-grade uroepithelial 

carcinomas (n=11) 

Bladder cancer (n=9) 

 

FFPE 

Tumour cell 

lines 

qPCR 

Northern and 

Southern 

blotting 

One-third of 

cell lines and FFPE 

Not specified Overexpression associated with 

increased proliferation and 

upregulation of the urokinase 

receptor 

[208] 

Normal bladder epithelium (n=14) 

Bladder cancer (n=73) 

- Grade: G1 (52%), G2/3 (48%) 

- Stage: Ta (44%), T1 (27%), T2 (19%), 

≥T3 (10%) 

Frozen 

tissues  

FFPE 

qPCR 

IHC 

30% at mRNA level 

75% at protein level 

0% at mRNA 

level 

14% at protein 

level 

Overexpression associated with 

higher grade, invasion and 

shorter RFS 

[209] 
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GPI-specific 

phospholipase 

D+H-ras 

Bladder cancer (n=2) Tumour cell 

lines 

qPCR 

Southern 

blotting 

EIA 

100% Not specified Co-expression with H-ras 

oncogene associated with 

increased malignancy 

[212] 

CD109 Normal bladder epithelium (n=7) 

Urothelial bladder cancer (n=156) 

- Grade: G1 (19%), G2 (60%), G3 (21%) 

- Stage: pTa (60%), pT1 (15%), pT2 

(8%), pT3 (12%), pT4 (5%) 

FFPE IHC 70% 0% Expression associated with lower 

grade and stage and better 

cancer-specific survival 

[213] 

Prostasin 

(PRSS8) 

Normal bladder epithelium (n=36) 

Urothelial bladder cancer (n=37) 

- Grade: G1 (22%), G2 (46%), G3 (32%) 

FFPE 

Tumour cell 

lines 

IHC 

Western 

blotting 

qPCR 

G1 (63%) 

G2 (35%)  

G3 (17%) 

92% Loss of expression associated 

with higher grade 

[216] 

Glypican-3 Squamous cell carcinomas (n=107) 

Invasive urothelial carcinomas (n=49) 

Tissues IHC 20% 

12% 

94% NS for diagnosis - tissues [217] 

Urothelial bladder cancer (n=384) FFPE IHC 6% Not specified NS for stage, grade, invasion, 

concomitant Tis, soft tissue 

surgical margins, RFS or cancer 

specific mortality  

[221] 

EIA: enzyme immunoassay; FFPE: formalin-fixed paraffin-embedded tissue; GPI: glycosylphosphatidylinositol; HPLC: high-performance liquid chromatography; HYAL1: hyaluronidase 

1; IF: immunofluorescence; IHC: immunohistochemistry; MIA: matrigel invasion assay; MIBC: muscle-invasive bladder cancer; mRNA: messenger ribonucleic acid; NMIBC: non-muscle-

invasive bladder cancer; NS: not statistically significant; PCR: polymerase chain reaction; qPCR: quantitative real-time polymerase chain reaction; RCA: red cell adherence test; RFS: 

recurrence-free survival; RHAMM: receptor for hyaluronan-mediated motility; RMA: radial migration assay; RT-PCR: reverse-transcription polymerase chain reaction; TEM: 

transendothelial migration assay. 
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Figure 7. Schematic representation of literature associations between (altered) expression of glycans and glycoconjugates 

and bladder tumour stage, grade and invasion/metastasis, and patients’ diagnosis and prognosis. The figure clusters using a 

gradient of colored circles and lines the biological and clinical role of the altered expression of glycans and glycoconjugates in bladder cancer. 
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6. GLYCOMICS AND GLYCOPROTEOMICS: INSIGHTS TOWARDS PRECISION 

MEDICINE  

The establishment of clinically useful glycan-based/assisted molecular 

models have been significantly delayed by serious analytical limitations. In fact, the 

majority of the studies presented to this date are target-directed and based on 

immune assays with antibodies and/or lectins whose specificity for the target 

ligands has not been fully disclosed yet. These aspects delay the generalization of 

glycans biomarker potential. Moreover, most studies are one-dimensional, failing 

to provide a comprehensive overview of the glycome in clinical settings. The low 

abundance of relevant glycoforms in biological milieus also poses a major 

analytical difficulty, which adds to the significant structural diversity and 

complexity presented by this class of biomolecules.  

 In the past decade, mass spectrometry has emerged as a core analytical 

technology to interrogate the glycome due to the rapid advance in resolution, mass 

accuracy, sensitivity, and reproducibility provided by modern hybrid mass 

analyzers. Currently, glycans and glycoconjugates analysis relies on hyphenated 

techniques comprehending separations by liquid chromatography or capillary 

electrophoresis, as well as detection by electrospray tandem mass spectrometry 

(ESI-MS) and matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry (MALDI-MS). Complementary tandem experiments are required for 

unambiguous assignments. Even though, the identification of isomeric and/or 

isobaric species remains a challenging task. Nevertheless, it has been 

demonstrated that certain isomeric glycans produce characteristic product ion 

spectra that can be used for identification, irrespectively of the type of mass 

spectrometer [250, 251]. Moreover, the introduction of graphitized LC columns has 

significantly improved the analysis of native glycans by mass spectrometry [252]. 

More in depth insights on analytical advances in glycomics may be found in recent 

reviews on the subject [253-255]. Recent developments in matrix-assisted laser 

desorption/ionization (MALDI) mass spectrometry imaging (MSI) on formalin-fixed 

paraffin-embedded (FFPE) tissue sections may also provid a key tool for evaluating 

spatio-temporal investigation of glycosylation changes in cancer tissues. 

[https://www.ncbi.nlm.nih.gov/pubmed/27412689]. However, while the field still 

struggles with technical difficulties associated with variations in accuracy 

depending on analytical method and variety of mass spectrometry architectures, 

significant efforts are ongoing to standardize protocols and implement robust 
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glycoanalytical platforms [256, 257]. In addition, rapid expansion of high-

throughput mass spectrometry studies has generated significant amounts of 

experimental “omics” data that require more sophisticated bioinformatics tools and 

databases. In this context, several groups have started the development of 

algorithms for computerized annotation of mass spectra and fragmentation data, 

as revised by Hu et al. [258]. However, while significant advances have been 

observed for glycan analysis, glycopeptide data interpretation remains immature 

compared to proteomics data analysis. This is partly due to lack of consensus 

regarding the best way of estimate the false discovery rate, and the existence of 

multiple formats of data storage. Nevertheless, guidelines for reporting mass 

spectrometry-based glycoanalytic data are being developed [257, 259].  

Despite the enormous potential of glycomics, few quantitative and 

comprehensive studies were conducted on bladder cancer. Yang et al. 

quantitatively analyzed and compared glycan expression patterns in normal and 

bladder cancer cells through an integrated methodology using lectin microarray 

and mass spectrometry [58]. It has been demonstrated that SLex and high 

mannose-type N-glycans were highly expressed in bladder cancer cells [58]. In 

addition, a high expression of core-fucosylated N-glycans but a low expression of 

terminally fucosylated N-glycans was observed in bladder cancer cells [58]. In turn, 

Pocheć et al. determined the N-glycan patterns of integrin α3β1 in bladder cancer 

cells compared to normal bladder cells using an integrated methodology of lectin-

binding assays and mass spectrometry [260]. Accordingly, bladder cancer cell-

associated integrins have been found to express high-mannose, hybrid and 

predominantly complex type N-oligosaccharides, as well as the sialylated tetra-

antennary complex type glycan Hex7HexNAc6FucSia4 [260]. Weather by focusing 

on the whole proteome or in a single glycoprotein, both studies have given an 

important in vitro view of the glycome pattern of bladder tumour cells compared 

to a normal state, paving the way for new and more comprehensive studies.  

In summary, early glycan-based clinical studies have created the molecular 

basis to drive the emerging area of advanced glycomics in bladder cancer. We 

expect that the generalization of these approaches leads to the discovery of key 

glycan biomarkers with clinical and therapeutic potential in the near future. The 

incorporation of glycogenomics and glycoinformatics datasets are expected to 

accelerate a comprehensive understanding of the glycome. Furthermore, the 

integration with other “omics” will be crucial to deepen the understanding of 



 INTRODUCTION 

 

 
DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
156 

 

glycosylation’s role in human systems and provide models capable of disclosing 

the polymorphic nature of disease and ultimately help tailoring medical decisions 

and achieve precision medicine settings.  

 

7. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

Bladder cancer is a heterogeneous disease encompassing distinct biological 

features and clinical outcomes. This is responsible for elevated recurrence rates, 

often accompanied by disease progression facing existing treatments. Moreover, it 

has hampered the establishment of precision medicine settings capable of 

molecular-based individualization of disease management. These aspects make 

bladder cancer one of the costliest malignancies to manage, constituting a burden 

to both patients and healthcare systems. We believe that true advances in this field 

will require an integrative panomics approach capable of providing robust models 

for molecular-based patient tailored clinical decisions. So far, most efforts have 

been put in genomics, transcriptomics and proteomics fields, with upfront 

enthusiastic results; however, over 40 years of glycobiology research has yet to 

retrieve solid evidences capable of boosting clinical implementation. Even though 

many studies have highlighted glycans and glyconjugates (glycoproteins, 

glycolipids and proteoglycans) holding true clinical potential, few have engaged in 

a comprehensive interrogation of the glycome. Notwithstanding, the relevance of 

these molecular entities for disease progression and dissemination suggests 

potential for more in depth targeted omics studies. Moreover, the standardization 

of glycomics protocols backed by high-throughput analytical and novel 

bioinformatics tools opens now a unique opportunity for real advances in this area. 

Therefore, the field must now focus on large scale multicentric translational studies 

integrating glycomics data with novel molecular findings, including recently 

proposed models for bladder cancer risk-stratification [261-263]. Moreover, our 

understanding on the glycobiology of chemoresistance, formation of the pre-

metastatic and metastatic niches is still scarce and warrant careful evaluation on 

the near future. Complementary understanding of glycan biosynthesis pathways 

and the biological significance of these alterations will be warranted, envisaging 

theragnostic applications. Taking into consideration the glycome’s strong 

dependence on the microenvironment and physiological status, significant efforts 

should put on developing models capable of recreating tumour glycoheterogeneity. 

Patient derived xenografts have been proven useful in this context [264] and may 
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constitute valuable tools for understanding the dynamics of glycosylation in 

malignancy as well as for the identification of prognostic glycobiomarkers. 

Ultimately, this will be of key importance for developing targeted therapeutics while 

exploring the cell-surface nature of glycans. Such approaches would strongly 

benefit from the identification of glycoconjugates (proteins, peptides or lipids) 

yielding cancer-associated carbohydrate antigens, which would significantly narrow 

biomarker specificity for malignant cells. While the development of novel high-

affinity glycan ligands, namely humanized monoclonal antibodies and antibody 

fragments, for theragnostics applications still poses a major task due to the 

complex structural nature of these molecules, several advances in cell 

glycoengeneiring and glycosynthesis [265-267] hold potential to overcome these 

limitations. Finally, it has been highlighted that glycans play a key role in immune 

modulation, especially by favoring tumour tolerogenic mechanisms [21, 268]. A 

deeper understanding of influence of glycosylation in immunological mechanisms 

is a hot research topic that will pave the way for circumventing these events and 

for more effective and less toxic immunotherapies. In summary, an intervention 

roadmap has been established to boost glycobiology towards omics settings 

capable of generating key data to improve the management of bladder cancer 

patients.  
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Aims & Study Outline 

 

According to our systematic reviews of the literature, with the exception of 

promising approaches in the field of immunotherapy, bladder cancer remains 

orphan of more effective targeted therapeutics. Moreover, it becomes clear that 

multi-targeted approaches are required to improve on therapeutic efficiency. This 

urges the identification of novel and more cancer-specific biomarkers for aiding in 

the development of effective targeted therapeutics with limited off-targeted effects.  

Facing these limitations, over four decades of studies glycobiology have 

provided solid evidences supporting the existence of profound alterations in the 

glycosylation of membrane proteins. These molecular signatures hold tremendous 

potential for developing novel detection methods and antibody-based cancer 

therapies. Many of these glycobiomarkers may also be secreted or shed from 

tumour sites into bodily fluids enabling non-invasive detection. Amongst the most 

promising are short-chain O-N-acetylgalactosamine (O-GalNAc) glycans resulting 

from a premature stop in protein O-glycosylation by sialylation. Particularly, a 

significant number of reports describe the sialyl-Tn (STn) antigen as being 

associated with advanced stage and grade in bladder cancer as well as worst 

prognosis [1, 2]. Studies in vitro provide solid evidences that the antigen promotes 

motility and cell invasion and immune escape, further reinforcing its association 

with malignancy [1, 3, 4]. Moreover, the STn antigen has not been detected in the 

healthy urothelium, suggesting potential when envisaging cancer-specific 

molecular signatures [1, 5, 6]. In fact, although quantitative data has yet to be 

presented, STn expression in normal tissues appears to be rare and/or low 

compared to cancer tissues [7]. It has been mostly found in cell types specialized 

in secretion, at the apical surface of secreting cells and secretion on the lumen of 

the upper digestive tract, including the salivary glands, esophagus and stomach 

[7]. The sparse expression of STn in normal tissue seems to be related to external 

fluids of the body and, to our knowledge, it has never been reported in the 

bloodstream or the lymph, further supporting its potential as a cancer biomarker. 

Nevertheless, the nature of STn expressing proteins in bladder cancer remains to 

be elucidated foreseeing precision medicine applications. In addition, bladder 

tumours also overexpress other short-chain sialylated glycans, including the sialyl-
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T (ST) antigen that has been linked to the initial oncogenic transformation of 

bladder and holds potential biomarker for predicting cancer progression and 

recurrence [8]. As such, the main objective of this work is to establish the 

foundations for a comprehensive interrogation of the bladder cancer O-

glycoproteome, with emphasis on sialylated short-chain O-glycans, aiming at 

potentially targetable glycopeptide signatures. Finally, it focusses on setting up 

chemoenzymatic synthesis methods for relevant glycopeptides exhibiting glycans 

of clinical interest as well as potentially immunogenic glycoconjugates. This is 

expected to create the molecular rationale for future development of antibody-

based therapeutics and detection methods for bladder cancer. 

 

This work comprehends the following specific aims: 

 

i) Provide in silico approaches for unveiling novel glycobiomarkers in 

cancer; 

ii) Explore urinary glycoproteomics in bladder cancer and, specifically the 

theragnostic value of CD44, envisaging highly specific glycobiomarkers; 

iii) Interrogate the bladder cancer plasma membrane glycome and 

glycoproteome for prognosis and potentially targetable glycobiomarkers 

backed by in silico approaches; 

iv) Establish methodologies for the in vitro chemoenzymatic synthesis of 

glycoantigens, envisaging the development of theragnostics applications 

in cancer. 

 

This thesis is organized in two chapters that together meet the aims. 

Chapter I. Glycobiomarkers Discovery in Bladder Cancer, divided in four 

sections (Sections I-IV), highlights the clinical significance of the most promising 

protein glycosignatures in bladder cancer with emphasis on the O-glycoproteome, 

sets the main milestones facing clinical translation and the opportunities provided 

by high-throughput glycomics and glycoproteomics towards molecular-based 

precision oncology. Section I starts by providing an in silico step-by-step tutorial 

for biomarker discovery in cancer. It attempts to circumvent difficulties presented 

by conventional proteomics bioinformatics tools to identify with high confidence 

glycopeptides, which impacts negatively on glycoproteome characterization. 

Addressing this problem, it proposes to explore ultra-tolerant database searches 
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to expand our view on the glycoproteome, as previously supported by recent 

reports [9]. It builds on pre-existing bladder cancer O-glycoproteomics datasets 

resulting from a hyphenated technique comprising enrichment by lectin affinity 

chromatography and nanoLC-ESI-CID-MS/MS. It describes how bioinformatics based 

on gene ontology for membrane glycoproteins and glycosites prediction tools were 

used to curate glycoproteins present in these databases. Oncomine and Cytoscape 

were also explored to pinpoint relevant glycoproteins playing key functional roles 

in bladder cancer. The advantage of this approach resides on its potential to be 

generalized to other mass spectrometry-based analytical workflows and different 

types of cancers. This tutorial also provided the means for downstream 

interrogation of bladder cancer patient’s glycoproteome and, therefore, was 

extensively explored and improved along the following chapters. Section II 

explored the bladder cancer secretome to urine as a starting point for 

glycobiomarker discovery. It builds on lectin-affinity nanoenrichment systems 

previously developed by our group [10] to identify glycoproteomics signatures 

associated with bladder cancer. Specific glycoprotein sets were exclusively found 

in healthy controls and low-grade non-muscle invasive bladder tumours, which may 

aid early diagnosis, while those that were only found in high-grade non-invasive 

and muscle-invasive tumours hold potential for accessing disease progression. 

Overall, it highlights that many proteins found in bladder tumours yielding altered 

glycosylation patterns are also present in the patient’s urine and should be 

considered in the development of future non-invasive detection methods. Amongst 

these glycoproteins was bladder cancer stem-cell marker CD44, which 

demonstrated to be increased in urine of MIBC patients. Despite CD44 clinical 

significance, the wide array of structurally similar isoforms, associated with dense 

glycosylation and inadvertent lack of nomenclature consensus has posed a 

significant challenge for inferring on CD44 role in cancer. These aspects have 

biased many previous conclusions, providing several conflicting data, and 

significantly delaying clinical development. Such limitations and milestones for 

addressing this glycoprotein in future studies have been comprehensively 

discussed in Section III. Section IV starts by screening of bladder cancer tissues 

for relevant short-chain O-glycans to set a targeted glycoproteomics workflow for 

addressing chemoresistant bladder tumours, aiming for prognosis biomarkers and 

novel therapeutic targets. Briefly, a series of bladder tumours with differing 

clinicopathological natures was screened by immunohistochemistry for short-chain 
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O-glycans commonly found in glycoproteins of human solid tumours. These 

included the Tn and T antigens and their sialylated counterparts STn) and ST. 

Sialoglycans (STn and ST) prevailed over neutral glycoforms (Tn and T antigens) in 

bladder tumours and the STn antigen was associated with high-grade lesions and 

muscle invasion, thus in accordance with previous reports. Targeted 

glycoproteomics focusing on glycoproteins expressing STn antigen resulted in the 

identification of several key cancer-associated biomarkers (MUC16, CD44, 

integrins). Of particular interest was MUC16, a high-molecular weight mucin 

overexpressed by different types of cancers, which was detected for the first time 

in bladder tumours. Moreover, the detection of MUC16-STn glycoforms was 

associated with decreased response to cisplatin-based therapeutics whereas 

MUC16 and STn evaluations independently were not.  Such observations reinforce 

the importance of addressing protein glycosylation to improve on the clinical utility 

of current cancer biomarkers.  Finally, Section V brings together the know-how 

generated during the course of this work, novel bioinformatics approaches, 

glycomics and glycoproteomics to comprehensively interrogate bladder cancer cell 

models for potentially targetable glycoproteins. Briefly, the cells glycome was 

characterized by a recently developed Cellular O-glycome Reporter/Amplification 

method [11], revealing sialylated T antigens as the most relevant forms of O-

glycosylation. This information was used for designing appropriate enrichment 

strategies by lectin-affinity chromatography and facilitated downstream 

glycoproteins identification and glycosites annotation by mass spectrometry. A 

significant number of glycoproteins, including most of those previously found in 

tumours (Section IV) and urine samples of bladder cancer patients (Section II), 

were identified using this strategy, including CD44 and MUC16. A bioinformatics-

assisted scoring method based on information deposited in the Human Protein 

Atlas databank was then established to rank the identified glycoproteins based on 

their potential relevance for targeting bladder cancer, while minimizing off-target 

effects. GLUT1 and HOMER3 were identified as novel prognostic biomarkers of 

advanced stage bladder cancer by this approach. These glycoproteins hold 

tremendous potential for targeted therapeutics given their low/absent expression 

in healthy tissues, including the healthy urothelium. Bioinformatics analysis backed 

by validation in tumour samples and healthy tissues by immunohistochemistry and 

mass spectrometry confirmed these observations and also suggested that GLUT1 

and HOMER3-STn glycoforms may help improving on the cancer specificity of these 
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biomarkers and should, therefore, be considered when designing targeted 

therapeutics. Furthermore, this study reinforced that MUC16 is amongst the top 

10% ranked targetable glycoproteins in bladder cancer, in agreement with the 

observations in section IV. Top-ranked glycoproteins now require further validation 

in broader bladder tumour series as well as a more comprehensive glycosites 

mapping envisaging therapeutic design. In summary, glycomics and 

glycoproteomics studies backed by comprehensive bioinformatics have provided a 

molecular rationale for intervention, strongly supporting MUC16, GLUT1 and 

HOMER3-STn has potential targets for targeted therapeutics. After identification of 

promising protein glycosignatures associated to bladder cancer, preliminary efforts 

were conducted to establish methods for the synthetizes and purification of 

glycoantigens, envisaging the development of theragnostics applications. 

Therefore, Chapter II. Synthesis of Glycoantigens details the chemoenzymatic 

synthesis methodologies of glycoantigens, in which an oligosaccharide precursor 

is modified by a range of glycosyltransferases to give more complex glycans. Since 

abnormal MUC16 glycoforms hold potential as surrogate biomarkers of poor 

prognosis and designing specific targeted therapeutics, focus was set on this 

protein.. Peptides corresponding to fragments of MUC16 variable tandem repeats 

were chemo enzymatically modified by glycosylatransferases in the present of 

sugars nucleotides to yield MUC16 with different short-chain glycoforms (MUC16-

Tn, STn, T, S3T and S6T) glycopeptides with different degrees of glycosylation sites. 

These glycoconjugates were linked covalently to relevant immunogenic protein 

carriers that may ultimately be used for raising antibodies and cancer vaccines. The 

established technology may now be broaden to the synthesis of a wide array of 

different O-glycoepitopes, including those emerging from previous chapters. 

Finally, the Concluding Remarks and Future Perspectives section addresses the 

overall conclusions of the work, discusses future directions and critical milestones 

for exploiting the results in the context of clinical intervention. In summary, this 

section summarizes how the present study has set a roadmap for glycobiomarker 

discovery in bladder cancer, exploring the full potential of bioinformatics and state-

of-the-art high throughput glycomics and glycoproteomics. It also describes how a 

comprehensive interrogation of the glycoproteome of distinct biological matrices 

(cell lines, bodily fluids, tumours of different grades and stages) provided common 

molecular backgrounds for clinical intervention (non-invasive detection, prognosis, 

targeted therapeutics), including sialylated glycans and glycoproteins. It 
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particularly it highlights the potential of CD44 in the context of bladder cancer, 

emphasizing key difficulties hampering clinical translation. Focuses on MUC16-STn 

glycoforms that present and opportunity to target chemoresistant tumours, 

holding potential for designing targeted therapeutics. Ultimately, it discusses the 

potential of GLUT1 and HOMER3 as top-ranked targetable glycoproteins in bladder 

cancer and the potential of its STn-glycoforms in the context of targeted 

therapeutics.  Finally, it sets the rationale and a roadmap for future development 

of antibody-based therapeutics for bladder cancer based on these discoveries, 

emphasizing the role of these approaches in precision oncology.  

 

REFERENCES 

1. Ferreira, J.A., et al., Overexpression of tumour-associated carbohydrate 

antigen sialyl-Tn in advanced bladder tumours. Mol Oncol, 2013. 7(3): p. 719-31. 

2. Lima, L., et al., Response of high-risk of recurrence/progression bladder 

tumours expressing sialyl-Tn and sialyl-6-T to BCG immunotherapy. Br J Cancer, 

2013. 109(8): p. 2106-14. 

3. Peixoto, A., et al., Hypoxia enhances the malignant nature of bladder cancer 

cells and concomitantly antagonizes protein O-glycosylation extension. 

Oncotarget, 2016. 7(39): p. 63138-63157. 

4. Carrascal, M.A., et al., Sialyl Tn-expressing bladder cancer cells induce a 

tolerogenic phenotype in innate and adaptive immune cells. Mol Oncol, 2014. 8(3): 

p. 753-65. 

5. Limas, C. and P. Lange, T-antigen in normal and neoplastic urothelium. 

Cancer, 1986. 58(6): p. 1236-45. 

6. Nishiyama, T., et al., Detection of Tn antigen with Vicia villosa agglutinin in 

urinary bladder cancer: its relevance to the patient's clinical course. J Natl Cancer 

Inst, 1987. 78(6): p. 1113-8. 

7. Julien, S., P.A. Videira, and P. Delannoy, Sialyl-tn in cancer: (how) did we miss 

the target? Biomolecules, 2012. 2(4): p. 435-66. 

8. Videira, P.A., et al., ST3Gal.I sialyltransferase relevance in bladder cancer 

tissues and cell lines. BMC Cancer, 2009. 9(357): p. 357. 

9. Chick, J.M., et al., A mass-tolerant database search identifies a large 

proportion of unassigned spectra in shotgun proteomics as modified peptides. Nat 

Biotechnol, 2015. 33(7): p. 743-9. 



AIMS & STUDY OUTLINE 

 

 
 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
193 

 

10. Ferreira, J.A., et al., Synthesis and optimization of lectin functionalized 

nanoprobes for the selective recovery of glycoproteins from human body fluids. 

Anal Chem, 2011. 83(18): p. 7035-43. 

11. Kudelka, M.R., et al., Cellular O-Glycome Reporter/Amplification to explore 

O-glycans of living cells. Nat Methods, 2016. 13(1): p. 81-6. 

 

 



 

 
 

 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER I 

GLYCOBIOMARKERS DISCOVERY IN BLADDER 

CANCER  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

The information provided in this chapter is based in the following 

publications: 

 

Rita Azevedo, André M. N. Silva, Celso A. Reis, Lúcio Lara Santos, José Alexandre 

Ferreira. In silico approaches for unveiling novel glycobiomarkers in cancer. Journal 

of Proteomics. (Impact Factor in 2016: 3.91, Q1). 2018. 171:95-106. 

doi:10.1016/j.jprot.2017.08.004. Publication by invitation 

 

Rita Azevedo*, Janine Soares*, Cristiana Gaiteiro, Andreia Peixoto, Luís Lima, Dylan 

Ferreira, Marta Relvas-Santos, Elisabete Fernandes, Ana Tavares, Sofia Cotton, Ana 

Luísa Daniel-da-Silva, Lúcio Lara Santos, Rui Vitorino, Francisco Amado, José 

Alexandre Ferreira. Glycan affinity magnetic nanoplatforms for urinary 

glycobiomarkers discovery in bladder cancer. Talanta (Impact Factor in 2016: 4.16, 

Q1). 2018. 184:347-355. doi:10.1016/j.talanta.2018.03.028.  

 

Rita Azevedo, Cristiana Gaiteiro, Andreia Peixoto, Marta Relvas-Santos, Luis Lima, 

José Alexandre Ferreira, Lucio Lara Santos. CD44 glycoprotein in cancer: A 

molecular conundrum hampering clinical applications. Clinical Proteomics (Impact 

Factor in 2016: 3.27, Q1). 2018. 15:22. doi: 10.1186/s12014-018-9198-9. 

 

Sofia Cotton*, Rita Azevedo*, Cristiana Gaiteiro, Dylan Ferreira, Luís Lima, Andreia 

Peixoto, Elisabete Fernandes, Manuel Neves, Diogo Neves, Teresina Amaro, Ricardo 

Cruz, Ana Tavares, Maria Rangel, André M. N. Silva, Lúcio Lara Santos, José 

Alexandre Ferreira. Targeted O‐glycoproteomics explored increased sialylation and 

identified MUC16 as a poor prognosis biomarker in advanced stage bladder 

tumours. Molecular Oncology. (Impact Factor in 2016: 5.37, Q1). 2017. 

doi:10.1002/1878-0261.12035.  

 

Rita Azevedo*, Dylan Ferreira*, Andreia Peixoto*, Marta Relvas-Santos, Cristiana 

Gaiteiro, Janine Soares, Elisabete Fernandes, Rui Freitas, Sofia Cotton, Luís Lima, 

Ana Tavares, Carlos Palmeira, Gabriela Martins, Áurea Lima, André M. N. Silva, Lúcio 

Lara Santos, José Alexandre Ferreira. Glycomics and Glycoproteomics identify 

GLUT1 and HOMER3 as top-ranked potentially targetable biomarkers in bladder 

cancer. 2019. (In preparation) 

 

*Equal contribution.



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 
 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
197 

 

Section I 

In Silico Approaches For Unveiling Novel Glycobiomarkers In 

Cancer  

 

Rita Azevedo
1,2

, André M. N. Silva
3

, Celso A. Reis
2,4,5

, Lúcio Lara Santos
1

, José 

Alexandre Ferreira
1,2,4,5,6,7

 

 

1

Experimental Pathology and Therapeutics Group, Portuguese Institute of Oncology, Porto, 

Portugal; 
2

Institute of Biomedical Sciences Abel Salazar, University of Porto, Porto, Portugal; 

3

UCIBIO-REQUIMTE/Department of Chemistry and Biochemistry, Faculty of Sciences, 

University of Porto, Porto; 
4

Institute of Molecular Pathology and Immunology of the 

University of Porto (IPATIMUP), Porto, Portugal; 
5

Instituto de Investigação e Inovação em 

Saúde, Universidade do Porto, Portugal; 
6

Porto Comprehensive Cancer Center (P.ccc), Porto, 

Portugal; 
7

International Nanotechnology Laboratory (INL), Porto, Portugal. 

 

 

 

Corresponding author: José Alexandre Ferreira (jose.a.ferreira@ipoporto.min-

saude.pt) 

 

 

 

 

 

Supplementary data to this article can be found online at http://dx. 

doi.org/10.1016/j.jprot.2017.08.004. 

 

  



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 
 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
198 

 

ABSTRACT 

Glycosylation is one of the most common and dynamic post-translational 

modification of cell surface and secreted proteins. Cancer cells display unique 

glycosylation patterns that decisively contribute to drive oncogenic behavior, 

including disease progression and dissemination. Moreover, alterations in 

glycosylation are often responsible for the creation of protein signatures holding 

significant biomarker value and potential for targeted therapeutics. Accordingly, 

many analytical protocols have been outlined for the identification of abnormally 

glycosylated proteins by mass spectrometry. Nevertheless, very few studies 

undergo a comprehensive mining of the generated data. Herein, we build on 

bladder cancer O-glycoproteomics datasets resulting from a hyphenated technique 

comprising enrichment by Vicia villosa agglutinin (VVA) lectin and nanoLC-ESI-

MS/MS to propose an in silico step-by-step tutorial (Panther, NetOGlyc, NetNGlyc, 

Oncomine, Cytoscape) for biomarker discovery in cancer. We envisage that this 

approach may be generalized to other mass spectrometry-based analytical 

approaches, including N-glycoproteomics studies, and different types of cancers.   

 

 

Keywords: Glycoproteomics; Bioinformatics; cancer biomarkers; glycosylation; 
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1. INTRODUCTION 

Glycosylation is the most common post-translational modification of cell-

surface and secreted proteins and comprises two main classes of modifications: O-

GalNAc glycans occurring in Ser/Thr residues and N-glycans in Asn residues. 

Nevertheless, other less abundant forms of glycosylation may also be encountered 

at the cell membrane, including O-fucosylation, O-glucosylation, O- and C-

manosylation [1]. Glycosylation is determinant for correct protein trafficking, 

folding, stability and resistance to proteolysis [2]. Moreover, glycans at the cell-

surface play a key role in several biological processes including cell recognition, 

cell-cell and cell-matrix adhesion, mediation of intracellular signaling and 

interactions with the immune system [2-4]. Changes in glycosylation patterns of 

membrane proteins have been described as a common feature in cancer, being 

detected even in pre-malignant lesions [1, 5]. Deregulations in glycosylation 

pathways that may stem from mutations in glycogenes, altered transcription 

and/or mislocalization of glycosyltransferases throughout the secretory pathway, 

metabolic shifts leading to unbalanced biosynthesis of sugar donors and several 

other factors. These events may ultimately influence the lengths and branching of 

glycan structures [6], promote changes in terminal glycan epitopes [1, 7], 

overfucosylation [8] and oversialylation [9, 10]. Particularly, the overexpression of 

ST6GalNAc-I  [9, 11] and mutations in Cosmc leading to inactivation of T-synthase 

activity [12], lead to a premature stop in protein O-glycosylation, causing the 

accumulation of short-chain O-glycans at tumour cells surface, including the Tn 

antigen and its sialylated counterpart, sialyl-Tn (STn; (Neu5Acα2-6GalNAc-O-

Ser/Thr residues in membrane and secreted glycoproteins) [4, 9, 13-15]. These 

alterations present a pancarcinoma nature and can be found in the majority of late 

stage human solid tumours [4, 9, 16]. The expression of short-chain O-glycans 

affects the adhesive properties of tumour cells favoring motility, invasion and 

metastatic potential [4, 9, 17]. Furthermore, this pattern of abnormal O-

glycosylation has been linked to the activation of key intracellular oncogenic 

pathways [18], chemoresistance [19], immune tolerance [3, 18], having been shown 

to negatively influence prognosis [20, 21]. Moreover, many tumours also 

(co)overexpress other short-chain O-glycans, including sialylated forms of the T 

antigen (Gal-GalNAc-O-Ser/Thr) [22, 23]. Notwithstanding, alterations in 

glycosylation may render cancer-specific protein glycoantigens holding 

tremendous potential for targeted therapy [24-27]. 
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Given the importance of glycomarkers, an analytical workflow has been 

introduced for studying the O-glycoproteome of cancer cells, enabling the 

identification of Tn and STn expressing glycoproteins and glycosites. It includes 

the removal of sialic acids by neuraminidase digestion followed by a pre-

enrichment of Tn-expressing glycoproteins based on Vicia Villosa agglutinin (VVA) 

affinity chromatography and subsequent protein identification by liquid 

chromatography-mass spectrometry (LC-MS). The strategy has been successfully 

applied to cancer cells of different origins [17, 28, 29], which has significantly 

broaden our understanding of the O-glycoproteome. However, difficulties persist 

in pinpointing relevant biomarkers arising from glycoproteomics experiments. This 

includes challenges related with high-confidence identification of glycopeptides 

and glycosylation sites using non-ETD fragmentation, which do constitute the 

routine of many proteomics laboratories. This may either be overcome by the 

combination of multiple LC-MS/MS runs and different fragmentation strategies [28, 

30] and/or big data curation using several freeware bioinformatics web-tools such 

as Panther [31], UniProtKB [32], NetOGlyc [29] and NetNGlyc [33]. The introduction 

of online tools such as Oncomine [34] and Cytoscape [35] further allows narrowing 

high number of identified species to glycobiomarkers with real clinical potential.   

Recently, we have applied this strategy to the identification of abnormally O-

glycosylated proteins in bladder cancer [23] and developed an in silico tutorial for 

big data curation and identification of relevant cancer glycobiomarkers. We now 

build on these procedures to provide a step-by-step practical approach for handling 

O-glycoproteomics information using bladder cancer as a model. We envisage that 

our protocol may be generalized to datasets generated by alternative 

methodologies, allowing more accurate assignments and the identification of 

relevant biomarkers for downstream clinical validation.  

 

2. METHODS 

2.1. General overview on the generation of mass spectrometry data sets 

The present work explores a pre-existing dataset generated by Cotton S, 

Azevedo R and co-workers [23]. Briefly, mass spectrometry data have been 

generated from a total protein pool from muscle invasive bladder tumours 

expressing high levels of the STn and also sialylated T antigens. The 

glycoproteomics workflow included the digestion with PNGase F followed by 

digestion with an α-neuraminidase. The samples were then pre-enriched for O-
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GalNAc expressing proteins by VVA affinity chromatography before protein 

identification. A bottom-up approach was adopted, with tryptic peptides being 

identified by a conventional high resolution nanoLC-MS experiment using an LTQ-

Orbitrap mass spectrometer. Full experimental procedures and MS are detailed in 

our most recent publications [17, 23]. Mass spectrometry proteomics data are 

available via ProteomeXchange [36], where they have been deposited via the PRIDE 

[37] partner repository with the dataset identifier PXD006813. 

Here in, we have used the raw data provided to perform a new protein 

search. Data were analyzed using the SequestHT search engine with the Percolator 

algorithm for validation of protein identifications (Proteome Discoverer 1.4; 

Thermo Scientific). The four data files were combined in a single search using the 

Proteome Discoverer Daemon. Data were searched against the human proteome 

obtained from the SwissProt database on 22/11/2015, selecting trypsin as the 

enzyme and allowing for up to two missed cleavage sites, a precursor ion mass 

tolerance of 10 p.p.m. and 0.6 Da for product ions. Carbamidomethylcysteine was 

selected as a fixed modification, while oxidation of methionine (+15.994u) and 

modification of serine and threonine with HexNAc (Tn) (+203.08u), HexHexNAc (T) 

(+365.13u) were defined as variable modifications. Due to neutral loss or internal 

fragmentation of the glycan residue, glycated peptides have often poor 

identification scores under CID conditions. Thus for, Sequest results of low 

confidence peptides were also considered. Protein grouping filters were set to 

consider glycosylations with low confidence and ΔCn lower than 0.05. The strict 

maximum parsimony principle was applied. A protein filter counting peptides only 

on top-scored proteins was also set. Peptides were filtered for Xcorr ≥ 1.0. The 

identification of glycopeptides exhibiting the mentioned posttranslational 

modifications was a pre-requisite for inclusion of glycoproteins in the final list 

(Supplementary Material 1 – sheet “Original dataset”). The generated protein list 

was curated for relevant bladder cancer glycobiomarkers using bioinformatics tools 

disclosed in the following sections. 

 

2.2. Curation of glycoproteomics data 

 For curation of bladder cancer O-glycoproteomics dataset, we applied the 

following freeware bioinformatics web-tools: Panther version 11 

(http://www.pantherdb.org/) [31], UniProtKB (http://www.uniprot.org/) [32], 

NetOGlyc version 4.0 (http://www.cbs.dtu.dk/services/NetOGlyc/) [29], Oncomine 
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(https://www.oncomine.org/) [34] and the ClueGO and CluePedia apps for 

Cytoscape (http://www.cytoscape.org/) [35, 38]. The NetNGlyc version 1.0 

(http://www.cbs.dtu.dk/services/NetNGlyc/) [33] was also used as an example for 

researchers working with a putative N-glycosylated proteins list. The in silico 

roadmap for O-glycoproteomics curation and identification of relevant cancer 

glycobiomarkers is outlined in Figure 1. 

 

 

Figure 1. In silico roadmap for mining O-glycoproteomics datasets for relevant 

cancer biomarkers holding potential for targeted therapeutics. For curation of 

bladder cancer O-glycoproteomics dataset, we applied the following freeware 

bioinformatics web-tools: UniProtKB, Panther version 11, NetOGlyc version 4.0, NetNGlyc 

version 1.0, Oncomine and the ClueGO and CluePedia apps for Cytoscape. 

 

3. IN SILICO STRATEGIES FOR UNVEILING NOVEL GLYCOBIOMARKERS IN 

CANCER 

 Herein, we present an in silico roadmap for mining O-glycoproteomics 

datasets for relevant cancer biomarkers holding potential for targeted therapeutics, 

using bladder cancer as an exemplificative model. Nevertheless, the above 

described protocol may be adopted to protein datasets generated using other 

samples or overall analytical approaches. The proposed strategy includes two 

major steps: i) identification of cell membrane proteins with potential glycosylation 

sites; and, ii) identification of glycoproteins associated with bladder cancer. 
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3.1. Identification of cell membrane proteins with glycosylation sites 

Conventional mass spectrometry proteomics analytical strategies, such as 

the one described by us to address the bladder cancer O-glycoproteome [23], often 

use the more commonly available collision induced dissociation (CID) for peptide 

fragmentation. Under CID conditions, glycopeptides are known to generate a high 

number of low-confidence identifications. This is the result of preferential glycan 

fragmentation with only minimal fragmentation of the peptide backbone [39-42]. 

The main CID MS/MS spectra fragment ions are formed as a result of the cleavage 

of the glycosidic bonds and the formation of typical oxonium ions. These ions are 

not commonly taken into account by search engines retrieving missed 

identifications or poorly scored peptides. A possible analytical strategy is to 

consider these poorly identified peptides, but it warrants a careful validation of 

protein identification during data curation. In addition, we often note a high 

number of cytosolic and nuclear proteins after VVA affinity chromatography, 

suggesting possible isolation of glycoproteins with O-GlcNAc moieties, a post-

translational modification commonly found in intracellular but not cell-surface 

proteins [43, 44]. While O-GlcNAc class of glycans may also be a source of 

important cancer biomarkers [43, 45], the present analytical strategy focus of 

glycans present at the cell-surface that may be explored for targeting cancer cells. 

Consequently, we propose to use Panther, UniProtKB and NetOGlyc for identifying 

cell surface glycoproteins yielding potentially O-GalNAc glycosylation extracellular 

domains. Accordingly, Panther is a classification system of proteins based in 

algorithms that categorizes proteins into class (family and subfamily), gene 

ontology (GO; molecular function, biological process and cellular component) and 

biological pathway. UniprotKB is a comprehensive resource for protein sequence 

and annotation data and NetOGlyc is a prediction tool of O-GalNAc (mucin type) 

glycosylation sites in mammalian proteins using artificial neural networks. These 

in silico tools will curate our database for cell membrane glycoproteins presenting 

extracellular domains with potential O-GalNAc glycosylation sites. Potential N-

glycosylation sites (in Asn residues) were also accessed using NetNGlyc as an 

example for researchers working with this type of modification.  

First, we have screened the original dataset containing 6294 proteins 

(Supplementary material 1 – sheet “Original database”) for those exhibiting HexNac 

and/or HexHexNAc as post-translational modifications. This resulted in 8978 
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peptides corresponding to 4832 proteins (Supplementary material 1 – sheet 

“HexNac_Hex1HexNac1 modification”). Gene ontology terms (GO terms) were 

retrieved by querying UniProtKB IDs and used to determine their cellular location 

with Panther. Gene ontology interpretation of proteins’ cellular location highlighted 

the existence of cytoplasmic/nuclear and cytoskeleton proteins (GO:0044464, 

GO:0032991 and GO:0043226; Figure 2) that could be derived from unspecific 

binding, including the possibility of O-GlcNAc modifications, which cannot be 

overruled with the adopted MS strategy. The proteins with HexNac and/or 

HexHexNac modifications were queried in the “Retrieve ID/mapping” tool of 

UniProtKB (Figure 3) to select only those present at the cell membrane. From an 

initial database with 4832 proteins, only 833 proteins (17%) were identified as cell 

membrane-bound proteins known to hold glycosylation sites (Supplementary 

material 1 – sheet “Membrane Glycop_Uniprot” and Supplementary material 2). Cell 

membrane proteins were then manually curated for subcellular location using the 

previous output from the “Retrieve ID/mapping” tool of UniProtKB to determine the 

presence of extracellular domains prone to yield O-GalNAc glycosylation sites. This 

resulted in a final list of 657 proteins (79%) for downstream bioinformatics analysis 

(Supplementary material 1 – sheet “Extracellular Membr_UniProt”). The “Retrieve 

ID/mapping” tool of UniProtKB also was used for obtaining protein sequences 

(Figure 4 and Supplementary material 3), necessary for running NetOGlyc and 

NetNGlyc. The amino acid residue sequence of extracellular domain cell membrane 

proteins was queried in FASTA format on NetOGlyc and proteins presenting at least 

1 annotated glycosylation site were further selected (n=566, 86%; Supplementary 

material 1 – sheet “O-glycosylated_NetOGlyc” and Supplementary material 4). 

Sequences were also queried on FASTA format on NetNGlyc and one example of 

output is demonstrated in Supplementary material 5. Information about the 

family/subfamily, protein class and ontology terms (GO terms) of the 566 identified 

cell membrane-bound proteins with at least one O-glycosylation site was retrieved 

by Panther (Figure 6 and Supplementary material 6) and annotated in the dataset 

(Supplementary material 1 – sheet “Functions_GO_Panther”). The most frequent GO 

terms for molecular function included transporter (GO:0005215), receptor 

(GO:0004872) and binding activities (GO:0005488). The biological function 

category highlighted an overrepresentation of protein associated with cellular 

processes (GO:0040011), biological regulation (GO:0065007) and biological 

adhesion (GO:0022610). Moreover, the identified glycoproteins mainly belonged 
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to cell junction (PC00070) and cell adhesion (PC00069) classes (Figure 7). The step-

by-step outline of these procedures is described below. 

 

1. Display the membrane location of proteins using GO term for cellular 

component on Panther.  

1.1. Paste UniProt KB IDs from Excel sheet “HexNAc_HexHexNAc 

modification” (Supplementary material 1) in the field entitled “1. Enter ids”. 

You can choose another starting identifier (GI number and gene name are 

the commonest, apart from the UniProt KB identifier)  

2.2. In “2. Select organism” box, select “Homo sapiens”. 

2.3. Select “Functional classification viewed in pie chart” to see results 

graphically. Results in list format and statistical representation tests are also 

available (Figure 2A). 

2.4. Select “Cellular component” at “Select Ontology” to observe the 

distribution of the proteins by cellular location (Figure 2B). You can apply 

other ontologies to your submitted proteins and observe the results 

graphically. This will give you a perspective of the cellular location of your 

proteins list and a quantitative representation of these features. 

2.5. Select the categories at the right side of the pie chart to see the 

list of proteins and, if you want, at “send list to:” section, choose “File” and 

save it in text (txt) file. 
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Figure 2. A. Panther main screen with selected functional classification viewed in pie chart. Ontology terms (GO terms) were 

retrieved by querying UniProt KB IDs to observe the cellular location of the 4832 proteins with HexNac and Hex1HexNac1 modifications using 

Panther. B. Cellular component GO term viewed in a pie chart at Panther results screen. Panther could not analyze all the 4832 

proteins in the pie chart, being that 25 proteins were excluded of the chart. Cytoplasmic/nuclear and cytoskeleton proteins are one of the 

most common, highlighting the possible unspecific binding, including the possibility of O-GlcNAc modifications, which could not be overruled 

with adopted MS strategy. 
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2. Retrieve only cell membrane-bound proteins using the “Retrieve 

ID/mapping” tool of UniProtKB  

2.1. Paste UniProt KB IDs from Excel sheet “HexNAc_HexHexNAc 

modification” (Supplementary material 1) to field 1. “Provide your identifiers” 

at “Retrieve ID/mapping” tool of UniProtKB. 

2.2. At “2. Select options”, choose “From: UniProtKB AC/ID, To: 

UniProtKB” and Go. 

2.3. Click at “Select and remove columns from the results table” at the 

top right corner of the table, add under “Subcellular location” the 

“Topological domain” and save.  

2.4. Download all entries in Excel format and save it as 

“UniProtKB_topologicaldomain” (Supplementary material 2 and Figure 3). 

2.5. Add a sheet on the excel database named “Membrane 

Glycop_Uniprot” (Supplementary material 1) and copy the information of the 

UniProtKB output (Supplementary material 2) to the sheet.  

 

3. Select cell membrane proteins presenting an extracellular domain on the 

previous output from “Retrieve ID/mapping” tool of UniProtKB. 

3.1. Paste the information from Excel sheet “Membrane 

Glycop_Uniprot” to a new sheet named “Extracellular Membr_UniProt” 

(Supplementary material 1). 

3.2. In the Excel, select the headers and at “Sort and filter” choose 

“Filter”. At “topological domain” header, filter by “does not contain” – 

“extracellular”. Remove all the proteins under the filter. Then, clear the filter 

and you will have all the proteins with extracellular domains. Proceed to the 

downstream bioinformatics analyses. 
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Figure 3. Results screen of retrieve ID/mapping tool of UniProtKB additionally presenting topological domain of queried 

proteins. This tool allowed to determine if proteins where membrane-bound. The protein list was downloaded in Excel format (Supplementary 

material 2), as demonstrated in figure, and only membrane-bound proteins (833, 17%) were added to the database (Supplementary material 1 

– sheet “Membrane Glycop_Uniprot”). Also, this tool allowed to determine the presence of membrane proteins with extracellular domains prone 

to yield O-GalNAc glycosylation sites. Only membrane-bound proteins with extracellular domains (657, 79%) were added to the database 

(Supplementary material 1 – sheet “Extracellular Membr_UniProt”).  
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4. Select proteins with extracellular domains and at least 1 annotated O-

glycosylation site using NetOGlyc. 

4.1. Paste the information from Excel sheet “Extracellular 

Membr_UniProt” to a new sheet named “O-glycosylated_NetOGlyc” 

(Supplementary material 1). 

4.2. Insert the UniProt KB IDs from Excel sheet into field 1. “Provide 

your identifiers” at “Retrieve ID/mapping” tool of UniProtKB. 

4.3. At “2. Select options”, choose “From: UniProtKB AC/ID, To: 

UniProtKB” and Go. 

4.4. Click at “Select and remove columns from the results table”, 

remove all the displaying columns, add under “Sequences” the “Sequence” 

and save (Figure 4). 

4.5. Download results in “Fasta (canonical)” format and save as 

“Protein sequences” (Supplementary material 3). 

4.6. Open the NetOGlyc and submit the “Protein sequences” file. 

Search for proteins without predicted O-glycosylation sites, i.e., without 

#positive annotations at sequence. Figure 5 shows the results’ screen of 

NetOGlyc and Supplementary material 4 presents the output from NetOGlyc. 

4.7. Manually remove the proteins that do not have predicted O-

glycosylation sites from “O-glycosylated_NetOGlyc” (Supplementary material 

1).  

 

5. Annotate proteins with at least 1 N-glycosylation site using NetNGlyc. 

5.1. Open the NetNGlyc and submit the “Protein sequences” file 

(Supplementary material 3). Maintain the default options unless you are well 

aware of them. Search for proteins with predicted N-glycosylation sites (an 

example of output is in Supplementary Material 5) and annotate them at your 

protein list. 
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Figure 4. Results screen of retrieve ID/mapping tool of UniProtKB only showing protein sequence. This tool gave the protein 

sequences necessary for running NetOGlyc and NetNGlyc. 
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Figure 5. NetOGlyc results screen that lists putative O-glycosylated proteins. 

Protein locations of Ser/Thr residues are listed and sites with high probability of being O-

glycosylated are presented as #POSITIVE. 

 

6. Retrieve GO terms and protein class using Panther. 

6.1. Paste UniProt KB IDs from Excel sheet “O-glycosylated_NetOGlyc” 

(Supplementary material 1) in the field entitled “1. Enter ids”.  

6.2. In “2. Select organism” box, select “Homo sapiens”. 

6.3. Select “Functional classification viewed in gene list” to see results 

in a form of a table and run (Figure 6A).  

6.4. At upper left side of screen, click at “Customize Gene List” and 

add “Panther GO-Slim Molecular Function”, “Panther GO-Slim Biological 

Process” and “Panther GO-Slim Cellular Component”. 
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6.5. Select “Send list to:” section, choose “File” and save it in text (txt) 

file (Figure 6B and Supplementary material 6). Add the information of file to 

a new sheet named “Functions_GO_Panther” (Supplementary material 1). 

6.6. Go back to Panther’s main page, select “Functional classification 

viewed in pie chart” and run again. 

6.7. Select “Molecular function”, “Biological process” and “Protein 

class” at “Select Ontology” and save the pie charts (Figure 7).  

6.8. Select the categories at the right side of the pie chart to see the 

list of proteins and, if you want, at “send list to:” section, choose “File” and 

save it in text (txt) file. 
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Figure 6. A. Panther main screen with selected functional classification viewed in gene list. Ontology terms (GO terms) were 

retrieved by querying UniProt KB IDs into Panther. B. GO terms viewed in a gene list at Panther’s results screen. Panther could not 

analyze all the 657 membrane proteins with an extracellular domain and at least one O-glycosylation site, being that 5 proteins’ IDs were not 

found. The Panther’s GO terms were added to the list by selecting “Customize Gene List”. The list was saved by sending list to file and name 

it “PantherGeneList” – Supplementary material 6. 
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Figure 7. Molecular function, biological process and protein class GO terms viewed in a pie chart at Panther results screen. 

Panther could not analyze all the 657 membrane proteins with an extracellular domain and at least one O-glycosylation site in the pie chart, 

being that 5 proteins were excluded of the chart. The most frequent GO terms included: i) molecular function:  transporter (GO:0005215), 

receptor (GO:0004872) and binding activities (GO:0005488); ii) biological function: cellular processes (GO:0040011), biological regulation 

(GO:0065007) and biological adhesion (GO:0022610); and, iii) protein class: receptor (PC00197), cell junction (PC00070) and cell adhesion 

(PC00069). 
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3.2. Identification of glycoproteins clinically associated with bladder cancer 

 Oncomine is an online platform capable of making analysis of coexpression, 

differential expression and outlier analysis of genes in normal tissues and several 

cancer types. Herein, this tool was used to disclose glycoproteins associated with 

bladder cancer and provide comparisons with their levels of expression in healthy 

bladder tissues. Moreover, it provides a strategy to stratify proteins according to 

the severity of the disease and pinpoint associations with non-muscle invasive 

(NMIBC) and muscle invasive (MIBC) bladder cancer. Results are represented by 

expression clusters or by list with colored boxes (red denotes overexpression and 

blue denotes underexpression), which denote gene’s percentile rank. Percentile 

rank is shown by the degree of color saturation of the box: the more saturated the 

color, the higher the percentile rank. The most highly saturated color boxes denote 

that the gene rank is in the top 1 percentile for that analysis, medium saturation in 

the top 5 percentile, and pale in the top 10 percentile. This in silico analysis will 

provide the expression of each protein in our database (assumed by gene 

expression) in bladder cancer compared to normal tissue (differential expression) 

and tap our list to possible glycobiomarkers in bladder cancer. 

 The first step to perform this analysis is to obtain the gene name for each 

protein in our selected list. We can use the “Retrieve ID/mapping” tool on UniProt 

KB to achieve this task. Oncomine retrieved 71 proteins overexpressed in bladder 

cancer, from which 29 were overexpressed both in NMIBC and MIBC, 28 were 

overexpressed only in NMIBC and 14 proteins in MIBC. The procedure workflow is 

presented below. 

 

1. Retrieve protein expression levels in bladder cancer compared to normal 

tissues using Oncomine. 

1.1. Paste the information from Excel sheet “O-

glycosylated_NetOGlyc” to a new sheet named 

“ExpressionBladderC_Oncomine” (Supplementary material 1). 

1.2. Put the UniProt KB IDs from Excel sheet to field 1. “Provide your 

identifiers” at “Retrieve ID/mapping” tool of UniProtKB. 

1.3. At “2. Select options”, choose “From: UniProtKB AC/ID, To: Gene 

name” and Go. 

1.4. Click Download “Target List” format and save as “Gene 

sequences”. 
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1.5. Open Oncomine and select the following parameters: 

1.5.1. At “Analysis Type: Differential analysis” select “Cancer vs 

Normal Analysis”. You can choose another analysis type such cancer versus 

cancer and normal versus normal under “Differential analysis” or even 

perform a coexpression or outlier analyses. 

1.5.2. At “Cancer Type” select “Bladder Cancer (6)”. The six represents 

the high-throughput studies/datasets analyzing bladder cancer versus 

normal tissues included in Oncomine database. A “Dataset Filter” tool is 

available if you wish to see results from individual studies/datasets.  Other 

cancer types can be selected including breast cancer, brain and CNS cancer, 

cervical cancer, colorectal cancer, gastric cancer, lung cancer, melanoma. 

1.5.3. At the Oncomine search query box input the first gene of your 

“Gene sequences” file and click search. Repeat this procedure to each gene. 

Results will be displayed in list format; studies below threshold will appear 

occult but, if you choose, can be shown. Threshold values can be altered by 

gene rank, fold change or p-value in order to obtain more restrictive or less 

restrictive results (we used gene rank: All, fold change: 2 and p-value: 0.05).  

1.6. Add manually the information of expression by gene rank to the 

sheet “ExpressionBladderC_Oncomine” (Supplementary material 1). One 

example of output from Oncomine is illustrated in Figure 8. 
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Figure 8. Oncomine results screen that provides the expression of each protein 

in our database (assumed by gene expression) in bladder cancer compared to 

normal tissue and tap our list to possible glycobiomarkers in bladder cancer. 

Results are represented by list with colored boxes, which denote gene’s percentile rank. 

Percentile rank is shown by the degree of color saturation of the box: the more saturated 

the color, the higher the percentile rank. The most highly saturated color boxes denote that 

the gene rank is in the top 1 percentile for that analysis, medium saturation in the top 5 

percentile, and pale in the top 10 percentile. 

 

4. BIOLOGICAL FUNCTION OF BLADDER CANCER ASSOCIATED GLYCOPROTEINS 

Biological functions of our putative glycomarkers list in bladder cancer will 

be visualized using the ClueGO and CluePedia apps for Cytoscape. By using the 

Cytoscape’s apps ClueGO and CluePedia we can perform GO analysis and include 

that information into the protein network. Although other bioinformatics tools such 

as STRING (http://string-db.org/) and Panther provide a fast way to gather 

deregulated biological processes for a given disease, these Cytoscape apps provide 

a more integrative and dynamic way for mining both proteomics and 

transcriptomics data. Also, due to their ability to perform cluster-based analysis, 
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deregulation of biological processes for a given disease can be simultaneously 

differentiated across two or more conditions. However, we must note that 

Cytoscape and its plugins often require high computational power due to their 

memory-demanding nature. 

Using ClueGO and CluePedia apps of Cytoscape, we could have insights of 

the biological mechanisms altered in bladder cancer associated with the 

overexpression of O-glycosylated proteins. Also, clustering by proteins 

overexpressed in early stages of disease (NMIBC; n=28), MIBC (n=14), or in both 

MIBC and NMIBC (n=29) can provide us an overview of the various biological 

processes which are altered as the disease progresses. We visualized the most 

significant biological functions of the possible glycomarkers in bladder cancer in 

the form of a network (Figure 9) and constructed a graphic showing the possible 

glycomarkers by rank (Figure 10). For example, biological functions such as the 

positive regulation of interleukin-18 production occurring in MIBC, natural killer 

cell cytokine production and negative regulation of neutrophil apoptotic process in 

NMIBC suggests the existence of a proinflammatory environment associated with 

immune system activation. Inactivation of MAPKK activity only in NMIBC suggests 

the activation of intrinsic anti-tumour mechanisms, in which MAPK signaling 

cascade is inactivated and tumour cell proliferation is blocked and apoptosis is 

induced. The basic steps to analyze protein data through ClueGO and CluePedia 

plugins are described below. 

 

1. Retrieve the biological functions of possible bladder cancer glycomarkers 

using Cytoscape’s apps ClueGO and CluePedia. 

1.1. Prepare three separate lists of UniProtKB ID enumerating proteins 

overexpressed in (a) only in MIBC, (b) only in NMBIC and (c) both in MIBC and 

NMIBC (Supplementary material 1 – sheet “Oncomine Lists for Cytoscape”). 

1.2. Run Cytoscape. Go to “Apps” and run ClueGO plugin. CluePedia 

will run automatically. If you cannot see the plugin, go to “App manager” and 

install both applications.  

1.3. At “Load Marker List(s)”, add another two gray boxes by pressing 

the “+” sign under the box and load the three protein lists in each box. 

Cluster color may be selected by clicking on the side color box. Change the 

“Automatic” defined by default to “UniProtKB_AC”.  
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1.4. At “View Style Settings” change the view style for “clusters” 

instead of “groups” in order to allow the network to be differentiated by 

cluster color as previously selected. This option may also be set after 

running the analysis. 

1.5. Define ClueGO settings for the analysis: 

1.5.1. Check the box relative to biological processes (checked 

by default). Alternatively, you may check molecular function, immune 

system process, KEGG pathways or others. 

1.5.2. Choose the level of evidence for the results. In this case, 

we selected “All”, but other options are based in experimental 

evidence, non-experimental (computational) evidence, author 

statements from publications and curator statements.  

1.5.3. You can choose network specificity by dragging the 

pointer towards left or right, in order to achieve a more global or 

detailed network. In a first analysis, it is advised to not change 

network specificity. The GO tree interval may be altered at the 

“Advanced Term/Pathway Selection Options” (in this case we altered 

the min level to 5 and max level to 8). 

1.5.4. Select “Show only Pathways with pV ≤ 0.05”, so that only 

significant ontologies/pathways are displayed.  

1.5.5. Press the “start” button. 

1.6. Click “Show all nodes and edges” to see the proteins (represented as 

gene name in the network). The network can be rearranged in the working space 

by simply mouse-selecting specific nodes and drag them to empty or less crowded 

spaces or by clicking in the bar below in one of the predefined dispositions. 

1.7. Perform CluePedia enrichment if you want to add protein associations 

to the network beyond the biological or molecular processes. This will add another 

layer of complexity to the network. 

1.8. Export GO analysis results 

1.8.1. Go to “File” » “Export” » “Network View as Graphics”. Select the 

desired file format, name it and find the proper location. Files should be 

preferably saved as .png. 

1.8.2. Set resolution as 600 dpi and the zoom to 500% (maximum). 

This way, the figure and all labels will be clear and with the best resolution. 

Figure 9 shows the Cytoscape network presenting the most significant 
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biological functions of our possible glycomarkers in bladder cancer 

clustered by disease stages. Figure 10 illustrates possible glycomarkers 

disposed by rank of expression in bladder cancer. 

1.9. Save session several times during the analysis and between analyses. 

1.9.1. Go to “File” » “Save ClueGO Session as” 

1.9.2. Name the file, choose its location and save it as .cluego. 
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Figure 9. Network presenting the most significant biological functions of our possible glycomarkers in bladder cancer 

clustered by disease stages. Biological functions such as positive regulation of interleukin-18 production occurring in MIBC, natural killer 

cell cytokine production and negative regulation of neutrophil apoptotic process in NMIBC suggest the existence of a proinflammatory 

environment associated to the activation of immune system. Inactivation of MAPKK activity only in NMIBC suggests the activation of intrinsic 

anti-tumour mechanisms, in which MAPK signaling cascade is inactivated and tumour cell proliferation is blocked and apoptosis is induced. 
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Figure 10. Candidate STn-expressing membrane glycoproteins in bladder cancer comprehensively distributed by 

Oncomine’s rank of expression and severity of disease. Results are graphically represented by colored axes, which denote gene’s 

percentile rank. Percentile rank is shown by the degree of color saturation of the axe: the more saturated the color, the higher the percentile 

rank. A higher percentile rank is present at the extremities of the axes. The x axe represents the MIBC and the y axe represents the NMIBC.  
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5. FINAL REMARKS 

 The glycoproteome of cell-surface proteins provides a unique source of 

highly specific cancer biomarkers and therapeutic targets; nevertheless, current 

mass spectrometry approaches generate significant amounts of data that warrant 

careful interpretation. Over the past decade several bioinformatic tools have been 

developed to interpret proteomics data sets as well as glycosylation.  Building on 

these insights we have systematized a step-by-step in silico approach to address 

the subtleties of glycoproteome and pinpoint relevant cancer glycomarkers.  

Using bladder cancer O-glycoproteomics datasets as a starting point, we 

applied freeware bioinformatics web-tools - Panther, UniProtKB, 

NetOGlyc/NetNGlyc, Oncomine and Cytoscape, to curate the initial protein list and 

obtain a reliable list of putative glycomarkers holding clinical potential. With 

Panther, UniProtKB and NetOGlyc we have sorted cell membrane proteins with 

extracellular domains and at least one site of O-glycosylation. Oncomine allowed 

the verification of which glycoproteins were putatively overexpressed in bladder 

cancer and the access to previous associations with disease severity. We should 

stress out that while Oncomine is a good starting point for biomarker discovery, 

the outputs are strongly dependent on available databases at the time of analysis. 

As such, a comprehensive observation of the results and clinical validation of 

potentially relevant glycobiomarkers is required. With Cytoscape plugins, we 

visualized the most significant biological functions of our candidate 

glycobiomarkers in the form of a biological function’s network. Also, the clustering 

of biological function’s network allowed a comparative analysis according with the 

degree of invasion (non-muscle vs muscle invasion).  

Nevertheless, we must note that the proposed roadmap is limited by pre-

existing annotations in the databases, including described glycosyation sites. As 

such it cannot be used as discovery tool capable of increasing the number of 

identified glycoproteins, but rather narrow down protein hits to a list of high 

confidence and clinically relevant identifications, warranting confirmation by other 

biochemical methods. In particular, this approach may be of particular interest for 

addressing limitation associated with glycoproteomics studies using conventional 

proteomics approaches based on CID-fragmentation. Noteworthy, in silico 

approaches should be considered a starting point requiring comprehensive 

biological and clinical validation using patient samples.  
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Even though we have focused on bladder cancer O-glycoproteome, this approach 

may be generalized to different datasets from different types of cancers and 

alternative analytical strategies, including studies on the N-glycoproteome. It 

enables the extraction of key molecular insights for downstream studies from 

highly heterogeneous datasets such as those obtained from tumour tissue 

samples. We believe that this roadmap may be useful for handling big data in the 

context of cancer glycobiology and a starting platform for comprehensive clinical 

studies.  
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ABSTRACT 

Bladder Cancer (BC) presents one of the highest recurrence rates amongst 

solid tumours and constitutes the second deadliest disease of the genitourinary 

track. Non-invasive identification of patients facing disease recurrence and/or 

progression remains one of the most critical and challenging aspects in disease 

management. To contribute to this goal, we demonstrate the potential of glycan-

affinity glycoproteomics nanoplatforms for urinary biomarkers discovery in bladder 

cancer. Briefly, magnetic nanoprobes (MNP) coated with three broad-spectrum 

lectins, namely Concanavalin A (ConA; MNP@ConA), Wheat Germ Agglutinin (WGA; 

MNP@WGA), and Sambucus nigra (SNA; MNP@SNA), were used to selectively 

capture glycoproteins from the urine of low-grade and high-grade non-muscle 

invasive as well as muscle-invasive BC patients. Proteins were identified by nano-

LC MALDI-TOF/TOF and data was curated using bioinformatics tools (UniProt, 

NetOGlyc, NetNGlyc, ClueGO app for Cytoscape and Oncomine) to highlight 

clinically relevant species. Accordingly, 63 glycoproteins were exclusively identified 

in cancer samples compared with healthy controls matching in age and gender. 

Specific glycoprotein sets exclusively found in low-grade non-muscle invasive 

bladder tumours may aid early diagnosis, while those only found in high-grade non-

invasive and muscle-invasive tumours hold potential for accessing progression. 

Amongst these proteins is bladder cancer stem-cell marker CD44, which has been 

associated with poor prognosis. Orthogonal validation studies by slot-blotting 

demonstrated an elevation in urine CD44 levels of high-grade patients, which 

became more pronounced upon muscle-invasion, in mimicry of the primary 

tumour. These observations demonstrate the potential of MNP@lectins for 

identification of clinically relevant glycoproteomics signatures in bladder cancer. 

Future clinical validation in a larger and well characterized patient subset is 

required envisaging clinical translation of the results.  

 

 

Keywords: Glycoproteomics, urine biomarkers, bladder cancer, glycosylation, 

nanoprobes; nanoparticles 
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1. INTRODUCTION 

Bladder cancer (BC) is the second most deadly malignancy of the urinary 

tract [1]. Patients diagnosed with low-grade non-muscle invasive BC (NMIBC) 

generally face better prognosis, whereas those with high-grade lesions are 

frequently burdened by significant recurrences, generally accompanied by 

progression to muscle invasion (MIBC) and metastasis [2]. As such, these patients 

are subjected to several post-operative cycles of intravesical therapy proceeded by 

intensive and invasive follow-up interventions [2]. The development of non-invasive 

tools supporting the differentiation between low and high-grade lesions, as well as 

the early identification of patients at risk of progression, remains a critical aspect 

for disease management [3].  

Urine is easily accessible and, in bladder cancer cases, is in direct contact 

with the tumour, thereby providing a key source of biomarkers for addressing the 

above-mentioned difficulties [4]. Moreover, the human urine proteome is well 

characterized, supporting proteomics-based biomarker studies [5]. Interestingly, 

the most relevant targets arising from these studies include several glycoproteins, 

such as members of the apolipoprotein family, fibrinogen chains, alpha-1-

antitrypsin, alpha-2-macroglobulin, and uromodulin [5, 6]. Nevertheless, these 

biomarkers may be reflective of haematuria and have also been associated with 

kidney disease (e.g. apolipoproteins, uromodulin, or alpha-1-antitrypsin) and other 

pathologies [6]. As such, current urine biomarkers lack the necessary sensitivity 

and specificity for clinical use; however, their incorporation in multi-biomarker 

panels may provide the necessary molecular context for more effective 

applications. However, the lack of efficient enrichment strategies remains one of 

the most critical aspects underlying the identification of cancer-specific 

biomarkers, generally present in minute amounts (nano-femtomolar range) in 

bodily fluids such as urine [7].  

Targeting glycan moieties in cancer-associated glycoproteins holds 

tremendous potential to overcome these limitations, while providing an important 

source of clinically relevant biomarkers [8]. Moreover, the identification of disease-

associated glycoforms may further improve the biomarker potential of already 

proposed urine glycobiomarkers. Accordingly, several decades of research, mostly 

using lectins and antibodies for tissue screening, have disclosed a plethora of 

alterations in membrane proteins glycosylation associated with bladder cancer [3]. 

Namely, we have reported that disease progression to invasion and dissemination 
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is accompanied by the overexpression of short-chain sialylated O-glycans, 

associated with poor prognosis [9-11]. Lectin-enrichment targeting these glycans 

further enabled the identification of clinically relevant glycoproteins in patient 

samples, including several integrins, cadherins, the stem cell marker CD44 and 

MUC16 [12, 13]. Taken together, our studies demonstrated the importance of pre-

enrichment strategies for downstream comprehensive glycoproteomics 

approaches envisaging biomarker discovery [12-14]. Concomitantly to O-glycan 

alterations, advanced stage bladder cancer cells also experience N-glycome 

remodelling, including changes in mannose core, branching, elongation and 

degree of fucosylation and sialylation [3]. However, the nature of the glycoproteins 

exhibiting these alterations is still poorly understood. Nevertheless, we 

hypothesize that abnormally glycosylated proteins may be secreted or shed from 

the primary tumour into bodily fluids, constituting an important source of 

potentially relevant urine glycobiomarkers.  

Building on these insights, our group has developed lectin functionalized 

magnetic nanoprobes for glycoproteomics research, which have demonstrated 

enhanced sensitivity in comparison to conventional enrichment strategies [15, 16]. 

Herein, we aim to explore the potential of these nanoplatforms to highlight the 

existence of glycoprotein signatures associated with bladder cancer stage and 

grade. We envisage that this preliminary approach may provide the necessary 

analytical rationale for more in depth translational studies. 

 

2. MATERIAL AND METHODS 

2.1. Patient Samples 

Between 2010 and 2011, thirty-one first void urine samples without visible 

signs of haematuria were prospectively collected before surgery of bladder cancer 

male patients with mean age of 70 (range, 45–89) years, attending the Portuguese 

Institute of Oncology of Porto (IPO-Porto; Portugal). Only patients that had not been 

previously submitted to neoadjuvant therapy were included. Corresponding 

formalin-fixed paraffin embedded (FFPE) tumours were also obtained for this study. 

Based on the World Health Organization urothelial carcinoma grading and staging 

criteria, three different groups were considered in this study, namely low-grade 

(n=15) and high grade (n=9) non-muscle-invasive bladder tumours (NMIBC) and 

muscle-invasive (n=7) tumours (MIBC). An additional 15 urines were obtained from 

healthy control male volunteers, mean age of 68 (range 41-82) years. All 
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procedures were performed under the approval of the institution ethics committee 

and upon patients’ informed consent. All clinicopathological information was 

obtained from patients’ clinical records. 

 

2.2. Isolation and Quantification of Urine Proteins 

Five to forty millilitres of collected urine were centrifuged at 5000g for 40 

min at 4 °C to remove cells and debris, desalted on Amicon Ultra 10 kDa centrifugal 

filters (Merck KGaA, Darmstadt, Germany) and proteins were resuspended on 50 

mM Ammonium bicarbonate (pH 7.8, Sigma-Aldrich, St. Louis, MO, EUA). Protein 

quantification was accessed using the DC Protein assay (Bio-Rad, Hercules, CA, USA) 

and protein content was normalized in relation to creatinine, as previously 

described [17, 18]. Creatinine content was determined using a colorimetric 

Creatinine Assay Kit (Abcam, Cambridge, UK). Protein/Creatinine ratio was used to 

disclose sample proteinuria as result of disease. 

 

2.3. Total Sialic acids  

Total sialic acids (TSA) were determined by fluorimetry as previously 

described [15, 16]. All solutions were precooled in an ice bath. Twenty microliters 

of sodium periodate solution (10 mM, Sigma-Aldrich) were added to 30 µl of 

glycoconjugate sample (10–200 µg) placed in a 2 mL polypropylene test tube. The 

solution was chilled in the ice bath for 45 min. The reaction was stopped by adding 

100 µl of 50 mM sodium thiosulfate (Sigma-Aldrich), 500 µl of 4.0 M ammonium 

acetate (pH 7.5, Sigma-Aldrich) and 400 µl of an ethanolic solution of 100 mM 

acetoacetanilide (Sigma-Aldrich), followed by incubation for 10 min at room 

temperature. The fluorescence intensities of the solution were measured at 471 nm 

with an excitation wavelength of 388 nm. Detection limits of the determination 

were obtained according to the relative fluorescence of sample solution to a sample 

blank prepared under identical conditions. TSA content was normalized in relation 

to the creatinine content in the samples. 

 

2.4. Synthesis of lectin functionalized magnetic nanoparticles (MNP@ConA; 

MNP@WGA; MNP@SNA) 

Lectin functionalized ferromagnetic nanoparticles were synthetized as 

previously described by Ferreira et al. (2011) [15] and Cova M et al. (2015) [16]. 

Briefly, the iron oxide magnetic core of the MNPs was synthesized by 
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coprecipitation of FeCl2 and FeCl3 (Sigma-Aldrich) under alkaline conditions and 

coated with amorphous silica to prevent particle clustering and ensure their 

chemical stability. Encapsulation of the magnetic core was achieved by hydrolysis 

and condensation of tetraethyl orthosilicate (TEOS, Sigma-Aldrich) under alkaline 

conditions with trimethylamine (Sigma-Aldrich) as catalyst. Subsequently, the silica-

coated nanoparticle surface was functionalized with amine groups with 3-

aminopropyltrimethoxysilane (APS, Sigma-Aldrich) to reduce nonspecific 

interactions with the target proteins. Successful synthesis and surface modification 

of the MNP matrix was ensured by step-by-step monitorization with Fourier 

transform infrared (FT-IR) spectroscopy. The size and shape of the MNPs was 

determined by transmission electron microscopy. The MNPs exhibited relatively 

narrow size distribution and an average diameter of 14±3 nm, thus confirming their 

nanoscale dimensions. The MNPs were then dispersed in dimethyl sulfoxide (DMSO, 

Sigma-Aldrich) and their surface was activated with suberic acid bis-N-

hydroxysuccinimide ester (DSS, Sigma-Aldrich), washed thoroughly with DMSO, and 

incubated with Concanavalin A (ConA; Vector Laboratories, Burlingame, CA, USA), 

Wheat Germ Agglutinin (WGA; Vector Laboratories), and Sambucus nigra (SNA; 

Vector Laboratories) (1 mg/mL in binding buffer; Table 1S) at 4 °C for 12 h to 

produce MNP@ConA, MNP@WGA, and MNP@SNA particles, respectively. Binding of 

the lectins at the cells surface was confirmed by FT-IR and UV spectroscopy at 280 

nm. The amount of bounded lectin was indirectly estimated from the conjugation 

supernatant.  

 

2.5. Urine Glycoprotein enrichment with MNP@lectins 

Proteins isolated from the urine of male individuals (n=5) were polled 

together according to the following groups: i) Controls; ii) low-grade NMIBC; iii) 

high-grade NMIBC; iv) MIBC. Protein extracts (100 µg) were diluted in 500 μL of 

lectin binding buffers and incubated with 1 mg of MNP@lectins at 4°C for 30 min. 

Specifically, ConA binding buffer was 20 mM Tris, 500 mM NaCl, 5 mM MgCl2, 5 

mM MnCl2, and 5 mM CaCl2, pH 7.45. WGA binding buffer was 20 mM Tris, 150 

mM NaCl, and 0.05% Tween-20, pH 7.45. SNA binding buffer was 20 mM Tris, 150 

mM NaCl, and 0.05% Tween-20, pH 7.45. The MNP were then pulled to the tube 

walls under the influence of a strong magnetic field, allowing an easy and complete 

removal of the supernatant. The unbound proteins were removed by washing three 

times with 200 μL of wash buffer (0.05% Tween-20 in binding buffer). The 
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glycoproteins were recovered with specific elution buffers for each ligand as 

previously reported [15, 16]. 

 

2.5. Protein identification and data curation 

The proteins recovered from MNP@lectins were first reduced upon 

incubation with 5 mM dithiothreitol (DTT, Sigma-Aldrich) at 75ºC for 1 h, then 

alkylated with 20 mM iodoacetamide (Sigma-Aldrich) at room temperature in the 

dark for 2 h and digested with trypsin (Promega, Madison, WI, USA) for 37.0°C 

overnight. Protein identification was performed as previously described by our 

group [16]. Tryptic digests were separated with a C18 Pepmap (Dionex) column on 

an Ultimate 3000 (Dionex/LC Packings, Sunnyvale, CA) nano-HPLC, and fractions 

were collected with a Probot (Dionex/LC Packings, Sunnyvale, CA) directly onto a 

matrix-assisted laser desorption ionization (MALDI) plate. The MALDI-TOF/TOF 

(time-of-flight) mass spectrometry (MS) analysis was performed on a 4800 MALDI-

TOF/TOF Analyzer (Applied Biosystems, Foster City, CA). The MS and MS/MS 

spectra acquired were processed and analyzed by the Global Protein Server 

Workstation (Applied Biosystems). LC-MALDI-MS/MS runs were done in triplicates 

for each MNP@lectin (ConA, WGA, SNA) and experimental condition (control, low-

grade NMIBC, high-grade NMIBC; MIBC). Protein identification was achieved with a 

search performed against the Swiss-Prot protein database (March 2009, 428 650 

entries) for Homo sapiens. The final list includes proteins common to all three 

independent LC-MALDI-MS/MS runs, which were then queried using the “Retrieve 

ID/mapping” tool of UniProtKB [19] for membrane glycoproteins with extracellular 

domain or secreted glycoproteins [14]. The identified glycoproteins were then 

screened for putative N-glycosylation sites using NetNglyc 1.0 server 

(http://www.cbs.dtu.dk/services/NetNGlyc), an artificial neural network that 

examines the sequence context of Asn-X-Ser/Thr (where X is not Pro) sequons [20]. 

O-glycosylation was predicted using the NetOglyc 4.0 server (http:// 

www.cbs.dtu.dk/services/NetOGlyc) that produces neural network predictions of 

mucin-type GalNAc O-glycosylation sites in mammalian proteins [21]. Online 

bioinformatics tools Oncomine [22] and the ClueGO app for Cytoscape 

(http://www.cytoscape.org/) [23, 24] allowed narrowing the identified species to 

glycobiomarkers with non-invasive clinical potential, as previously described by us 

[14]. 
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2.6. Slot-Blot analysis 

Urine proteins (10 µg) were slot-blotted on a nitrocellulose membrane 

(Whatman, Protan; pore size 0.45 µm) using the Hybri-slot apparatus (21052-014; 

Gibco BRL, Life Technologies, Waltham, MA, USA). Protein loads in the nitrocellulose 

membranes was determined by Ponceau S (Sigma-Aldrich). Nonspecific binding was 

blocked with Carbo-Free Blocking Solution (SP-5040, Vector Laboratories) for 30 

minutes at room temperature. The samples were incubated with biotinylated ConA, 

WGA and SNA lectins (Vector Laboratories) for 30 minutes at room temperature. 

Membranes were then washed with TBS-T (TBS with 0.5 % Tween 20) and incubated 

with VECTASTAIN® ABC (Peroxidase, PK-6100, Vector Laboratories) for 30 minutes 

at room temperature. Lectin-affinity was determined using biotin/avidin 

interaction. Albumin from chicken egg white (Sigma-Aldrich) was used as positive 

control for ConA [25] and fetuin from fetal calf serum (Sigma-Aldrich) was used as 

positive control for WGA [26] and SNA [27]. Positive controls were used for 

normalization of results amongst different blots. Deglycosylated bovine serum 

albumin (Sigma-Aldrich) was used as negative control. Urine proteins were also 

screened for CD44 using a recombinant monoclonal antibody (anti-CD44, 1:150 in 

PBS; EPR1013Y; Abcam, Cambridge, UK) and a goat anti-rabbit IgG (H+L) secondary 

antibody, HRP (Invitrogen, Carlsbad, CA, USA). Reactive bands were detected by 

enhanced chemiluminescence ECL (Amersham Pharmacia Biotech Inc, Piscataway, 

NJ, USA) according to the manufacturer's instructions. Images were recorded using 

X-ray films (Kodak Biomax light Film, Sigma-Aldrich). The films were scanned in 

Molecular Imager Gel Doc XR+ System (Bio-Rad) and analyzed with QuantityOne 

software (v 4.6.3, Bio-Rad). The results reflected the average of at least three 

independent replicates. 

 

2.7. Immunohistochemistry 

Formalin-fixed, paraffin-embedded tissue sections (FFPE) were screened for 

CD44 expression by immunohistochemistry using the strepavidin/biotin 

peroxidase method. Briefly, 3 μm sections were deparaffinized with xylene, 

rehydrated with graded ethanol series, microwaved for 15 min in boiling citrate 

buffer (10mM Citric Acid, 0.05% Tween 20, pH 6.0, Sigma-Aldrich), and exposed to 

3% hydrogen peroxide for 25 min. CD44 was detected using a recombinant 

monoclonal antibody (anti-CD44, 1:4000 in PBS; ab157107; Abcam, Cambridge, 

UK) after incubation overnight at 4°C. The antigens were identified with UltraVision 
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HRP Detection System Kit (Thermo Fisher Scientific, Waltham, MO, USA) followed by 

incubation with 3,3-diaminobenzidine tetrahydrochloride (Impact Dab, Vector 

Laboratories) for chromogenic development. Finally, the slides were counterstained 

with Harris’s haematoxylin for 1 min. Negative control sections were performed by 

adding BSA (5% in PBS) devoided of primary antibody. CD44 negative muscle tissue 

sections were also analysed in parallel as negative controls. The immunostained 

sections were blindly assessed using light microscopy by two independent 

observers and validated by an experienced pathologist. Briefly, a semi-quantitative 

approach was established to score immunoreactivity based on the intensity and 

extension of the staining. The extension of staining was rated in cutoffs of 10%, 

and staining intensity was rated as follows: negative-0, weak-1, moderate-2, strong-

3. The tumours were then classified based on the multiplication of extension 

evaluation and intensity. Disaccording readings were re-analyzed using a double-

headed microscope and consensus was reached.  

 

2.8. Statistical analysis 

Statistical analysis was performed using Graphpad prism7 by GraphPad 

Software, Inc. Differences between continuous variables among the evaluated 

groups were accessed by Mann-Whitney non-parametric test for independent 

samples. Differences were considered significant when p<0.05. 

 

3. RESULTS 

To highlight the potential of glycan-affinity glycoproteomics nanoplatforms 

for biomarker discovery in BC, we have prospectively collected urine samples from 

low-grade and high-grade NMIBC and MIBC patients. A significant increase in 

protein content was observed in these urines in comparison to healthy controls 

matching in age and gender (Figure 1A). Moreover, proteinuria increased with the 

severity of the lesions, in accordance with previous reports [28]. Concomitantly, 

the urines of cancer patients presented higher sialic acids content in comparison 

to the controls, which also was more pronounced in high-grade NMIBC and MIBC 

(Figure 1B), suggesting profound alterations in the urine glycome. Urine 

glycoproteins were then isolated after dialysis and pooled together in accordance 

with the histopathological natures of the tumours.  
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Figure 1. Protein content and total sialic acids of urines from controls and 

bladder cancer patients with low-grade NMIBC, high-grade NMIBC and MIBC. A 

significant increase in urinary proteinuria and in sialic acids content was observed along 

with the severity of the bladder cancer lesions in comparison to individuals without known 

neoplasia, matched in age and gender.  

* p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001 

 

As a proof-of-concept, we have incubated urine proteins from each group 

with MNP functionalized with three broad spectra lectins: i) ConA, targeting α-

linked mannose present in N-glycan core oligosaccharides; ii) WGA, targeting 

terminal GlcNAc units common to many glycans found in membrane proteins; iii) 

SNA, targeting preferentially O-6 linked and, to less extent, O-3 linked sialic acids. 
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Proteins showing affinity for these lectins were recovered from the beads and 

identified based on a bottom-up shotgun proteomics by nanoLC-MALDI-TOF/TOF. 

The resulting data was sorted for membrane or secreted glycoproteins showing 

putative N- and/or O-glycosylation sites, based on bioinformatics predictions using 

UniProt, NetNGlyc and NetOGlyc, respectively.  

Overall, we have identified 114 glycoproteins, 63 of which were exclusively 

found in cancer patients’ urines and 21 solely in the controls (Table 1 and 2). 

Considering the lectins individually, a higher number of proteins were identified 

with SNA (n=70) in comparison to ConA (n=56) and WGA (n=52), for both controls 

and cancer groups (Figure 2A). It was also highlighted the existence of lectin-

specific proteomic fingerprints exclusively associated to the disease state (Figure 

2B), which may result from significant alterations in the glycome and/or 

glycoproteins abundance. However, such differences were more pronounced for 

advanced disease (high grade NMIBC+MIBC) in comparison to superficial lesions 

and the controls. In particular, ConA and SNA retrieved a higher number of proteins 

for MIBC, suggesting significant alterations in N-glycans mannose backbone 

oligosaccharide and α2,6 sialylation of glycans, respectively.  

 

Table 1. Extracellular membrane-bound or secreted glycoproteins with affinity to ConA, WGA or SNA 

lectins showing N- or O-glycosylation that were identified in urine samples from controls 

Protein Name MW Entry N-glycosylated O-glycosylated ConA WGA SNA 

Alpha-1-acid glycoprotein 1 

OS=Homo sapiens GN=ORM1 PE=1 

SV=1 23 P02763 YES NO   √ 

Alpha-2-HS-glycoprotein OS=Homo 

sapiens GN=AHSG PE=1 SV=1 39 P02765 YES YES   √ 

Alpha-2-macroglobulin-like protein 

1 OS=Homo sapiens GN=A2ML1 

PE=1 SV=2 161 A8K2U0 YES YES   √ 

Alpha-amylase 2B OS=Homo sapiens 

GN=AMY2B PE=1 SV=1 58 P19961 YES YES   √ 

Apolipoprotein B-100 OS=Homo 

sapiens GN=APOB PE=1 SV=1 515 P04114 YES YES   √ 

Cerebellin-2 OS=Homo sapiens 

GN=CBLN2 PE=2 SV=1 24 Q8IUK8 YES YES  √  

Ceruloplasmin OS=Homo sapiens 

GN=CP PE=1 SV=1 122 P00450 YES YES   √ 

Desmoglein-1 OS=Homo sapiens 

GN=DSG1 PE=1 SV=2 114 Q02413 YES YES √   

Dipeptidase 2 OS=Homo sapiens 

GN=DPEP2 PE=1 SV=1 53 Q9H4A9 YES YES  √  

Fibrocystin-L OS=Homo sapiens 

GN=PKHD1L1 PE=2 SV=2 465 Q86WI1 YES YES √   

Fibronectin OS=Homo sapiens 

GN=FN1 PE=1 SV=3 262 P02751 YES YES   √ 

Frizzled-4 OS=Homo sapiens 

GN=FZD4 PE=1 SV=2 60 Q9ULV1 YES YES  √  

Galectin-3-binding protein 

OS=Homo sapiens GN=LGALS3BP 

PE=1 SV=1 65 Q08380 YES YES   √ 
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Gamma-interferon-inducible 

lysosomal thiol reductase OS=Homo 

sapiens GN=IFI30 PE=1 SV=2 29 P13284 YES NO   √ 

G-protein coupled receptor 98 

OS=Homo sapiens GN=GPR98 PE=1 

SV=1 692 Q8WXG9 YES YES   √ 

Ig alpha-1 chain C region OS=Homo 

sapiens GN=IGHA1 PE=1 SV=2 38 P01876 YES YES   √ 

Ig gamma-2 chain C region 

OS=Homo sapiens GN=IGHG2 PE=1 

SV=2 36 P01859 YES YES   √ 

Ig kappa chain C region OS=Homo 

sapiens GN=IGKC PE=1 SV=1 12 P01834 NO YES   √ 

Immunoglobulin superfamily 

member 10 OS=Homo sapiens 

GN=IGSF10 PE=1 SV=1 291 Q6WRI0 YES YES   √ 

Indian hedgehog protein OS=Homo 

sapiens GN=IHH PE=1 SV=4 45 Q14623 YES YES  √  

Integrin alpha-L OS=Homo sapiens 

GN=ITGAL PE=1 SV=3 129 P20701 YES YES  √  

Inter-alpha-trypsin inhibitor heavy 

chain H4 OS=Homo sapiens 

GN=ITIH4 PE=1 SV=4 103 Q14624 YES YES   √ 

Interleukin-17 receptor A OS=Homo 

sapiens GN=IL17RA PE=1 SV=2 96 Q96F46 YES YES  √  

Junction plakoglobin OS=Homo 

sapiens GN=JUP PE=1 SV=3 82 P14923 YES YES √   

Laminin subunit alpha-2 OS=Homo 

sapiens GN=LAMA2 PE=1 SV=4 344 P24043 YES YES √ √  

Large proline-rich protein BAT3 

OS=Homo sapiens GN=BAT3 PE=1 

SV=2 119 P46379 YES YES √ √  

Lutropin-choriogonadotropic 

hormone receptor OS=Homo 

sapiens GN=LHCGR PE=1 SV=4 79 P22888 YES YES  √  

Macrophage-stimulating protein 

receptor OS=Homo sapiens 

GN=MST1R PE=1 SV=1 152 Q04912 YES YES √   

Monocyte differentiation antigen 

CD14 OS=Homo sapiens GN=CD14 

PE=1 SV=2 40 P08571 YES YES   √ 

Neurotensin receptor type 2 

OS=Homo sapiens GN=NTSR2 PE=2 

SV=1 45 O95665 NO YES  √  

Osteopontin OS=Homo sapiens 

GN=SPP1 PE=1 SV=1 35 P10451 YES YES  √  

Otoferlin OS=Homo sapiens 

GN=OTOF PE=1 SV=3 227 Q9HC10 YES YES  √  

Pancreatic alpha-amylase OS=Homo 

sapiens GN=AMY2A PE=1 SV=2 58 P04746 YES YES   √ 

Pepsin A OS=Homo sapiens 

GN=PGA3 PE=1 SV=1 42 P0DJD8 NO YES   √ 

Plasma serine protease inhibitor 

OS=Homo sapiens GN=SERPINA5 

PE=1 SV=2 46 P05154 YES YES   √ 

Prostaglandin-H2 D-isomerase 

OS=Homo sapiens GN=PTGDS PE=1 

SV=1 21 P41222 YES NO   √ 

Protein AMBP OS=Homo sapiens 

GN=AMBP PE=1 SV=1 39 P02760 YES YES   √ 

Protein notum homolog OS=Homo 

sapiens GN=NOTUM PE=2 SV=2 56 Q6P988 YES YES  √  

Protocadherin Fat 1 OS=Homo 

sapiens GN=FAT1 PE=1 SV=1 506 Q14517 YES YES √   

Protocadherin Fat 2 OS=Homo 

sapiens GN=FAT2 PE=1 SV=1 479 Q9NYQ8 YES YES √   

Putative maltase-glucoamylase-like 

protein FLJ16351 OS=Homo sapiens 

PE=2 SV=1 74 Q2M2H8 YES YES   √ 

Serotransferrin OS=Homo sapiens 

GN=TF PE=1 SV=2 77 P02787 YES YES   √ 
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Serum albumin OS=Homo sapiens 

GN=ALB PE=1 SV=2 69 P02768 NO YES   √ 

Tenascin-X OS=Homo sapiens 

GN=TNXB PE=1 SV=3 464 P22105 YES YES  √  

Transmembrane protein 132D 

OS=Homo sapiens GN=TMEM132D 

PE=2 SV=1 122 Q14C87 YES YES √   

Transmembrane protein 214 

OS=Homo sapiens GN=TMEM214 

PE=1 SV=2 77 Q6NUQ4 YES YES  √  

Transmembrane protein 8A 

OS=Homo sapiens GN=TMEM8A 

PE=1 SV=2 85 Q9HCN3 YES YES  √  

Uromodulin OS=Homo sapiens 

GN=UMOD PE=1 SV=1 70 P07911 YES YES √  √ 

Vesicle-associated membrane 

protein 5 OS=Homo sapiens 

GN=VAMP5 PE=1 SV=1 13 O95183 YES YES  √  

WAP, kazal, immunoglobulin, kunitz 

and NTR domain-containing protein 

2 OS=Homo sapiens GN=WFIKKN2 P 64 Q8TEU8 YES YES √ √  

Zinc-alpha-2-glycoprotein OS=Homo 

sapiens GN=AZGP1 PE=1 SV=2 34 P25311 YES YES   √ 

 

 

Table 2. Cancer-specific extracellular membrane-bound or secreted glycoproteins with affinity to ConA, WGA or 

SNA lectins showing N- or O-glycosylation that were identified in urine samples from bladder cancer patients 

Protein Name MW Entry O-glyco sites  N-glyco sites Bladder cancer ConA WGA SNA Oncomine 

Alpha-2-macroglobulin 

OS=Homo sapiens 

GN=A2M PE=1 SV=2 163 P01023 4 8 All √ √ √ NS 

Fibrinogen beta chain 

OS=Homo sapiens 

GN=FGB PE=1 SV=2 56 P02675 5 1 All √ √ √ NS 

Complement C3 

OS=Homo sapiens 

GN=C3 PE=1 SV=2 187 P01024 >10 2 All  √ √ NS 

Fibrinogen gamma 

chain OS=Homo sapiens 

GN=FGG PE=1 SV=3 51 P02679 4 1 All  √ √ NS 

Pregnancy zone protein 

OS=Homo sapiens 

GN=PZP PE=1 SV=4 164 P20742 8 >10 All  √ √ NS 

Apolipoprotein A-I 

OS=Homo sapiens 

GN=APOA1 PE=1 SV=1 31 P02647 4 NO All √ √ √ NS 

Complement C4-B 

OS=Homo sapiens 

GN=C4B PE=1 SV=1 193 P0C0L5 >10 5 All   √ NS 

Ig gamma-1 chain C 

region OS=Homo 

sapiens GN=IGHG1 PE=1 

SV=1 36 P01857 7 1 All √ √ √ NS 

Haptoglobin OS=Homo 

sapiens GN=HP PE=1 

SV=1 45 P00738 5 4 All √ √ √ NS 

Ig gamma-3 chain C 

region OS=Homo 

sapiens GN=IGHG3 PE=1 

SV=2 41 P01860 >10 1 All √ √ √ MIBC 

Fibrinogen alpha chain 

OS=Homo sapiens 

GN=FGA PE=1 SV=2 95 P02671 >10 2 All  √ √ NS 

Pecanex-like protein 1 

OS=Homo sapiens 

GN=PCNX PE=2 SV=2 259 Q96RV3 >10 7 All  √ √ NS 

Leucine-rich alpha-2-

glycoprotein OS=Homo 38 P02750 5 2 

HG 

NMIBC/MIBC √ √  NS 
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sapiens GN=LRG1 PE=1 

SV=2 

Alpha-1-antitrypsin 

OS=Homo sapiens 

GN=SERPINA1 PE=1 

SV=3 47 P01009 5 4 

HG 

NMIBC/MIBC  √ √ MIBC 

CD44 antigen OS=Homo 

sapiens GN=CD44 PE=1 

SV=2 82 P16070 >10 8 

HG 

NMIBC/MIBC  √  MIBC 

Complement C5 

OS=Homo sapiens 

GN=C5 PE=1 SV=4 188 P01031 8 3 

HG 

NMIBC/MIBC  √ √ NS 

Hemopexin OS=Homo 

sapiens GN=HPX PE=1 

SV=2 52 P02790 9 5 

HG 

NMIBC/MIBC  √ √ NS 

Kininogen-1 OS=Homo 

sapiens GN=KNG1 PE=1 

SV=2 72 P01042 >10 3 

HG 

NMIBC/MIBC  √ √ NS 

Vitronectin OS=Homo 

sapiens GN=VTN PE=1 

SV=1 54 P04004 >10 2 

HG 

NMIBC/MIBC  √ √ NS 

Ig mu heavy chain 

disease protein 

OS=Homo sapiens PE=1 

SV=1 43 P01871 2 5 

HG 

NMIBC/MIBC   √ MIBC 

Basement membrane-

specific heparan sulfate 

proteoglycan core 

protein OS=Homo 

sapiens GN=HSPG2 PE=1 

SV=3 469 P98160 >10 8 

HG 

NMIBC/MIBC  √ √ NMIBC 

SCO-spondin OS=Homo 

sapiens GN=SSPO PE=2 

SV=1 547 A2VEC9 >10 >10 

HG 

NMIBC/MIBC   √ NS 

Ig gamma-4 chain C 

region OS=Homo 

sapiens GN=IGHG4 PE=1 

SV=1 36 P01861 9 1 MIBC √  √ No results 

Ig lambda chain C 

regions OS=Homo 

sapiens GN=IGLC1 PE=1 

SV=1 11 P0CG04 3 1 MIBC √  √ No results 

Prostatic acid 

phosphatase OS=Homo 

sapiens GN=ACPP PE=1 

SV=3 45 P15309 6 3 MIBC √   NS 

Mannan-binding lectin 

serine protease 2 

OS=Homo sapiens 

GN=MASP2 PE=1 SV=3 76 O00187 >10 NO MIBC √   NS 

Transthyretin OS=Homo 

sapiens GN=TTR PE=1 

SV=1 16 P02766 1 NO MIBC √   NS 

Gamma-glutamyl 

hydrolase OS=Homo 

sapiens GN=GGH PE=1 

SV=2 36 Q92820 NO 3 MIBC √   Both 

Complement factor H 

OS=Homo sapiens 

GN=CFH PE=1 SV=4 139 P08603 >10 4 MIBC  √ √ NS 

Haptoglobin-related 

protein OS=Homo 

sapiens GN=HPR PE=1 

SV=2 39 P00739 2 3 MIBC   √ NS 

Keratin, type II 

cytoskeletal 1 OS=Homo 

sapiens GN=KRT1 PE=1 

SV=6 66 P04264 >10 2 MIBC   √ NS 

Alpha-1B-glycoprotein 

OS=Homo sapiens 

GN=A1BG PE=1 SV=3 54 P04217 1 4 MIBC   √ NS 



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 
 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
244 

 

Alpha-1-

antichymotrypsin 

OS=Homo sapiens 

GN=SERPINA3 PE=1 

SV=2 48 P01011 2 4 MIBC   √ NS 

Plasminogen OS=Homo 

sapiens GN=PLG PE=1 

SV=2 91 P00747 >10 NO MIBC   √ NS 

Serum amyloid A 

protein OS=Homo 

sapiens GN=SAA1 PE=1 

SV=2 14 P0DJI8 1 NO MIBC   √ NS 

Apolipoprotein E 

OS=Homo sapiens 

GN=APOE PE=1 SV=1 36 P02649 10 NO MIBC   √ MIBC 

Clusterin OS=Homo 

sapiens GN=CLU PE=1 

SV=1 52 P10909 5 6 MIBC   √ NS 

von Willebrand factor A 

domain-containing 

protein 5B1 OS=Homo 

sapiens GN=VWA5B1 

PE=1 SV=2 134 Q5TIE3 >10 5 MIBC   √ NS 

Zonadhesin OS=Homo 

sapiens GN=ZAN PE=2 

SV=3 305 Q9Y493 >10 10 MIBC   √ NS 

IgGFc-binding protein 

OS=Homo sapiens 

GN=FCGBP PE=1 SV=3 572 Q9Y6R7 >10 >10 MIBC   √ NS 

Collagen alpha-3(IV) 

chain OS=Homo sapiens 

GN=COL4A3 PE=1 SV=3 162 Q01955 >10 1 MIBC   √ NS 

Sodium channel protein 

type 2 subunit alpha 

OS=Homo sapiens 

GN=SCN2A PE=1 SV=3 228 Q99250 >10 >10 LG NMIBC √   NS 

Mucin-16 OS=Homo 

sapiens GN=MUC16 

PE=1 SV=2 3007 Q8WXI7 >10 >10 LG/HG NMIBC √  √ MIBC 

Probable cation-

transporting ATPase 

13A2 OS=Homo sapiens 

GN=ATP13A2 PE=2 

SV=2 129 Q9NQ11 6 2 LG NMIBC √   Both 

Pyridoxal phosphate 

phosphatase OS=Homo 

sapiens GN=PDXP PE=1 

SV=2 32 Q96GD0 NO 2 LG NMIBC √   NS 

Uncharacterized aarF 

domain-containing 

protein kinase 2 

OS=Homo sapiens 

GN=ADCK2 PE=2 SV=1 69 Q7Z695 6 NO LG NMIBC √   NMIBC 

Down syndrome cell 

adhesion molecule-like 

protein 1 OS=Homo 

sapiens GN=DSCAML1 

PE=1 SV=2 224 Q8TD84 >10 >10 LG NMIBC  √  NS 

Protein kinase C-binding 

protein NELL2 

OS=Homo sapiens 

GN=NELL2 PE=1 SV=1 91 Q99435 >10 7 LG NMIBC  √  NS 

Protein patched 

homolog 2 OS=Homo 

sapiens GN=PTCH2 

PE=2 SV=2 130 Q9Y6C5 >10 3 LG NMIBC  √  NS 

Zymogen granule 

protein 16 homolog B 

OS=Homo sapiens 

GN=ZG16B PE=1 SV=3 23 Q96DA0 5 1 LG NMIBC   √ NS 
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Trypsin-2 OS=Homo 

sapiens GN=PRSS2 PE=1 

SV=1 26 P07478 1 NO HG NMIBC √   MIBC 

Ig alpha-2 chain C 

region OS=Homo 

sapiens GN=IGHA2 PE=1 

SV=3 37 P01877 6 5 HG NMIBC √   No results 

Collagen alpha-1(XX) 

chain OS=Homo sapiens 

GN=COL20A1 PE=1 

SV=4 136 Q9P218 >10 1 HG NMIBC √   NS 

Probable phospholipid-

transporting ATPase IIB 

OS=Homo sapiens 

GN=ATP9B PE=2 SV=4 129 O43861 10 1 HG NMIBC √   NS 

Epidermal growth factor 

receptor substrate 15-

like 1 OS=Homo sapiens 

GN=EPS15L1 PE=1 SV=1 94 Q9UBC2 >10 4 HG NMIBC √   NS 

Olfactory receptor 11L1 

OS=Homo sapiens 

GN=OR11L1 PE=2 SV=1 37 Q8NGX0 NO 1 HG NMIBC √   NS 

Laminin subunit alpha-1 

OS=Homo sapiens 

GN=LAMA1 PE=1 SV=2 337 P25391 >10 >10 HG NMIBC √   NS 

Potassium voltage-gated 

channel subfamily H 

member 7 OS=Homo 

sapiens GN=KCNH7 

PE=1 SV=2 135 Q9NS40 >10 8 HG NMIBC √   NS 

Vasorin OS=Homo 

sapiens GN=VASN PE=1 

SV=1 72 Q6EMK4 >10 5 HG NMIBC  √  NS 

Histidine-rich 

glycoprotein OS=Homo 

sapiens GN=HRG PE=1 

SV=1 60 P04196 >10 3 HG NMIBC   √ NS 

Laminin subunit alpha-5 

OS=Homo sapiens 

GN=LAMA5 PE=1 SV=7 400 O15230 >10 >10 HG NMIBC   √ NMIBC 

Sphingosine 1-

phosphate receptor 5 

OS=Homo sapiens 

GN=S1PR5 PE=2 SV=1 42 Q9H228 >10 1 HG NMIBC   √ NS 

Transmembrane protein 

131 OS=Homo sapiens 

GN=TMEM131 PE=1 

SV=2 201 Q92545 >10 >10 HG NMIBC   √ NS 

NS: not significantly associated. In Oncomine: threshold: p=0.001, 2-fold, All rank. 
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Figure 2. Urinary glycoproteins identified using MNP@ConA, MNP@WGA and 

MNP@SNA lectins in controls and low-grade NMIBC, high-grade NMIBC and 

MIBC. A) Venn diagram highlighting the number of identified glycoproteins for each lectin 

for controls and disease state. B) Venn diagram showing the number of identified 

glycoproteins in each disease sate for the different lectins, highlighting cancer-specific 

glycoproteins.  
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We then merged this information in an attempt to provide a broader vision 

on the lectin-based proteomic fingerprint associated with disease. Amongst 

bladder cancer patient urine samples, commonly observed proteins were 

apolipoprotein family members (APOA1, APOE), fibrinogen chains (FGA, FGB, FGG), 

alpha-1-antitrypsin (SERPINA1) and alpha-2-macroglobulin (A2M) (Table 1). A higher 

number of proteins were identified in high-grade NMIBC (n=80) and MIBC (n=96) in 

comparison to low-grade NMIBC (n=52) and control urines (n=55), considering all 

three lectins and accounting the repetitive capture of some proteins by the three 

lectins (Figure 3A). Nevertheless, cancer-specific glycoproteins could be observed 

in all cancer groups, including low-grade tumours (Figure 3B). Moreover, 

supporting the alterations observed in the glycome, slot-blot analysis of individual 

samples demonstrated that all three lectins presented higher affinity for proteins 

isolated from high-grade lesions, particularly in patients facing muscle-invasion, 

when compared to the controls (Figure 4). Taken together, these findings suggest 

the existence of significant alterations in the nature of urine glycome and 

glycoproteome, accompanying the transition from low-grade to high-grade lesions; 

however, these alterations become more pronounced upon muscle invasion. 

 

 

Figure 3. Urine glycoproteins identified in controls and low-grade NMIBC, high-

grade NMIBC and MIBC using MNP@ConA, MNP@WGA and MNP@SNA lectins. A. 

A higher number of proteins were identified for high-grade NMIBC (n=80) and MIBC (n=96) 

in comparison to low-grade NMIBC (n=52) and control urines (n=55), considering all three 

lectins and accounting the repetitive capture of some proteins by the three lectins. B. Venn 

diagram highlighting the existence of distinct lectin-based glycoprotein signatures for each 

group, holding potential for early detection (low-grade tumours group); disease progression 

to undifferentiating (high-grade NMIBC group); progression to invasion (MIBC) and poor 

prognosis (high-grade NMIBC+MIBC group). 
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Figure 4. Slot-blot analysis of urine samples from fifteen controls and thirty-

one bladder cancer patients using the ConA, WGA and SNA lectins. Slot-blot 

analysis of individual samples demonstrated that all three lectins presented higher affinity 

for proteins isolated from high-grade lesions, in particular in patients facing muscle-

invasion, when compared to the controls. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 
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Considering cancer-associated glycoproteins, 8 protein species were 

exclusively found in low-grade tumours, suggesting potential for early diagnosis of 

patients with superficial lesions. Conversely, 13 were exclusively found in high-

grade NMIBC and may aid non-invasive detection of progression of low-grade 

lesions. Moreover, 19 glycoproteins have been exclusively found in MIBC, holding 

potential to determine further progression to invasion. On the other hand, 12 

glycoproteins have been detected in all groups and lack potential for patient 

discrimination (Figure 5 and Table 2). We have then comprehensively matched 

these findings against previous reports in bladder cancer tissues using Oncomine 

thresholds (p=0.001, 2-fold upregulation). Interestingly, 81% of the cancer-

associated urine glycoproteins had been previously detected in both healthy human 

urothelium and bladder cancer tissues (Figure 5 and Table 2). Nevertheless, it is 

possible that the net loss of integrity of the urothelium accompanying malignant 

transformations may ultimately dictate their release into urine in pathological 

situations. Moreover, many of these glycoproteins may experience glycome 

remodeling, favoring affinity for the lectins chosen for enrichment. Moreover, 19% 

of these glycoproteins have been found overexpressed in cancer tissues (IGHG3, 

SERPINA1, CD44, IGHM, HSPG2, GGH, APOE, MUC16, ATP13A2, ADCK2, PRSS2, and 

LAMA5) (Figure 6). More importantly, we note that SERPINA1, IGHM and CD44, 

which are significantly overexpressed in MIBC (according to Oncomine), can be 

detected in the urine of both high-grade NMIBC as well as MIBC patients. These 

observations suggest that these proteins may further aid on non-invasive 

differentiation between low-grade and high-grade tumors and ultimately be useful 

in risk stratification. In accordance, literature demonstrated that SERPINA1 is 

frequently found in higher stage and grade patients and was associated with 

tumour progression and shorter disease-free survival in both urines and tumour 

tissues from bladder cancer patient’s analysis [29, 30]. Regarding IGHM, this is the 

first report of this protein in bladder cancer as a non-invasive differentiator 

between low-grade and high-grade tumors. Conversely, CD44 has been frequently 

reported as a bladder cancer stem-cell biomarker expressed by more aggressive 

subpopulations [13, 31]. Previous studies have demonstrated the presence of CD44 

in exfoliated cancer cells in urine and its potential as a urinary marker for bladder 

cancer detection [32, 33]. This is the first report identifying CD44 as a protein that 

can be released into urine and suggesting its potential as a non-invasive 

stratification marker between low and high-grade bladder tumours. 
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Figure 5. Graphical representation of cancer-specific urine glycobiomarkers with affinity to MNP@ConA, MNP@WGA and 

MNP@SNA lectin nanoprobes distributed according to their expression in bladder cancer. Accordingly, 63 glycoproteins were 

exclusively found in cancer samples (top right Venn diagram). The left panel represents the distribution of these glycoproteins amongst the 

cancer groups (low-grade and high-grade NMIBC and MIBC). The number of predicted O- and N-glycosylation sites were also represented 

according to results from NetOGlyc and NetNGlyc bioinformatics tools, respectively. 
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Figure 6. Graphical representation of cancer-specific urine glycobiomarkers distributed according to their overexpression 

in bladder cancer by Oncomine. Accordingly, 63 glycoproteins that were exclusively found in cancer samples were analyzed in silico using 

Oncomine and associations of these glycoproteins with overexpression with bladder cancer compared to normal tissues is represented. The 

number of predicted O- and N-glycosylation sites were also represented according to results from NetOGlyc and NetNGlyc bioinformatics tools, 

respectively. 
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A comprehensive integration of cancer-associated urine glycobiomarkers 

using Cytoscape’s ClueGo plug-in was conducted by showing only significant 

pathways (p≤0.05). This analysis further demonstrated an overrepresentation of 

MIBC-associated pathways, including regulation of immune responses (humoral 

and complement), platelet degranulation, which has been considered a key event 

for tumour growth and metastasis [34], and cholesterol transport, which may play 

a critical role in cancer progression [35]. However, there are also common 

biological features to both NMIBC and MIBC, concerning the promotion of 

heterotypic regulation of cell-cell adhesion, mostly mediated by CD44 (Figure 7). 

Given the key role played by CD44, its presence in urine samples and 

overexpression in more aggressive and invasive bladder tumours (Oncomine), 

further emphasis was devoted to validate these results and its potential biomarker 

value in the context of advanced disease.  

 

3.1. CD44 expression in urine and bladder tumours 

Orthogonal validation of CD44 expression in urine samples was performed 

by slot blotting. According to Figure 8A, CD44 urinary levels showed a trend 

increase with the severity of the lesions; however, this effect is only significant for 

high-grade tumours in comparison to controls and low-grade NMIBC.  

In parallel, we have screened the corresponding bladder tissues for CD44 

expression by immunohistochemistry. CD44 antigen was mainly found at the 

cancer cells membrane, in accordance with expected cellular location. Again, we 

observed a significant overexpression of CD44 with the severity of the lesions, 

which is more pronounced for high-grade tumours, thus, mimicking urine analysis 

(Figure 8B). In superficial tumours, CD44 was predominantly found in basal layer 

cells, which have been described to harbor more malignant clones. Contrastingly, 

MIBC cells presented an extensive and intense CD44 staining without a defined 

pattern throughout the tumour (Figure 8C). 

These findings agree with MNP@ lectins-based glycoproteomics and 

reinforce the role of CD44 in the context of advanced disease (high-grade NMIBC 

and MIBC). However, even though both CD44 urinary and tissue levels increase with 

the severity of the lesions, no statistically significant correlation was observed 

between both events. Studies involving a higher number of samples are required 

to fully disclose this matter. 
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Figure 7. Network presenting the most significant biological functions of the 

candidate glycobiomarkers in bladder cancer. This network mainly reflects 

biological functions of immune system regulation (humoral response and complement), 

platelet degranulation and cholesterol transport as also heterotypic cell-cell adhesion, 

which is essentially played by CD44 glycoprotein in both NMIBC and MIBC. The network 

reproduces significant protein-protein interactions and biological functions (p ≤ 0.05). Blue 

nodes reflect events mainly associated to NMIBC, red nodes with MIBC and grey nodes with 

both NMIBC and MIBC. The size of the nodes reflects the statistical significance of the terms.  

The degree of connectivity between terms (edges) is calculated using kappa statistics.
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Figure 8. Validation of CD44 expression in urine samples and immunohistochemistry of thirty-one bladder cancer patients. 

A. CD44 urinary levels were determined by slot-blot. CD44 showed a trend increase with the severity of the lesions; however this effect is only 

significant for high-grade tumours in comparison to the control and low-grade NMIBC groups. Analyses were conducted in triplicates. * p ≤ 

0.05, ** p ≤ 0.01, *** p ≤ 0.001. B. CD44 antigen was mainly found at membrane of cancer cells, in accordance with expected cellular location. 

Again, we observed a significant overexpression of CD44 with the severity of the lesions, which is more pronounced for high-grade tumours, 

thus, mimicking urine analyses. C. In superficial tumours, CD44 was predominantly found in cells underlining the basal layer, which have been 

described to harbor more malignant clones. Contrastingly, MIBC cells presented an extensive and intense CD44 expression without a defined 

pattern throughout the tumour.  
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4. DISCUSSION AND CONCLUDING REMARKS 

The establishment of proteomics workflows to address clinically relevant 

urine glycoproteins in bladder cancer remains challenging due to the lack of 

efficient enrichment strategies. Herein, we have explored the potential of targeting 

glycans using MNP@lectins and/or MNP@moAbs. Nevertheless, we have previously 

demonstrated that MNP@lectins significantly increase glycoprotein yields when 

compared to conventional immobilization strategies (sepharose/agarose) and 

microspheres [15]. This is most likely associated to superior dynamics provided by 

large surface volume ratios, while displaying low unspecific binding. Moreover, we 

have used this approach to address the serum, saliva, and urine glycoproteomes, 

which resulted in the identification of proteins spanning large dynamic ranges, 

including low abundant species [16]. Likewise, we have hypothesized that this 

approach could be ideal for addressing cancer-biomarkers, generally present in 

minute amounts (nano-fentomolar range) in urine samples. Accordingly, we have 

combined information from MNP functionalized with three large spectra lectins 

(ConA - N-glycans structures; WGA - GlcNAc in N- and O-glycans; and SNA - sialic 

acids also present in N- and O-glycans) envisaging biomarker panels associated 

with different aspects of the disease.  

Even though explorative, this study has highlighted significant alterations in 

the urine glycome and/or glycoproteome, warranting comprehensive and more in-

depth evaluation in future studies. These changes were significantly more 

pronounced in MIBC in comparison to initial stages of the disease and healthy 

controls, supporting a disease-associated nature of these findings. In this context, 

we observed that ConA and, particularly, SNA-affinity led to the identification of 

higher number of glycoproteins associated with muscle-invasion. These findings 

suggest structural alterations in the mannose backbone of N-glycans (translated by 

ConA) and α2,6 oversialylation (translated by SNA). Reinforcing these observations, 

both structural changes have been found in advanced bladder cancer and 

implicated in increased invasion and metastasis potential of bladder cancer cells 

[3, 36, 37]. Amongst the identified proteins were known bladder cancer-associated 

biomarkers apolipoprotein family, fibrinogen chains, alpha-1-antitrypsin, alpha-2-

macroglobulin and uromodulin, previously reported as urinary biomarkers for 

bladder cancer [38, 39]. However, it has been extensively discussed that, 

individually, these proteins lack the necessary sensitivity and specificity to face the 

main clinical challenges raised by bladder cancer management, i.e. early 
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identification of patients facing disease progression to high-grade disease and 

invasion. Giving this challenge, our strategy has generated a broader panel of 42 

glycoproteins associated to high-grade disease (NMIBC and MIBC) that may hold 

clinical potential, 19 of which exclusively found in MIBC. In addition, the 

comprehensive integration of data using protein-protein interaction networks 

(ClueGO plug-in for Cytoscape) demonstrated the existence of common pathways 

to both NMIBC and MIBC (humoral response, complement activation, cell-adhesion) 

even though driven by different protein players. Amongst these glycoproteins is 

CD44, which has been found to modulate cell-cell adhesion in both NMIBC and 

MIBC (oncomine) and has been previously reported to drive invasion and metastasis 

[40, 41]. In agreement with these observations, we found high levels of CD44 in 

the urine of patients diagnosed with high-grade NMIBC and MIBC, possibly 

reflecting the molecular nature of the tumour. The CD44 antigen has been 

previously found overexpressed in more aggressive bladder tumours and bladder 

cancer cells exfoliated into urine, and is frequently associated to poor prognosis 

[32]. Nevertheless, this is the first report demonstrating the shedding of this 

glycoprotein into urine, supporting its potential as biomarkers of disease 

progression. However, CD44 may present several isoforms that may change 

according to the origin of the tumour as well as the severity of the lesions. In 

bladder cancer, the most described CD44 isoforms are CD44s, CD44v6 and 

CD44v9, both associated with poor prognosis [42-44]. Variations in CD44 

expression might be connected to the derangement of differentiation in bladder 

tumour cells [45]. Moreover, these cells are usually located in the basal layer of 

normal urothelium, the potential location of initiation tumour bladder cells, thereby 

reinforcing the value of CD44 as bladder cancer stem cell marker [46]. Future 

studies should therefore devote to a comprehensive clarification of the nature of 

CD44 isoforms patterns as well as its glycoforms in bladder cancer envisaging 

highly specific biomarkers. The identification of clinically relevant CD44 glycoforms 

may further enhance the biomarker value of this glycoprotein, has previously 

demonstrated for other glycoproteins, namely PSA in prostate cancer [47]. Further 

supporting our observations, previous reports have also identified CD44 in the 

urine of bladder cancer patients [48, 49]. However, we must note that this is a 

preliminary study focusing on a small number of samples of each subgroup for 

discovery (n=5 pooled). Therefore, biomarker candidates require validation in 

additional samples and cohorts. Moreover, even though we have focused on CD44 
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due to previously reported clinical significant, a significant number of other 

glycobiomarkers have been identified that also warrant future validation. Moreover, 

proteomic fingerprint provided by the lectins holds potential for multiplex disease 

detection towards improved sensitivity and specificity. Ultimately, lectins 

proteomics fingerprints maybe indicators of altered glycosylation associated with 

malignant transformation and disease dissemination, constituting starting points 

for glycomics studies envisaging clinical intervention.  

Accordingly, we believe that the MNP@lectins-based enrichment strategy 

may also constitute a key starting point for glycome characterization by narrowing 

down identified glycoproteins to its clinically relevant glycoforms. In addition, 

further efforts are necessary to validate the other glycobiomarker candidates in 

urines of bladder cancer patients and healthy controls. 

In summary, we believe that the future of biomarker discovery in bladder 

cancer should include a comprehensive interrogation of the glycome and 

glycoproteome, as well as the integration of relevant glycobiomarkers into broader 

panomics data. The generalization of glycan-based enrichment nanoplatforms may 

provide the necessary means to achieve this goal. 
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ABSTRACT 

CD44 is a heavily glycosylated membrane receptor playing a key role in cell 

adhesion, signal transduction and cytoskeleton remodelling. It is also one of the 

most studied glycoproteins in cancer, frequently explored for stem cell 

identification, and associated with chemoresistance and metastasis. However, 

CD44 is a general designation for a large family of splicing variants exhibiting 

different degrees of glycosylation and, potentially, functionally distinct roles. 

Moreover, structural diversity associated with ambiguous nomenclature has 

delayed clinical developments. Herein, we attempt to comprehensively address 

these aspects and systematize CD44 nomenclature, setting milestones for 

biomarker discovery. In addition, we support that CD44 may be an important 

source of cancer neoantigens, most likely resulting from altered splicing and/or 

glycosylation. The discovery of potentially targetable CD44 (glyco)isoforms will 

require the combination of glycomics with proteogenomics approaches, exploring 

customized protein sequence databases generated using genomics and 

transcriptomics. Nevertheless, the necessary high-throughput analytical and 

bioinformatics tools are now available to address CD44 role in health and disease.  

 

Keywords: CD44; glycosylation; cancer biomarkers; nomenclature; CD44 isoforms  
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The transmembrane glycoprotein receptor CD44 plays a key role in cell 

adhesion to the extracellular matrix and interacts with growth factors and several 

extracellular ligands, including hyaluronic acid, collagen, osteopontin and many 

metalloproteinases to drive signal transduction and cytoskeleton rearrangements 

[1]. By interacting with co-factors and adaptor proteins, CD44 has been further 

implicated in lymphocyte homing, haematopoiesis, cell migration and adhesion, 

tumour invasion and metastasis [1]. Several isoforms of CD44 can be generated 

through the insertion of alternative exons at the variable region in a process 

regulated at both tissue and cellular levels. While ubiquitously expressed in healthy 

adult and foetal tissues, the molecular plasticity of alternatively spliced CD44 

accounts for diversified functional roles. However, the intricate correlation between 

CD44 isoforms and underlying biological functions is yet to be fully disclosed. It 

has been long described that malignant transformation and progression are 

accompanied by a deregulation of CD44 splicing mechanisms, comprehensively 

addressed in recent reviews [2, 3]. The events leading to CD44 isoform molecular 

remodelling have direct implications in several cancer hallmarks and appear to vary 

according to the type of lesion, supporting the existence of disease-specific 

molecular fingerprints and potentially targetable biomarkers [4]. Not surprisingly, 

CD44 has been a hot topic in cancer research, frequently associated with more 

aggressive phenotypes and widely explored for cancer stem-cell identification [5]. 

Particular focus has been set on narrowing CD44 screening to its cancer-associated 

isoforms envisaging the necessary sensitivity and specificity for clinical 

applications. However, the lack of protocols for its full isoform discrimination at 

the protein level, and the existence of many functionally distinct isoforms poses a 

major drawback. Currently, these hurdles can only be partially circumvented by 

targeting CD44 transcripts using variant-specific probes or by emerging RNAseq 

approaches. Analytical difficulties are aggravated by vast post-translational 

modifications, with emphasis on the very high glycosylation density of variable 

regions. Moreover, glycans often present a non-templated and context-dependent 

nature, with several glycoforms coexisting for the same protein on a given 

biological milieu, further increasing CD44 molecular and functional diversity (Table 

1). This poses a major challenge for identification by conventional immunoassays 

as well as high-throughput proteomics, which has delayed the definition of CD44 

isoforms in health and disease.  
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The absence of nomenclature standardization also emerges as a key issue, 

making inter-study comparisons and clinical translation almost impossible. 

Showcasing some examples, CD44H and CD44E terminologies arise from the first 

observations in hematopoietic and epithelial cells; gp116 and gp85 distinguish 

glycoforms by molecular weights (116 kDa and 85 kDa, respectively); CD44 

hematopoietic cell E-/L-selectin ligand (HCELL) refers to CD44 isoforms expressed 

in hematopoietic and cancer cells showing elevated sialofucosylated glycans 

content and high affinity for E-/L-selectin ligands [6, 7]. All these designations fail 

to provide clear insights on the molecular nature of the isoforms. Notwithstanding, 

some studies adopt a nomenclature based on commercial names of the used 

monoclonal antibodies, highlighting the targeted variable exon, being CD44v3, 

CD44v6, CD44v9 amongst the most associated with cancer, including 

chemoresistance and prognosis [8, 9]. Moreover, these studies often disregard that 

the analysis of a specific variable exon can result in the detection of all isoforms 

containing it instead of one particular protein [10]. In addition, most variable 

regions may be significantly hindered by dense glycosylation, biasing detection. 

On the other hand, reports exploring the transcriptome have emerged as a 

powerful tool for determining CD44 isoforms diversity; however, few have provided 

the necessary validation at the protein level due to above mentioned analytical 

difficulties. Another important source of nomenclature ambiguity results from the 

direct translation of results from Mus musculus studies to Homo sapiens 

disregarding that mice CD44 gene presents an extra variable exon (v1) not present 

in humans. Further contributing to ambivalence, UniProt and NCBI protein 

databases adopt different designations for the same isoform (illustrated in Table 

1). Altogether these aspects impact negatively on our understanding of the 

biological and clinical relevance of CD44 isoforms in cancer and other diseases, 

urging nomenclature standardization. 

 Facing these challenges, we have conducted a comprehensive in silico 

analysis of CD44 isoforms through NCBI and UniProt databases, using BLAST and 

TMHMM Server v2.0 tools. The human CD44 gene is located on the short arm of 

chromosome 11 (GRCh38.p7, NC_000011.10 (35138870-35232402)) and its 

precursor mRNA consists of 19 exons. Namely, exons 1–16 encode the 

extracellular domain, exon 17 encodes the highly conserved transmembrane 

domain, and exons 18 and 19 encode the cytoplasmic domain. In silico analysis in 

NCBI has predicted over twenty-one possible mRNA transcripts derived from the 
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alternative splicing of exons 6-14 and 18, eleven of which were also found in 

UniProt. However, only eight have been experimentally confirmed (detailed in Table 

1 and Figure 1), specifically six isoforms with variable extracellular domain 

extensions, one isoform with a truncated cytoplasmic tail, and one isoform 

truncated at the extracellular domain. Here we attempt to standardize the 

nomenclature for the above described isoforms through a logical terminology. 

Following pre-existing designations, we propose that human CD44 isoforms 

originated by alternative splicing of the variable region should highlight the 

included exons. Conversely, isoforms lacking the variable region should present a 

nominal designation. Figure 1 constitutes a schematic representation of the 

experimentally determined human CD44 isoforms, and the proposed nomenclature 

is described below: 

• CD44v2-10 - The canonical CD44 isoform includes a peptide sequence 

encoded by exons 6-14, while splicing out exon 18. This isoform has a 

predicted molecular weight of 82 kDa but presents extensive glycosylation, 

thereby arising to approximately 250 kDa or higher. 

• CD44v3-10 - Also known as epican, this isoform results from the retention 

of exons 7-14 (v3-v10) and splicing out of exon 18. Its unmodified form has 

77 kDa, resulting in an up to 200 kDa glycoprotein after post-translational 

modifications. 

• CD44v8-10 - Also known as CD44E or CD44R1, this isoform is originated 

through retention of exons 12-14 (v8-v10) and splicing out of exon 18. It 

has 53 kDa in its unaltered form, while reaching 130 kDa in its glycosylated 

form. 

• CD44v10 – Also known as gp116 or CD44R2, this isoform retains the 

variable exon 14 (v10), while splicing out exon 18. The unglycosylated form 

has approximately 47 kDa whereas the glycosylated forms have been 

observed at 120 kDa. 

• CD44s - Also known as CD44H or gp85, the standard form of CD44 splices 

out all variable exons and exon 18. Originally with 39 kDa, the subsequent 

post-translational addition of N-linked and O-linked oligosaccharides gives 

rise to a 85–90 kDa glycoprotein. 

• CD44st -Also known as short-tail or tail-less, is a 32 kDa isoform splicing 

out the variable region and exon 19, while retaining exon 18. Importantly, 

exon 18 contains a stop codon that originates a truncated cytoplasmic tail, 
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consequently leading to the loss of intracellular protein domains and 

signalling motifs necessary for interaction with cytoskeletal components.  

• CD44s-exon15 - A CD44s homolog of 37 kDa lacking the peptide sequence 

encoded by exon 15. 

• CD44sol - This CD44 soluble isoform only retains exons 1-4, while 

presenting truncated forms of the exons 3 and 4. The modification of the 

two later exons leads to a smaller extracellular domain as well as to the loss 

of transmembrane and cytoplasmic domains. This 16 kDa isoform is often 

shed to bodily fluids through matrix metalloprotease activity. 

 

 

Figure 1. Schematic representation of experimentally confirmed human CD44 

pre-mRNA and respective isoforms. Blue filled boxes represent constant region exons, 

while white filled boxes represent exons of the variable region present in the designated 
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CD44 isoform. Dark blue filled boxes with reduced box size represent truncated exons 

from the constant region. The blue line represents missing exon(s). Exon 18, filled black, 

contains an early 3’UTR and only makes part of CD44st isoform. 

 

In summary, the wide array of structurally similar CD44 isoforms, associated 

with dense glycosylation and inadvertent lack of nomenclature consensus has 

posed a significant challenge for inferring on CD44 role in cancer. These aspects 

have biased many previous conclusions, provided several conflicting data, and 

significantly delayed clinical development. Most studies disregard CD44 

glycosylated domains, which sometimes more than double the molecular weight of 

the isoforms, decisively modulating biophysical, biochemical and functional 

properties of the receptor (predicted glycosylation sites detailed in Table 1). 

Glycosylation also raises a tremendous challenge for CD44 mapping based on 

conventional proteomics, urging the introduction of glycan-targeted approaches. 

As such, more comprehensive strategies will certainly require the integration of 

glycomics/glycoproteomics with emerging proteogenomics, exploring customized 

protein sequence databases generated using genomics and transcriptomics. This 

approach is also expected to pinpoint relevant cancer neoantigens for driving 

targeted therapeutics and immunotherapy development. Nevertheless, we augment 

that the necessary technologies are now available for addressing CD44 molecular 

and functional diversity in health and disease, ultimately providing targetable 

biomarkers for oncology. 

 

Table 1. Proposed CD44 nomenclature for experimentally observed isoforms, its 

correspondence with UniProt and NCBI databases and predicted N- and O-glycosylation sites  

Proposed 

nomenclature  

UniProt  NCBI 

Predicted Glycosylation Sites 

N-glycosylation
1

 O-glycosylation
2

 Total 

CD44v2-10 Isoform 1 Isoform 1 8 146 154 

CD44v3-10 Isoform 4 Isoform 2 8 133 141 

CD44v8-10 Isoform 10 Isoform 3 7 79 86 

CD44v10 Isoform 11 Isoform 6 7 56 63 

CD44s Isoform 12 Isoform 4 6 32 38 

CD44st Isoform 15 Isoform 8 6 32 38 

CD44s-exon 15 Isoform 18 Isoform 7 6 23 29 

CD44soluble Isoform 19 Isoform 5 2 3 5 

1

N-glycosylation sites predicted using NetNGlyc server 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/) 

2

O-glycosylation sites predicted using NetOGlyc server 4.0 (http://www.cbs.dtu.dk/services/NetOGlyc/)  
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ABSTRACT 

Bladder carcinogenesis and tumour progression is accompanied by 

profound alterations in protein glycosylation on the cell surface, which may be 

explored for improving disease management. In a search for prognosis biomarkers 

and novel therapeutic targets we have screened, using immunohistochemistry, a 

series of bladder tumours with differing clinicopathology for short-chain O-glycans 

commonly found in glycoproteins of human solid tumours. These included the Tn 

and T antigens and their sialylated counterparts sialyl-Tn(STn) and sialyl-T(ST), 

which are generally associated with poor prognosis. We have also explored the 

nature of T antigen sialylation, namely the sialyl-3-T(S3T) and sialyl-6-T(S6T) 

sialoforms, based on combinations of enzymatic treatments. We observed a 

predominance of sialoglycans over neutral glycoforms (Tn and T antigens) in 

bladder tumours. 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 based on 

enzymatic treatments, Vicia Villosa lectin-affinity chromatography enrichment and 

nanoLC-ESI-MS/MS analysis 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 tumors 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.  

 

Keywords: bladder cancer; glycosylation; sialic acids; precision medicine; 

glycoproteomics; MUC16 
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1. INTRODUCTION 

Bladder cancer is the fifth most common cancer in Western society and a 

growing concern in developing countries, as a result of demographic expansion, 

increased life expectancy and, in some areas, Schistosoma haematobium infection 

[1-3]. At time of clinical diagnosis, most cases are non-muscle invasive bladder 

cancers (NMIBC), conservatively treated by complete transurethral resection (TUR) 

[4, 5]. In turn, high-grade tumours are generally characterized by high recurrence 

rates and elevated risk of progression to muscle invasion [4, 5]. Muscle invasive 

bladder cancer (MIBC) is amongst the most common and deadliest genitourinary 

cancer [6]. The mainstay treatment includes cisplatin-based regimens [6], which fail 

to avoid tumour relapse and disease dissemination [7, 8], urging the introduction 

of predictive biomarkers and novel therapeutics [9, 10].  

Glycosylation is the most common post-translational modification of 

proteins, and more than 50% of human proteins are thought to be glycosylated [11, 

12]. The patterns of protein glycosylation are cell and tissue specific, closely 

reflecting the physiological status of cells [12-14]. Thereby, glycosylation changes 

have been described for several pathological conditions, including cancer [15-17]. 

Taking advantage of their cell-surface nature, many cancer-associated 

glycobiomarkers (CA72-4; CA19-9; CA125 which detects MUC16, CEA) have been 

exploited for non-invasive cancer detection, follow-up and therapy development 

[18-20]. Moreover, alterations in glycosylation often render protein glycoforms 

holding tremendous potential for targeted therapy [10, 21, 22]. In this context, it 

has also been long demonstrated that advanced stage tumours present significant 

deregulations in glycosylation pathways, translated by the loss of ABO blood group 

determinants [23]. Nevertheless, there are little insights on bladder cancer glycome 

remodeling accompanying malignant transformation, disease progression and 

dissemination. Still, few reports have suggested that bladder cancer cells mimic 

other advanced stage solid tumours by promoting a premature stop in protein O-

glycosylation [24-26] (biosynthesis pathway depicted in detail in Figure 1). This 

causes the accumulation of short-chain O-glycans as a consequence of: i) altered 

glycosyltransferases expressions [27]; ii) mutations in key enzymes involved in O-

glycans biosynthesis [28]; iii) mislocalization of glycosyltransferases in secretory 

organelles [29]; iv) metabolic deregulations [14], amongst other factors. The 

accumulation of short-chain O-N-Acetylgalactosamine (O-GalNAc) glycans at the cell 

surface of tumour cells affects their adhesive properties while promoting their 
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invasive, metastatic and angiogenic potential, as well as immune scape [24, 30, 

31]. Moreover, it may modulate intracellular signaling and activate key oncogenic 

pathways [31]. Reinforcing these notions, we have previously demonstrated that 

70% of advanced stage bladder tumours express the cancer-associated 

carbohydrate antigen sialyl-Tn [24, 32]; conversely, the healthy urothelium and 

most superficial tumours do not [24]. STn expression favors cells invasion, motility 

[24, 33] and immune tolerance [30] and has been associated with poor overall 

survival [32]. In addition, solid tumours often accumulate the more complex T 

antigen and its sialylated form ST, whose overexpression has also been associated 

with poor prognosis [34, 35]. However, the ST antigen comprises a heterogeneous 

group of mono (sialyl-6-T: S6T; sialyl-3-T: S3T) and disialylated (dST) glycoforms 

that remain to be individually evaluated in cancer. Building on these insights, we 

aimed to screen bladder tumours and corresponding urine samples for the above-

mentioned cancer-associated short-chain O-glycoproteins, envisaging a molecular 

rationale for the development of novel non-invasive diagnostic tools and highly-

specific targeted therapeutics towards precision medicine.  
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Figure 1. Schematic 

representation protein O-

GalNAc glycosylation 

biosynthesis evidencing 

the cancer-associated 

short-chain glycans 

explored in this study. O-

GalNAc glycosylation is a 

posttranslational modification 

commonly found in 

membrane glycoproteins 

extracellular domains and 

secreted glycoproteins. It can 

also be observed in secretory 

organelles inside the cell. This 

type of O-glycosylation plays a 

key role in the definition of 

protein conformation and key 

biological functions including: 

i) cell-cell and cell-

extracellular matrix adhesion; 

ii) recognition by the immune system, pathogens and virus; iii) protection of glycoproteins against proteolysis; iv) regulation of key intracellular 

signalling pathways through the modulation of cell receptors activities, amongst other roles. Glycoprotein O-GalNac glycosylation initiates in the 

endoplasmatic reticulum and its further elongated into more structurally complex structures in the golgi. Briefly, O-glycosylation begins with the 
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addition of GalNAc to a serine or threonine residue of a given protein backbone originating the simplest form of O-glycosylation, the Tn antigen. 

The reaction is catalyzed by polypeptide N-Acetylgalactosamine transferases (ppGalNAcTs), a superfamily of 20 enzymes with high substrate and 

tissue specificity, whose expression is regulated at cellular and tissue levels. The coordinated action of these glycosyltransferases determines the 

density and distribution of glycosylation sites on a given glycoprotein. Frequently, β-(1-3)-galactosyltransferase, C1Gal-T1 and its molecular 

chaperone COSMC, elongates the Tn antigen by adding a Gal residue to the O-3 GalNAc residue. This originates the core 1 structure, also 

designated T antigens, which functions as precursor of more elongated core structures by coordinated action of several glycosyltransferases, as 

depicted in more detail in this Figure. Of note, mature O-glycans may present ABO and Lewis blood group related antigens that decisively 

contribute to the definition of the antigenic profile of a given cell. However, in cancer cells, early sialylation of Tn and T antigens form the sialyl-

Tn (STn), and sialyl-T (ST) antigens, whose biosynthesis is highlighted in detail in the Figure. Accordingly, ST6GalNAcs may promote the O-6 

sialylation of the Tn antigen but also T, originating S6T. On the other hand, ST3Gal.I promote the O-3 sialylation of the T antigen originating S3T. 

The coordinated action of these enzymes give rise to the disialylated T glycoforms. These events stop further glycan elongation and may 

dramatically change the conformational and functional properties of a given glycoprotein, favouring cell migration, immune escape and activation 

of key oncogenic pathways.   

 



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
280 

 

2. MATERIAL AND METHODS 

2.1. Patient and sampling 

The screening of cancer-associated short-chain O-glycans (Tn and ST; T and 

ST, S6T and S3T) was performed on 47 formalin-fixed, paraffin embedded tissue 

sections (FFEP) prospectively collected from 37 male and 10 female patients, mean 

age of 70 years (ranging 45–89 years old), who underwent bladder surgery in the 

Portuguese Institute for Oncology of Porto (IPO-Porto, Portugal), between July 2011 

and May 2012. Based on urothelial carcinoma grading and staging criteria of the 

World Health Organization [36], three different groups were considered; low-grade 

(LG; n=17), high grade (HG; n=12) non-muscle invasive papillary bladder cancers 

(NMIBC) and muscle-invasive (n=18) bladder cancers (MIBC). For molecular target 

validation a larger subset of samples was used, composed by a retrospective series 

of 176 bladder cancer cases (74 NMIBC and 102 MIBC). In NMIBC the male/female 

gender ratio was of 61:13 and the median age was 64 years [37-84]. The 

male/female gender ratio in MIBC was of 9:1 and the median age was 71 years [38-

84]. Forty cases were considered stage Ta, 34 stage T1, 25 stage T2, 48 stage T3, 

and 29 stage T4 (for further analysis T1-T4 staged tumours were compared against 

Ta staged tumours). All MIBC patient were treated with cystectomy, 27 of which 

were also treated with adjuvant chemotherapy (cisplatin+gemcitabine). All tumour 

samples were revised by a pathologist (TA) according 2004 WHO grading criteria. 

As such, 38 cases were considered low-grade and 138 high-grade tumours. All 

procedures were performed under the approval of institutions Ethics Committee of 

IPO-Porto after informed patient’s consent. All clinicopathological information was 

obtained from patient´s clinical records.  

 

2.2. Immunohistochemistry  

FFPE urothelium sections were screened for the glycans of interest by 

immunohistochemistry using the avidin/streptavidin peroxidase method, as 

described by Ferreira et al. [24]. The expression of the Tn, sialyl-Tn and T antigens 

was directly evaluated using in-house mouse monoclonal antibodies 1E3, TKH2 and 

3C9, respectively [37-39]. All available information on these antibodies including 

immunogens, specificity and associated bibliography is deposited in the Database 

of Anti-Glycan Reagents (DAGR; 

https://ccr2.cancer.gov/resources/Cbl/Tools/Antibody/About.aspx) [40]. The 

expression of sialylated T antigens (mono and disialylated glycoforms) was 
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determined by comparing histological sections probed for the T antigen before and 

after digestion with an α-neuraminidase from Clostridium perfringens (Sigma-

Aldrich, Missouri, USA). The S3T antigen expression was determined by comparing 

histological sections probed for the T antigen before and after digestion with an α-

(2,3)-neuraminidase from Streptococcus pneumonia (Sigma-Aldrich, Missouri, USA) 

according to Figure 2A. The S6T antigen expression was accessed by comparing 

histological sections probed for STn before and after digestion with a recombinant 

β-(1,3)-Galactosidase from Xanthomonas campestris (R&D systems, Minnesota, 

USA) according to Figure 2B. The chromogen 3,3-diaminobenzidine 

tetrahydrochloride (ImmPACT DAB; Vector Laboratories, California, USA) was used 

to visualize antibody binding sites and sections were counterstained with Harris’s 

hematoxylin. Negative controls were performed by replacing the primary antibody 

with 5% bovine serum albumin (BSA). Positive controls were known positive tissues 

for the antigens under study. Bladder tumours and metastasis were also screened 

for MUC16 using rabbit anti-Human CA-125 monoclonal antibody EPR1020 (Abcam, 

Cambridge UK; 1:200 in PBS) at room temperature for 1 hour. Furthermore, tumour 

tissues were screened for CD44 using (1:150 in PBS; EPR1013Y; Abcam, Cambridge 

UK) and anti-ITGB1 (1:100 in PBS; A-4 clone, Santa Cruz Biotechnology, California, 

USA). 
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Figure 2. Schematic representation of the analytical strategy for S6T and S3T 

evaluation by immunohistochemistry. A) The S6T antigen may be considered 

structurally related with STn, since it presents an O-6 sialylation of its GalNAc residue. As 

such we have used a β-(1,3)-galactosidase to remove the Gal residue exposing an STn 

antigen for recognition by TKH2 monoclonal antibody. This allowed the detection of STn in 

previously negative STn tumours sections, strongly suggesting the expression of S6T. In 

addition, there was a significant increase in staining in several STn positive tumours after 

enzymatic digestion (not shown). B)  The S3T antigen presents an O-3 Gal sialylation and 

A

B

T- S3T+

3C9
3C9 + a-(2,3)-

neuraminidase
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after α-(2,3)-neuraminidase digestion exposes the T antigen for recognition by the anti-T 

antigen monoclonal antibody 3C9. The presence of S3T was determined by comparing T 

antigen expression in tumours sections prior and after enzymatic digestion.  

 

In addition, prior to glycoproteomics studies, FFPE tissues were screened for 

blood group A determinants using mouse monoclonal anti-human blood group A 

antigen antibody HE-195 (Thermofisher, Massachusetts, USA; 1:100 in PBS) after 

1h incubation at 37°C. This approach aimed to elect negative cases for downstream 

glycoproteomics studies. The immunoreactive tissue sections were assessed 

double-blindly through light microscopy by two independent observers (LL and DF) 

and validated by an experienced pathologist (TA). Although the inter-observers 

agreement was high (k=0.961, p<0.001), disaccording readings were re-analyzed 

using a double-headed microscope (Olympus BX46; Olympus Corporation, Tokyo, 

Japan), and consensus was reached. A semi-quantitative approach was established 

to score the immunohistochemical labeling based on the percentage of positively 

stained cells. For glycans evaluation the tissues were categorized as follows: 

negative (-), when no staining was observed; positive (+), 1-19% of positive cells; 

positive (++), 20-49% of positive cells; positive (+++), 50-79% of positive cells; 

positive (++++), 80-100% of positive cells. Regarding MUC16 evaluation samples 

were classified as positive whenever the antigen was present or negative in the 

absence of the antigen. 

  

2.3. Glycoprotein extraction and enrichment 

Proteins were extracted from FFPE STn-positive bladder tumours of male 

MIBC patients (n=5) using Qproteome FFPE tissue kit (Qiagen, Hilden, Germany) 

according to the supplier’s instructions. To avoid false positives in downstream 

glycoprotein enrichment steps based on GalNAc affinity chromatography, only Tn 

and blood group A antigen negative tumours were included in this study. Five 10 

m thick tumour sections from each patient were used for this propose. The 

amount of protein in each extract was estimated with RC DC protein assay kit 

(BioRad, California, USA). The extracted glycoproteins were then blotted for STn as 

previously described [33] to confirm the presence of glycoproteins yielding the STn 

antigen. For proteomics analysis, 20 µg of the protein pool were separated by 4–

16% gradient SDS–PAGE under reducing conditions, the bands were excised from 

the gels and proteins reduced with reduced with 5 mM DTT (Sigma-Aldrich, 
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Missouri, USA) for 40 min at 60˚C, alkylated with 10 mM iodoacetamide (Sigma-

Aldrich, Missouri, USA) for 45 min in the dark, and digested with trypsin (Promega, 

Wisconsin, USA) in situ for MS analysis [41] (according to Figure 3A). For 

glycoproteomics analysis, approximately 1mg of total protein was precipitated by 

addition of 4 volumes -20° acetone to a sample extract and dried under vacuum on 

a speedvac. The extract was resuspended in 0.05% RapiGest (Waters, 

Massachusetts, USA), digested with PNGase F (10 U PNGase F from Elizabethkingia 

meningoseptica; Sigma-Aldrich, Missouri, USA) to remove N-glycans, facilitating 

downstream trypsin digestion and peptide identification. Subsequently the extract 

was subjected to neuraminidase treatment (10 U Clostridium perfringens 

neuraminidase Type VI (Sigma-Aldrich, Missouri, USA)) to remove neuraminic acids 

from STn, thereby exposing the GalNAc residue (Tn antigen). The sample was then 

loaded on 300 μl of agarose-bound Vicia villosa agglutinin (Vector laboratories, 

California, USA) column to enrich the extract in Tn-expressing glycoproteins. The 

column was then washed with 10 column volumes of 0.4 M Glucose in LAC A buffer 

(20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 M Urea, 1 mM CaCl2, MgCl2, MnCl2, and 

ZnCl2) followed by 1 ml 50 mM NH4HCO3 (all reagents were purchased to Sigma-

Aldrich, Missouri, USA). The glycoproteins were then eluted by 4x 500 μl 0.05% 

RapiGest (Waters, Massachusetts, USA) with heating to 90°C for 10 min. The 

glycoprotein fraction was then directly reduced, alkylated and digested with trypsin 

as previously described [41] (according to Figure 3B). 
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Figure 3. Analytical workflow for A) whole proteome analysis starting from FFPE tissues and B) identification of STn 

expressing glycoproteins in bladder tumours. A) Analytical workflow to access the proteome. Briefly, the proteins were extracted 

from FFPE muscle-invasive tumors isolated from male patients using the Qproteome FFPE tissue kit (Qiagen, Hilden, Germany) according to 

the vendor instructions. The proteins were pooled and then separated on 4-20% SDS-PAGE gels, excised, digested with trypsin and analyzed 

by nanoLC-ESI-LTQ-orbit-MS/MS. Data was comprehensively interpreted using Phanter. B) Analytical workflow used to access putative STn-

expressing glycoproteins in a pool of proteins extracted from tumours of five male patients with muscle invasive bladder tumours. The 

glycoproteins were first N-deglycosylated with PnGAse F to facilitated downstream mass spectrometry analysis by improving proteolytic 



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS:  

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
286 

 

 

digestions and protein coverage. Glycoproteins modified with the STn antigen were then identified by nanoLC-ESI-LTQ-obritrap-CID-MS/MS 

after α-neuraminidase digestion followed by enrichment for GalNAc-expressing protein glycoforms. Enrichment was done based on affinity for 

the VVA lectin, which selectively bindings glycans with terminal GalNAc residues. To decrease the possibility of false positives only Tn and 

blood group A negative tumours the mentioned structural feature were excluded from analysis. After enrichment the glycoproteins were 

reduced, alkylated, digested trypsin to yield peptides for nanoLC-ESI-LTQ-orbitrap-CID-MS/MS (orbitrap MS) analysis. The final protein list 

included only membrane glycoproteins with putative O-glycosylation domains as determined by the NetOGlyc 4.0 software [42] and/or 

exhibiting a glycopeptide with at least one HexNAc substituent.  
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2.4. nanoLC-ESI-LTQ-Orbitrap-CID-MS/MS and data mining 

A nanoLC system (Dionex, 3000 Ultimate nano-LC) was coupled on-line to a 

LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, Massachusetts, USA) 

equipped with a nano-electrospray ion source (EASY-Spray source; Thermo 

Scientific, Massachusetts, USA). 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 over 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 x 75μm ID and 3 μm particle size) at a flow rate of 0.3 μl/min. 

Column temperature was set at 35º C. Peptide separation occurred using a linear 

gradient of 5–40% eluent B over 117 min., 50–90% eluent B over 5 min. and 5 min. 

with 90% eluent B. In order to favor the separation and identification of peptides 

presenting high hydrophobicity, samples were also analyzed with a two-step 

gradient protocol: 5–35% eluent B over 37 min., 35-65% eluent B over 80 min., 

followed by 65–90% eluent B over 5 min. and 5 min. with 90% buffer 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. Tandem MS (MS/MS) data were 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 MSn analysis. Data were recorded with Xcalibur software 

version 2.1.  

 

2.5. MS/MS data curation  

Data were analyzed automatically using the SequestHT search engine with 

the Percolator algorithm for validation of protein identifications (Proteome 

Discoverer 1.4; Thermo Scientific, Massachusetts, USA). Data were searched against 

the human proteome obtained from the SwissProt database on 22/11/2015, 

selecting trypsin as the enzyme and allowing for up to 2 missed cleavage sites, a 

precursor ion mass tolerance of 10 ppm, and 0.6 Da for product ions. 
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Carbamidomethylcysteine was selected as a fixed modification while oxidation of 

methionine (+15.994u), modification of serine and threonine with HexNac 

(+203.08u), and/or HexNacNeuNac (STn) (+494.17u), considering the possibility of 

partially inefficient -neuraminidase treatment, and/or T (+365.13u) were defined 

as variable modifications. For whole tumour proteome analysis, only high 

confidence peptides were considered. In glycoproteomics studies, due to the high 

lability of the sugar moieties under CID conditions, and the consequent difficulty 

in identifying modified peptides, Sequest results of low confidence peptides were 

also considered. Protein grouping filters were thus set to consider glycosylations 

with low confidence and ΔCn better than 0.05. The strict maximum parsimony 

principle was applied. A protein filter counting peptides only on top scored proteins 

was also set. Peptides were filtered for Xcorr ≥ 1.0 and ΔCn ≤ 0.05. Cytoplasm 

membrane proteins with at least 1 annotated glycosylation site were selected and 

the modifications were validated manually. Membrane proteins were sorted using 

NetOGlyc version 4.0 (http://www.cbs.dtu.dk/services/NetOGlyc/) [42] to generate 

the final protein list. Protein molecular and biological functions were interpreted 

using Panther [43]. 

 

2.6. In situ proximity ligation assays on tissue sections 

The simultaneous detection of mucin-16 (MUC16), ITGB1 and CD44 STn+-

glycoforms was done by in situ proximity ligation (PLA) assays using the Duolink 

in situ Detection Reagents Brightfield and Red, respectively (Olink Bioscience, 

Uppsala, Sweden) according to the manufacturer’s instructions and based on 

previous reports [44, 45]. Briefly, FFPE tissues were deparaffinized, rehydrated and 

submitted to acid and heat-induced antigen retrieval, followed by incubation with 

3% hydrogen peroxide and blocking solution in a humidity chamber, as previously 

described [24]. MUC16 was detected by direct PLA assay using monoclonal 

antibody CA125 (Clone M11; DAKO, California, USA) conjugated with PLA probe 

PLUS (concentration 0.005 mg/ml) and B72.3 monoclonal antibody against STn, 

which showed similar recognition but lower background when compared with TKH2 

monoclonal antibody used for immunohistochemistry, with PLA probe MINUS 

(concentration 5 ng/ml). Antibodies were conjugated following the instructions of 

Duolink in situ Probemaker and were hybridized for 1 h at 37ºC. Next, ligation was 

performed for 30 min at 37ºC and amplification was carried out for 120 min at 

37ºC to produce rolling circle products, followed by incubation with horseradish 
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peroxidase (HRP) labelled probes and addition of the chromogen. Finally, sections 

were counterstained using hematoxylin, dehydrated, cleared and mounted for 

optical microscope analysis. Regarding the indirect PLA assays for ITGB1 and CD44, 

FFPE tissues were incubated with anti-CD44 (EPR1013Y; Abcam, Cambridge UK) and 

anti-ITGB1 (A-4 clone, Santa Cruz Biotechnology, California, USA) overnight at 4ºC 

in a humidity chamber. Then, the PLA probes anti-rabbit MINUS and anti-mouse 

PLUS were both added and sections were incubated at 37ºC for 1 hour. The 

following steps of ligation and amplification were performed in the same conditions 

of the direct PLA. Sections were incubated with 4',6-diamidino-2-phenylindole 

(DAPI) for 10 minutes at room temperature and mounted for fluorescence 

microscopy. PLA results were evaluated by two observers and validated by an 

experienced pathologist, who independently registered cytolocalization of 

staining. PLA validation was conducted using MUC16 expressing cell lines OVCAR3 

wild-type which do not express STn [46] and sequential ovarian cancer tissue 

sections showing MUC16 and STn co-localization by immunohistochemistry [44]. 

 

2.7. MUC16 transcription in bladder tumours 

RNA was isolated from FFPE tissue samples using the Absolutely RNA FFPE 

Kit (Stratagene, California, USA), as previously described [47]. Up to 2 mg of total 

RNA was reverse transcribed with random primers, using the “High Capacity cDNA 

Reverse Transcription Kit” (Applied Biosystems, California, USA). Real-time PCR 

amplification of cDNA samples was performed in a StepOne Real-Time PCR System 

(Applied Biosystems, California, USA) using TaqMan Gene Expression Master Mix, 

primers, and probes provided by Applied Biosystems, California, USA. MUC16 

expression was measured with TaqMan expression assay (ID: Hs01065189_m1) 

from Applied Biosystems, California, USA. The raw −ΔCt was used to analyze 

MUC16 expression and therefore used as an estimate of the mRNA relative levels. 

ΔCt stands for the difference between the cycle threshold (Ct) of the amplification 

curve of the target gene and that of the GAPDH (ID: Hs03929097_g1). The 

efficiency of the amplification reaction for each primer-probe is more than 95%, as 

determined by the manufacturer. 

 

2.8. Immunoprecipitation for CD44 and ITGB1 

CD44 and ITGB1 were immunoprecipitated from total protein extracts (IP) 

with anti-CD44 (EPR1013Y; Abcam, Cambridge UK) and anti-ITGB1 (A-4 clone, Santa 
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Cruz Biotechnology, California,USA) monoclonal antibodies using Pierce Direct IP 

Kit (Thermo Scientific) according to the supplier’s instructions. Protein samples 

were separated in reducing SDS-PAGE gels, transferred to 0.45 mm nitrocellulose 

membrane (GE Healthcare Life Sciences, Uppsala, Sweden) and blotted for the CD44 

and ITGB1, respectively, as well as for STn with TKH2 monoclonal antibody. Protein 

extracts treated with α-neuraminidase (Sigma-Aldrich, Missouri, USA) were used as 

controls. 

 

2.9. Statistical methods 

Statistical data analysis was performed with IBM Statistical Package for Social 

Sciences - SPSS for Windows (version 20.0; IBM, New York, USA). Chi-square analysis 

was used to compare categorical variables. Kaplan–Meier survival curves were used 

to evaluate correlation between MUC16-positive tumours and cancer-specific 

survival (CSS) and were compared using log-rank statistical test. CSS was defined 

as the period between the tumour removal surgery and patient death from cancer 

and the last follow-up information. 

 

3. RESULTS AND DISCUSSION 

3.1. Expression of short-chain O-glycans in bladder cancer  

Despite the biological and clinical relevance of altered O-glycosylation in 

cancer, few studies have comprehensively addressed this matter in the context of 

bladder malignancies. Herein, 47 bladder cancer sections were screened by 

immunohistochemistry for short-chain O-glycans, using specific monoclonal 

antibodies. These included the Tn, STn and T antigens, as well as sialylated T 

glycoforms (mono and disialylated forms) exposed after digestion of the 

histological sections with a neuraminidase. Particular emphasis was given to the 

expression of T antigen monosialylated forms S3T and also S6T, which is regarded 

as rare O-glycan, until now mostly observed in vitro [48] and more recently in 

superficial bladder tumours [49]. Table 1 summarizes the expression of these 

glycans in the studied samples according to their disease subtype. 
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Table 1. Expression of short-chain O-GalNAC glycans in bladder tumours of different 

clinicopathological natures determined by immunohistochemistry 

 Tn STn T ST S6T S3T 

Non-Muscle Invasive Bladder Cancer (NMIBC) 

Low Grade  17       

-  15 (88%) 13 (76%) 13 (76%) 0 (0%) 2 (12%) 10 (59%) 

+  2 (12%) 4 (24%) 4 (24%) 5 (29 %) 11(65%) 6 (35%) 

++     10 (59%) 4 ( 24%) 1 (6%) 

+++     2 (12%)   

++++        

Positive Cases 

(n.%) 

  

2 (12%) 

 

4 (24%) 

 

4 (24%) 

 

17 (100%) 

 

15 (89%) 

 

7 (41%) 

High Grade 12       

-  5 (42%) 3 (25%) 9 (75 %) 0 (0%) 0 (0%) 3 (29%) 

+  7 (58%) 7 (58%) 3 (25 %) 3 (25%) 5 (42%) 7 (57%) 

++   2 (17%)  2 (17%) 7 (58%) 2 (14%) 

+++     7 (58%)   

++++        

Positive  

Cases (n.%) 

  

7 (58%) 

 

9 (75%) 

 

3 (25%) 

 

12 (100%) 

 

12(100%) 

 

9 (71%) 

Muscle Invasive Bladder Cancer (MIBC) 

 18       

-  16 (89%) 2 (11%) 0 (0%) 0 (0%) 5 (28%) 7 (39%) 

+  2 (11%) 16 (89%) 4 (22%) 3 (17%) 8 (44%) 7 (39%) 

++    6 (33%) 5 (28%) 6 (33%) 4 (22%) 

+++    5 (28%) 6 (33%)   

++++    3 (16%) 4 (22%)   

Positive  

Cases (n.%) 

  

2 (11%) 

 

16 (89%) 

 

18 (100%) 

 

18(100%) 

 

14(78%) 

 

11 (61%) 

Total positive 

cases 

47  

11 (23%) 

 

13 (62%) 

 

25 (53%) 

 

47 (100%) 

 

38(81%) 

 

27 (57%) 

Scoring: - negative; +: >0-19%; ++: 20-49%; +++: 50-79%; ++++: ≥80% 

 

3.1.1. Expression of non-sialylated short-chain O-glycans (Tn and T 

antigens) 

Table 1 highlights that Tn and T antigens are poorly expressed in bladder 

tumours (20-50% of total cases) in comparison to their sialylated counterparts (62% 

and 100%, respectively). More importantly, these antigens are mostly found in high-

grade tumours, irrespectively of the degree of invasion. Nevertheless, the number 

of T antigen positive cases largely exceeds the Tn positive (53% vs 23%), which was 

particularly notorious in advanced tumours when compared to low-grade 

superficial lesions. These observations suggest a possible overexpression of 

C1GalT1 (core 1 synthase, T-synthase) or downregulation of other 

glycosyltransferases involved in O-glycan extension in bladder tumours, which 

warrants careful evaluation in future studies. Possible modulation by secreted 

galacosidases, sialidases are also a possibility that should be investigated.  

Noteworthy, we have previously observed that bladder cancer cells exposed to 

hypoxia, a common microenvironmental feature in advanced tumours, promoted a 

striking downregulation in C2GnT accompanied by an increase in C1GalT1 [33]. It 
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is possible that similar events may account for T antigen accumulation in bladder 

tumours. More importantly, neither Tn nor T antigens were found in the 6 studied 

healthy urothelia cases, demonstrating the malignant nature of these molecular 

alterations. Finally, our observations reinforce early studies in bladder cancer 

glycosylation describing an association between T antigen expression and tumour 

invasion [50]. Focus should now be set on understanding the biological and clinical 

implications of this profound alteration in O-glycosylation. 

 

3.1.2. Expression of sialylated short-chain O-glycans in bladder (STn and 

mono plus disialyl-T) 

Contrasting with neutral short-chain O-glycans, sialylated Tn and T antigens, 

including mono and/or disialyl-T, are widely detected in bladder tumours 

irrespectively of their grade and degree of invasion (62-100%; Table 1). In 

agreement with previous studies [30, 32], the STn antigen was found in high grade 

and invasive tumours (75 and 89% respectively), whereas only 24% of low grade 

cases were positive. The majority of the positive cases presented a low extension 

of expression (<20%), of focal and polydisperse nature, throughout the tumour. 

STn was mostly found in cells of the basal layer (Figure 4A); yet in tumour areas 

presenting extensive staining (>50%) (Figure 4B), it could also be detected in 

papillary urothelium and invasive fronts (Figure 4B). Moreover, whenever present 

in the tumour, STn was also detected in the adjacent but not in the distal mucosa, 

also in agreement with previous reports [30, 32]. Hence, cells neighboring the 

tumour are thought to carry significant alterations that result in the expression of 

this antigen. We also note that increase in STn is generally accompanied by a loss 

of Tn, reinforcing the association between increase in sialylation of O-glycan 

precursors and the severity of the lesions (Table 1). On the other hand, the 

sialylated forms of the T antigen, including mono and/or disialylated glycans, are 

diffusely expressed by all studied bladder tumours (Table 1 and Figure 5). However, 

a significant increase in the extension of sialylated T antigen could be observed in 

more advanced cases, suggesting an over-expression and/or increased activity of 

sialyltransferases (Figure 5). In agreement with these observations, it has been 

demonstrated that advanced stage bladder tumour overexpress ST3Gal-I [34], the 

glycosyltransferase responsible by T antigen sialylation. In summary, while 

superficial tumours mostly present sialylated T antigens, more advanced stage 

tumours also co-express more immature O-glycans, including the STn antigen 
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(Table 1) that has been frequently associated with more malignant phenotypes and 

poor outcome [24, 32, 51, 52].  

 

 

Figure 4. Immunohistochemistry for sialyl-Tn (STn) antigen evidencing A) 

expression in cells longing and invading the basal layer in high-grade NMIBC 

and B) extensive staining including in cells invading the muscle layer in MIBC. 
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Figure 5. Immunohistochemistry for sialylated T antigens (ST: corresponding 

to mono and di-sialylated T glycoforms; S3T and S6T) for low and high grade 

superficial papillary muscle invasive bladder tumours. The Figure highlights the 

increase in T sialylation with the severity of the lesions. Since the S6T antigen was 

determined based on comparisons with STn expression after β-(1,3)-galactosidase 

digestion, only negative STn negative tumour lesions are being presented in this Figure.  

Moreover, since the S3T antigen expression was determined based on comparisons with T 

antigen expression after α2,3)-neuraminidase treatment, only T negative tissues are being 

presented.  
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3.1.3. Exploring the nature of T antigen sialylation 

Despite the widespread nature of sialylated T antigens in healthy and, 

particularly, malignant tissues, few studies have focused on disclosing the nature 

of T antigen sialylation, most likely due to the lack of specific monoclonal 

antibodies and limitations in glycomics approaches. Facing these problems, we 

digested bladder tumour sections with a β-(1-3)-galactosidase prior to incubation 

with the anti-STn monoclonal antibody, to address the possibility of O-6 GalNAc 

sialylation (S6T). This procedure was responsible for the removing of α-3 linked Gal 

residues from S6T antigens exposing STn antigens for recognition (Figure 2A). 

Accordingly, we observed positive staining after enzymatic treatment in STn 

negative tumours (Figure 2A), as well as increased STn expression in several cases 

(Table 1), suggesting the presence of the S6T antigen. This glycan was found in 

approximately 80% of the studied tumours, with similar percentage of positive 

cases between NMIBC and MIBC. However, increased extension of expression could 

be observed in advanced tumour (Table 1 and Figure 5). The S6T was further 

evaluated in FFPE healthy urothelium from six necropsied male individuals, which 

confirmed its cancer-associated nature. Recently we have described that the 

presence of S6T and STn in bladder tumours was associated with a better response 

to BCG immunotherapy of more aggressive NMIBC, suggesting that O-6 sialylation 

plays a key role in bacillus binding to the epithelium [49]. Such observations 

reinforce the importance of including alterations in glycosylation in panomics 

predictive molecular models. Moreover, we have described an overexpression of 

ST6GalNAc-I, a key glycosyltransferase involved in O-6 sialylation of Tn antigens 

[53] in advanced stage bladder tumours [24]. Future studies should be conducted 

to disclose the transcription of ST6GalNAc-I /-II and possibly ST6GalNAc-IV, known 

to be involved in the O-6 sialylation of Tn antigens [12], gaining more insights on 

the biological mechanisms underlying these molecular alterations and its clinical 

relevance.  

On the other hand, incubation with a -neuraminidase specific for cleaving 

O-3 linked sialic acids, allowed T antigen detection in some negative tissues (Figure 

2B) and increased the extension and intensity of expression in T antigen positive 

cases (Table 1), strongly suggesting the presence of the S3T antigen. Contrasting 

with the ubiquitous nature of S6T, the S3T antigen was mostly found in high-grade 

NMIBC (41% low-grade NMIBC; 71% high-grade NMIBC; 61% MIBC). Nevertheless, we 

should note that many high-grade tumours co-express both T sialylated forms. 
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These observations support previous associations between the overexpression of 

both sialyl-T and ST3Gal-I, the sialyltransferase responsible by T antigen O-3 

sialylation, in high grade tumours [34]. Moreover, similar to S6T, the S3T antigen 

was also not detected in the healthy urothelium, reinforcing the cancer-associated 

nature of these antigens. 

In summary, we have demonstrated that there are minor subsets of advanced 

tumours that co-overexpress non-sialylated short-chain O-glycans (Tn and T 

antigens) in association with their sialylated glycoforms. Moreover, we have 

highlighted the structural diversity of T antigen sialylation in bladder tumours, its 

cancer-associated nature and the prevalence of up-until now neglected O-6 

sialoforms. Interestingly, this mimics the sialylation of the Tn antigen, whose 

biological and clinical significance has been extensively studied by our group. 

Furthermore, we have again reinforced the association between STn antigen 

expression and aggressive disease, raising to over 300 the number of evaluated 

tumour sections of different clinicopathological classifications and etiologies [19, 

24, 32, 33, 49, 51, 52]. Significant efforts should be put on providing accurate 

quantification of these antigens using high-throughput glycomics approaches and 

on developing highly specific ligands. This would set the necessary means for large 

scale clinical studies and targeted therapeutics. Moreover, it will be crucial to 

understand the molecular mechanisms underlying glycomic alterations, including: 

i) the events modulating the expression and activity of glycosyltransferases and 

glycosidases in bladder tumours; ii) access the distribution of glycosyltransferases 

throughout the secretory organelles and pathways; iii) explore mutations in key 

enzymes involved in O-glycans biosynthesis and its functional impact. Such 

information will be crucial to access the biological and clinical significance of 

altered O-glycosylation in bladder cancer, provide relevant insights for 

glycoproteomics studies and ultimately the design of novel and more effective 

therapeutics [11]. 

 

3.2. Bladder Cancer Targeted Glycoproteomics 

Based on our previous and current observations, the STn constitutes a key 

cancer-associated antigen highly associated with advanced disease and poor 

prognosis [24, 32, 33, 49, 52]. Moreover, we have observed that STn expression 

significantly favors cell motility and capacity to invade [24, 33] as well as immune 

escape [30]. Therefore, mapping the STn-glycoproteome is crucial to develop highly 
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specific targeted therapeutics against advanced bladder tumours. However, while 

the majority of glycoproteomics studies presented so far have focused mostly on 

bodily fluids and, to lower extent, human tissues, none has attempted to address 

protein glycosylation in FFPE tissues. Herein, we extracted proteins from 5 MIBC 

tumours and screened the samples for STn expression by western blot, which 

retrieved similar expressions patterns (Figure 4). These samples were then pooled 

and analyzed by a conventional gel-based and nanoLC-MS/MS proteomics approach 

(Figure 3A), which allowed the identification of 2578 peptides, corresponding to 

294 proteins (Supplementary Material - Table S1). This illustrated the feasibility of 

using FFPE has starting material for retrospective proteomic studies on clinical 

samples, despite the significant modifications and degradation induced by paraffin 

embedding. Gene ontology interpretation of the results using Panther highlighted 

the presence of proteins from all cell compartments, including plasma membrane 

proteins known to yield the STn antigen (4%; Figure 6); nevertheless, an 

overrepresentation of cytoplasmic and cytoskeleton proteins could be observed 

(Figure 6A), in accordance with its higher abundance in the cellular milieu. The 

main represented molecular functions included binding, structural and catalytic 

activities, whereas the main biological functions were set on metabolic and cellular 

processes (Figures 6B and C), in accordance with the wide range of identified 

proteins.  
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Figure 6. Proteins isolated from FFPE muscle-invasive bladder tumours 

distributed according to cellular localization (A), molecular (B) and cell 

functions (C) based on gene ontology analysis. Briefly, SDS-PAGE-nanoLC-ESI-MS/MS 

analysis of a pool of proteins isolated from FFPE muscle-invasive bladder tumour sections 

led to the identification of 294 proteins (detailed in Supplementary Material - Table S1). The 

integration of these results based on gene ontology analysis using Panther [43] highlighted 

the presence of proteins from all cell compartments, with an overrepresentation of 

cytoplasmatic and cytoskeleton proteins, in accordance with their higher concentration in 

the cellular millieu; nevertheless, low percentages of plasma membrane proteins (4%) and 

extracellular matrix (3%) that generally present O-GalNAc type glycosylation are also 

detected. The main represented molecular functions included binding, structural and 

catalytic activities, whereas main molecular functions were set on metabolic and cellular 

processes. In summary, a wide array of proteins from different cellular components, 

involved in different molecular and biological functions could be identified. Moreover, this 

demonstrates the possibility of performing proteomics-based analysis in proteins recovered 

from challenging matrixes such as FFPE tissues.  
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Nevertheless, due to the low abundance of STn-expressing membrane 

glycoproteins potentially yielding the STn antigen, an enrichment step was 

introduced based on affinity to Vicia villosa agglutinin (VVA) lectin that selectively 

binds terminal GalNAc residues. To render the glycoproteins with affinity for the 

chosen lectin, the extracts were digested with a α-neuraminidase prior to the 

enrichment step, which removed sialic acids from STn exposing the GalNAc residue 

(Tn antigen). The absence of Tn and blood group A determinants in the chosen 

cases ensured the specificity of the enrichment for STn-expressing proteins (Figure 

3B). Subsequent nanoLC-MS/MS analysis led to the identification of over 400 O-

glycosites and 143 membrane glycoproteins putatively expressing the STn antigen 

(Supplementary Material - Table S2), which may be potential targets for targeted 

therapies. These glycoproteins were found associated with a wide array of 

molecular and biological functions, as depicted in detail in Figure 7. In particular, 

STn-expressing proteins mostly mediate binding to other proteins and have 

hydrolase catalytic activities. They also mediate cell-cell communication and 

signaling, as well as regulate primary metabolic processes. These observations 

strongly suggest that altered glycosylation may influence a wide array of cell 

functions, thereby providing key preliminary insights to understand the role of STn 

expression in bladder cancer. Approximately half of the identified glycoproteins 

had been previously studied in the context of bladder cancer and could be 

comprehensively distributed according to its association with disease on an 

analysis in silico with Oncomine [54] (Figure 8). This list included CD44, a typical 

bladder cancer stem-cell associated glycoprotein also associated with drug 

resistant phenotypes and poor prognosis [55], and several integrins, in accordance 

with previous observations [33].  
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Figure 7. Distribution of candidate STn-expressing glycoproteins in muscle-

invasive bladder tumours (detailed in Supplementary Material - Table S2) 

comprehensively integrated according to cellular localization (A), molecular (B) 

and cell functions (C) based on gene ontology analysis by Panther 

bioinformatics tool. STn-expressing proteins were found to be associated with a wide 

array of molecular and biological functions as depicted in detail in the Figure. Accordingly, 

the identified glycoproteins were involved in 9 main classes of molecular functions, with an 

overrepresentation of catalytic activities (Hydrolase, lyase and transferase activities) and 

protein biding mediation. Moreover, 13 main biological functions were highlighted, being 

the most representative cellular processes such as cell communication and, to some extent, 

cell cycle control. These observations suggest that altered glycosylation may influence a 

wide range of key cell events, which warrants evaluation in future studies.  
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Figure 8. Candidate STn-expressing glycoproteins in muscle-invasive bladder tumours comprehensively distributed 

according to its association with the severity of the lesions. Briefly, the identified glycoproteins were distributed according to 

associations with the type of lesion based on an in silico analysis with Oncomine. Proteins identified for the first time in bladder tumours have 

not been included in the graph due to the lack of associations with the type of disease.  
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For validation purposes, we have immunoprecipitated CD44 and ITGB1 in 

these samples and confirmed the expression of STn by western blot (Figure 9). 

Furthermore, immunohistochemistry showed the co-expression of these antigens 

in the same tumour area, which was confirmed by PLA (Figure 9), which allows the 

simultaneous detection of the protein and the glycan whenever there is close 

proximity. In addition to these glycoproteins, we have also identified, for the first 

time, MUC16 and abnormal MUC16 glycoforms in bladder tumours (Supplementary 

Material - Table S1). Interestingly, these heavy weight glycoproteins are generally 

found in ovarian tumours facing poor prognosis, being frequently used for 

serological monitoring and as diagnostic marker of ovarian cancer (CA125 test) 

[56-58]. Again, we have confirmed the presence of STn in MUC16 derived 

glycopeptides based on characteristic CID-MS/MS fragmentation spectra (Figure 

10). Moreover, we found glycopeptides carrying both GalNAc and Gal-GalNAc 

substituents, highlighting the complex antigenic glycoarray presented by bladder 

cancer associated glycoproteins (Figure 11). In addition, the analysis of consecutive 

bladder tumour sections revealed that MUC16 expression is associated and co-

localized with STn expression in 95% of the cases, irrespectively of their histological 

classification (Figure 10). Moreover, PLA, confirmed the presence of MUC16 STn+-

glycoforms in clinical samples (Figure 10). Despite unequivocal data supporting the 

existence of MUC16 STn-glycoforms, we have further attempted to IP and blot this 

glycoprotein like it has been done for CD44 and ITGB1; however, its high molecular 

weight (Mw < 2,000 kDa) and the lack of suitable antibodies for this procedure has 

posed as a significant analytical limitation that will be addressed in future studies. 

Even though this is the first report regarding MUC16 expression in bladder cancer, 

CA125 elevation has been previously observed in the serum of patients with 

advanced pathological stage in comparison to lower stage disease, suggesting that 

this antigen may predict advanced bladder cancer [58, 59]. Furthermore, abnormal 

CA125 levels have been associated with unresectable tumours, again reinforcing 

its association with worse prognosis [58]. 

 



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS:  

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
303 

 

 

Figure 9. A) Western blot for 

glycoproteins expressing the 

STn antigen in advanced 

bladder tumours. All studied 

tumours (n=5) presented a western 

blot pattern similar to the one 

presented in the right lane. The 

signals were sensitive to 

neuraminidase treatment confirming 

the specificity of the signal (left 

lane). B) Identification of STn 

glycoforms in CD44 and ITGB1 

glycoproteins isolated from 

advanced bladder tumours by 

immunoprecipitation. CD44 and 

ITGB1 were immunoprecipitated 

from protein extracts using 

antibody-immobilized agarose 

beads and blotted for CD44 and ITGB1 and STn thereafter. This was a neuramidase-sensitive signal (data not shown), confirming the presence 

of the antigen. CD44 presents a strong signal just bellow 100 kDa, corresponding to the most expressed splice variant, and lower intensity 

signals derived from different glycoforms and less expressed splice variants. The CD44 STn-glycoforms could be found between 50 and 75 

kDa, in accordance with protein species presenting less extended glycans. ITGB1 presented an intense band at apprimately at 100 kDa, most 

likely derived from highly glycosylated forms of the protein, and low intensity bands approximately at 75 kDa, presumably originated by 

variants carrying low molecular weight glycans. Accordingly, the STn antigen was detected in the lower molecular weight protein forms. 



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS:  

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
304 

 

Alltogther these findings confirm that CD44 and ITGB1 are substituted with the STn antigen in advanced bladder tumours, in aggremment 

with glycoproteomics analysis. C) Immunohistochemistry and PLA for CD44, ITGB1 and STn in bladder tumours. 

Immunohistochemistry (left and midle panels) show a co-localization between CD44 and ITGB1 and STn expressions. The red dots in the right 

panel are generated from positive PLA for CD44-STn and ITGB1-STn, confirming these assignments.   
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Figure 10. A) Exemplificative 

annotated nanoLC-ESI-LTQ-orbitrap-

CID-MS/MS spectra for a MUC16 

glycopeptide substituted with a 

HexNAc residue evidencing the 

specific glycosite; B) Co-localization of 

MUC16 and STn in bladder tumours by 

immunohistochemistry; C) Expression 

of MUC16 STn-glycoforms in bladder 

tumours based on PLA analysis. This 

work identified for the first time MUC16 in 

bladder tumours and its association with 

abnormal glycoforms such as the STn 

antigen. The Mass spectrum shows a MUC16 

glycopeptide substituted with a HexNAc 

residue, strongly suggesting the presence of 

STn. The co-localization of MUC16 and STn 

(B) in bladder tumours also reinforce this 

hypothesis. Finally, the red dots on the PLA 

image (C) in areas of co-localization, result 

from the simultaneous detection of both 

antigens, reinforcing this evidence.  
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Figure 11. Annotated nanoLC-ESI-LTQ-orbitrap-CID-MS/MS spectra for a MUC16 

glycopeptide substituted with a HexNAc and HexNAc-Hex residues evidencing 

the specific glycosites (highlighted in the assignment table bellow). 

 

 

 

#1 b⁺ b²⁺ b³⁺ b⁴⁺ AA Seq. (5064-5066) y⁺ y²⁺ y³⁺ y⁴⁺ #2

1 L 23

2 S 1054.22 790.92 22

3 653.29 S-HexHexNAc 1025.21 769.16 21

4 750.34 375.67 P 656.16 20

5 M 842.13 631.85 19

6 982.43 491.72 T 798.45 18

7 535.23 S 764.77 17

8 1182.54 L 16

9 L 1046.59 15

10 800.38 T-HexNAc 14

11 843.89 S 13

12 872.41 G 794.48 12

13 928.95 619.64 L 765.96 11

14 652.66 489.75 V 709.42 10

15 K 9

16 733.05 I 8

17 626.07 T-HexNAc 539.29 7

18 872.77 654.83 D 773.46 6

19 910.46 I 658.44 5

20 711.37 L 4

21 750.39 R 3

22 775.66 T 2

23 R 1
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3.3. Clinical significance of MUC16 expression in bladder cancer 

Given the key role of MUC16 in ovarian cancer [44, 57], and building on the 

lack of clinical data for bladder cancer, we have screened a retrospective series of 

176 tumours spanning different classifications (74 NMIBC and 102 MIBC). MUC16 

was mainly expressed in the cell membrane and cytoplasm, with moderated and 

focal expression that did not exceed 20% of tumours cells for the majority of the 

positive cases (Figure 10B), irrespectively of their histological/TNM classification. 

The MUC16 antigen was observed in approximately 27% of cases (48 of 176), 

mainly in tumours showing lamina propria (T1; 30%) and muscularis propria (≥T2; 

20-40%) invasion; conversely the number of MUC16 positive Ta tumours was lower 

than 15% (Figure 12A; p<0.005). Concerning WHO criteria, MUC16 positive cells 

were mostly observed in the high-grade cases (p=0.008; Figure 12B), reinforcing 

the association between MUC16 expression and poor prognosis. In agreement with 

these observations, we have also observed an increased transcription of MUC16 

gene in MUC16 positive tumours in comparison with MUC16 negative tumours 

(Figure 13, p=0.005). Moreover, we found that MUC16 expression associates with 

lower cancer specific survival (CSS) in MIBC patients treated with cisplatin and 

gemcitabine, suggesting a possible role in drug resistance that is being currently 

evaluated. These observations are in agreement with findings from serological 

CA125 evaluation [57, 60] and strongly support the need for a deeper investigation 

on the biological and clinical significance of MUC16 in bladder cancer. 
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Figure 12. A) Associations of MUC16 with the stage; B) grade of the disease and C) decreased overall survival in MIBC 

patients subjected to cisplatin-based chemotherapy. Accordingly, MUC16 was associated with more aggressive bladder tumours, 

namely advanced stages and grade of the disease. Moreover, its presence in MIBC associates with decreased survival in MIBC submitted to 

chemotherapy. For Figures A and B comparisons between data sets were performed by chi-square test (*p<0.05); In Figure C, a log rank test 

was performed, p=0.032. + censored MUC16 negative tumors; ⧫ censored MUC16 positive tumors. 
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Figure 13. Association between MUC16 classification by 

immunohistochemistry in FFPE cancer tissues (IHC; negative vs positive) and 

MUC16 expression. The graph clearly demonstrates an overexpression of MUC16 in 

tumours considered positive for this glycoprotein.  

 

4. CONCLUSIONS 

 It has been long known that advanced bladder tumours present significant 

alterations in glycosylation that relate with worst prognosis; however, there is a 

lack of information on the structural nature of cancer-specific glycans. This work 

highlights that advanced bladder tumours overexpress and frequently co-express 

an array of short-chain O-glycans resulting from a premature stop in the 

glycosylation of membrane and secreted proteins. Moreover, it clearly 

demonstrates a predominance of sialylated over neutral glycoforms, with emphasis 

on sialylated Tn and T antigens. In addition, for the first time, we provide key 

insights on the nature of the T antigen sialylation, which will be crucial for guiding 

future glycomics and glycoproteomics studies and to the design of specific ligands 

against bladder cancer cells. Moreover, we have highlighted a significant increase 

in O-6 sialylation in bladder tumours, particularly the STn antigen. Finally, we have 

mined the glycoproteome of advanced bladder tumours for STn-expressing 

glycoproteins. This resulted in the identification of MUC16 as a novel biomarker 

for a subset of bladder tumours presenting poor prognosis. It also highlighted a 

molecular link between bladder and ovarian cancer, where abnormally glycosylated 

MUC16 plays a key role in disease progression and dissemination. Future studies 

should now be focusing on the biological role of this glycoprotein in bladder 
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cancer. Our findings also reinforce the need to comprehensively address the CA125 

antigen in the sera and, possibly, also urine of bladder cancer patients. 

Furthermore, we augment that a careful mapping of MUC16 and other cancer-

associated glycoproteins may provide the necessary structural information for 

highly specific biomarkers and targeted therapeutics.  
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ABSTRACT 

Muscle invasive bladder cancer (MIBC) remains amongst the deadliest 

genitourinary malignancies due to conventional treatment failure and significant 

molecular heterogeneity, delaying effective targeted therapeutics. Oversialylation 

and O-glycans shortening are salient feature of more aggressive tumours, creating 

unique cell surface glycoproteomic fingerprints that hold potential for targeted 

therapeutics. Envisaging this goal, we have screened the O-glycome of three 

relevant bladder cancer cell models (5637, T24, HT1376) by mass spectrometry. 

Sialylated T (ST) antigens were identified as the most abundant glycans, allowing 

targeted glycoproteomics studies. Using a combination of sialidase treatments, 

peanut agglutinin (PNA) lectin affinity chromatography and conventional bottom-

up proteomics by nanoLC-ESI-MS/MS, we have identified approximately 1300 

glycoproteins. We then established a bioinformatics roadmap for identification of 

targetable biomarkers exploring transcriptome and proteome information in 

Oncomine and the Human Protein Atlas databases. GLUT1 and HOMER3 emerged 

as top-ranked targetable biomarkers given its high de novo expression in bladder 

tumours and low/null expression in human healthy tissues. According to 

immunohistochemistry analysis of human tumours, GLUT1 and HOMER3 were 

associated with more aggressive forms of the disease and metastasis, while being 

undetectable in the healthy urothelium. These glycoproteins were further 

associated with poor prognosis. Moreover, MS analysis has confirmed short-chain 

sialylated glycoforms of GLUT1 and HOMER3 in bladder tumours. Such 

observations set the molecular rationale for developing improved targeted 

therapeutics for bladder cancer. Future studies should devote to a comprehensive 

mapping of GLUT1 and HOMER3 glycosites envisaging highly specific cancer 

targeted therapeutics. 

 

Keywords: glycomics, glycoproteomics, bladder cancer, targetable biomarkers, 

GLUT1, HOMER3 
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1. INTRODUCTION 

Bladder cancer (BC) is one of the deadliest malignancies of the genitourinary 

system, especially upon high cell dedifferentiation and muscle invasion [1]. Despite 

recent patient management improvements provided by the introduction of immune 

checkpoint inhibitor immunotherapies, BC mostly remains an orphan disease 

regarding novel effective targeted therapeutics [2, 3]. Nevertheless, multi-target 

approaches are emerging as highly promising therapeutic strategies [4], relying in 

the identification of highly specific bladder cancer biomarkers capable of 

maximizing therapeutic efficiency while reducing off-target effects. 

Emphasis has been set on the plasma membrane proteome as a source of 

potentially targetable biomarkers [5, 6]. Approximately 10% of the proteins 

encoded by the human genome reside in the plasma membrane, many of which 

being also found in intracellular organelles and secreted vesicles at a given stage 

of its cycle, suggesting broader biological roles [7]. Accordingly, plasma membrane 

proteins translate cellular dynamics, while actively contributing to the achievement 

of several hallmarks of cancer by activating oncogenic pathways, as well as 

impacting negatively on cellular adhesion and immune recognition [8]. Moreover, 

it often originates tumour-associated (neo)antigens holding great potential for 

targeted therapeutics, including immunotherapy, specially due to its cell surface 

nature and accessibility to antibodies or ligands [9]. 

Over four decades of research have disclosed a plethora of alterations in 

glycosylation pathways that significantly alter the membrane glycoproteome and 

consequently shape biomarker discovery [10]. The most striking stem from a 

drastic stop in protein O-glycosylation (occurring in Ser/Thr) through sialylation, 

leading to the biosynthesis of sialylated short-chain O-GalNAc glycans, as sialyl-Tn 

(STn) and mono/di sialylated T (ST) antigens [10-13]. While much is known about 

the functional and clinical implications of STn in bladder cancer, scarcer 

information exists regarding the ST antigen [10, 11, 13-15]. In fact, many studies 

have demonstrated that the STn antigen alters protein functions, favoring cancer 

cell motility, invasion, metastasis and immune escape, while being associated to 

unfavorable prognosis [11, 14, 16]. On the other hand, cancer-associated ST 

antigen overexpression mediated by ST3GAL1 upregulation appears to be part of 

the initial oncogenic transformation of the bladder [12] persisting  in more 

advanced stages. In addition to functional implications, alterations in protein 

glycosylation also provide a fingerprint for distinct pathological contexts, holding 



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
322 

 

true clinical translational potential. Showcasing this, a recent bladder cancer 

targeted glycoproteome enquire highlighted that MUC16-STn glycoforms (CA125 

antigen) could define subsets of chemoresistant patients, whereas no associations 

were stablished based solely on the protein or the glycan [17]. These findings 

support the importance of engaging in a comprehensive interrogation of the 

glycoproteome beyond STn-expressing glycoproteins envisaging relevant 

targetable biomarkers.  

 

2. MATERIAL AND METHODS 

2.1. Cell culture 

The T24 (grade III), 5637 (grade II) and HT1376 (grade III) bladder cancer 

cell lines were acquired from DSMZ (Düsseldorf, Germany) and recently 

characterized and authenticated by our group[18]. Accordingly, this panel 

represents the two main oncogenic pathways leading to urothelial carcinomas, 

namely the FGFR3/CCND1 oncogenic pathway (T24 cell line) and the E2F3/RB1 

pathway (5637 and HT1376 cell lines). Cells were cultured at 37°C in a 5% CO2 

humidified atmosphere with RPMI 1640 + GlutaMAX
TM

 medium (Gibco, Life 

Technologies) supplemented with 10% heat-inactivated FBS (Gibco, Life 

Technologies) and 1% penicillin-streptomycin (10,000 Units/mL penicillin; 10,000 

mg/mL streptomycin; Gibco, Life Technologies). 

 

2.2. Patient samples 

This study was performed retrospectively in a series of 104 formalin-fixed 

paraffin-embedded (FFPE) bladder tumors obtained from archived paraffin blocks 

at the Portuguese Institute of Oncology—Porto (IPO-Porto), Portugal. Patients were 

admitted and treated at the IPO-Porto between 2000 and 2015. The series was 

composed by 53 non-muscle invasive bladder tumours, from which approximately 

30% were Ta low grade tumors and the remaining T1 high grade tumors. It also 

included 51 muscle invasive bladder tumours representative of all disease stages 

(12 T2, 25 T3, 14 T4) and 10 metastasis biopsies (5 lymph node; 5 distant 

metastasis). The time of follow-up was on average 49 months (1–226 months). 

Overall survival (OS) was defined as the period between surgery and patients’ death 

by cancer or between surgery and the last clinical visit. All procedures were 

performed under patient’s informed consent and after approval of the IPO-Porto 

ethics committee. Clinicopathological information was obtained from patient’s 
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clinical records. Healthy urothelium, thyroid, liver, gallbladder, testis, lung, 

stomach, pancreas, small intestine, colon and appendix tissue sections were also 

included in the comparative study.  

 

2.3. O-glycomics 

Bladder cancer cellular models O-glycome was characterized though the 

Cellular O-glycome Reporter/Amplification method, as previously described [19]. 

Briefly, benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside (Sigma-Aldrich) was 

peracetylated and administered to semi-confluent bladder cancer 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 analysed by 

MALDI-TOF-MS in a positive ion reflector mode using 2,5-dihydroxibenzoic acid 

(DHB; 10 mg/ml in 50% methanol, 0.1% TFA) as matrix. Obtained spectra were 

subjected to external and internal calibration and structures were assigned based 

on previous knowledge about O-glycosylation pathways [10]. Triplicate 

experiments were performed. 

 

2.4. Bladder cancer cell models glycoproteomics 

Plasma membrane proteins were extracted from whole 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 centrifuged at 720 x g for 5 min 

at 4ºC to remove nuclei, transferred to a fresh tube and re-centrifuged 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 re-suspended 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. Plasma membrane enriched fractions were 

then digested with α-neuraminidase [10 U Clostridium perfringens neuraminidase 

Type VI (Sigma)] and enriched for glycoproteins expressing the T antigen by Peanut 

Agglutinin (PNA) lectin agarose (Vector laboratories) chromatography. Protein 

extracts were then run on an SDS-PAGE gel, excised from the gel, reduced with DTT 
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(Sigma) and alkylated with iodoacetamide (Sigma). Peptides were generated by 

trypsin (Promega) digestion and analyzed by nanoLC-ESI-MS in 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), according to the conditions previously 

described by Cotton et al. [17]. Data was analyzed automatically using the 

SequestHT search engine with the Percolator algorithm for validation of protein 

identifications (Proteome Discoverer 1.4, Thermo Scientific). Data was searched 

against the human proteome obtained from the SwissProt database on 

22/11/2015, 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 (+15.9) and modification of serine and threonine with HexNAc (+203.1; 

Tn antigen) and HexNAcHex (+365.1; T antigen) was defined as variable 

modifications. In order to accommodate information regarding glycopeptides that 

under CID fragmentation present characteristic fragment ion spectra mostly 

dominated by ions resulting from the loss of glycan moieties, SEQUEST was set to 

show identifications of proteins with low confidence peptides, as previously 

reported [20, 21]. Protein grouping filters were set to consider PSMs with low 

confidence and ΔCn better than 0.05. At least two PSMs per protein were required. 

The strict maximum parsimony principle was applied. The resulting protein list, 

presenting a significant number of low confidence identifications, was then curated 

for proteins presenting a plasma membrane location based on gene ontology (GO 

terms) through the Software Tool for Researching Annotations of Proteins (STRAP) 

[22] and also presenting potential O-glycosylation sites according to NetOGlyc 4.0 

(http://www.cbs.dtu.dk/services/NetOGlyc/) [23] as previously described [24]. The 

retrieve/ID mapping of UniProtKB (http://www.uniprot.org/) [25] was then used to 

reconfirm the topological domain and subcellular location of proteins retrieved by 

STRAP. The resulting protein list was subsequently curated for glycoproteins 

presenting HexNAc and/or HexNAcHex O-glycosites by manual spectral annotation 

backed by GlycoPAT, a comprehensive open-source platform for MS-based 

glycoproteomics data analysis [26]. Final list of annotations includes high 

confidence glycoproteins as well as medium/low confidence annotated 

glycoproteins exhibiting two or more glycopeptides showing HexNAc and/or 

HexNAcHex modifications. 



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
325 

 

2.5. Bioinformatics-based glycobiomarker discovery  

The subset of plasma membrane proteins expressed by all cell lines was 

characterized according to their molecular and biological functions using the 

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) version 10.5 

(http://string-db.org/) [27]. In addition, identified glycoproteins were categorized 

using Oncomine
TM

 (https://www.oncomine.org/) [28, 29] according to their 

overexpression in bladder cancer (NMIBC and MIBC) compared to healthy tissues, 

determined by RNAseq technology. A p≤0.05 as well as a 2-fold variation of 

expression were considered. Expression of these proteins in bladder cancer patient 

samples and healthy tissues was also determined using The Human Protein Atlas 

[30, 31]. Protein expression in healthy tissues evaluated by immunohistochemistry 

was stratified as high, moderate, low, negative/not detected and not available 

according with The Human Protein Atlas (https://www.proteinatlas.org/) [30]. 

Regarding bladder tumours, five groups were created according with the number 

of patients expressing a given protein. Namely, when 80-100% of patients 

expressed a given protein, that group was considered a high expression group. 

Similarly, when 40-79%, 1-39%, and 0% of patients expressed that protein, the 

groups where considered as moderate, low, and negative expression groups. 

Whenever a protein was not addressed in bladder tumours, it was attributed to an 

unknown expression group. The Human Protein atlas also allowed determining the 

expression of identified glycoproteins in healthy human organs (brain, endocrine 

system, immune system, muscle tissues, respiratory, digestive, urinary, 

reproductive systems, adipose and soft tissues and skin). This information was 

comprehensively included in a scoring system (target score) ranking the identified 

glycoproteins in relation to their potential for targeted therapeutics and minimal 

potential for off-target effects. The target score attempted to value overexpression 

and localization of the glycoproteins at the cell membrane as well as associations 

with poor prognosis in bladder cancer, while penalizing their presence in the same 

subcellular compartment as in healthy tissues. It also valued glycoproteins present 

solely in brain tissue (protected by the blood-brain barrier) in opposition to other 

locations, while penalizing its presence in lymphoid tissues and gametes. 

Accordingly, the score system results from the sum of the following nine variables: 

i) location in healthy cells (membrane: 0 points; other subcellular locations: 1 

point); ii) location in cancer cells (membrane: 1 point; membrane and/or other 

subcellular locations: 0 points); iii) expression in the healthy urothelium at the 
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plasma membrane (negative: 3 points; low: 2 points; moderate: 1 point; high: 0 

points); iv) expression in bladder cancer (negative: 0 points; low: 1 point; moderate: 

2 points; high: 3 points); v) prognosis value in bladder cancer (high expression is 

not prognostic and/or associates with favorable prognosis: 0 points; high 

expression associates with poor prognosis: 1 point); vi) expression in the brain 

(exclusively in the brain: 1 point; brain and other tissues: 0 points); vii) expression 

in lymphoid tissues at the plasma membrane (not expressed: 1 point; expressed: 

0 points); viii) expression in gametes (not expressed: 1 point; expressed: 0 points); 

ix) Index of expression in healthy tissues at the plasma membrane-varies from 3 

points (no expression) to 0 (high expression). The biomarkers expression levels 

(high, medium, low) were determined by immunohistochemistry, according to 

Human Protein Atlas.  

 

2.6. Bladder tumours glycoproteomics 

Five MIBC showing high STn and ST expressions by immunohistochemistry 

were selected for tumour glycoproteomics. Proteins were extracted from formalin 

fixed paraffin embedded tumour tissues using the Qproteome FFPE tissue kit 

(QIAGEN) according to the vendor’s instructions. Protein extracts were de-sialylated 

as described in section 2.4 and enriched for Tn expressing glycoproteins by Vicia 

Villosa lectin affinity chromatography as previously described [17], followed by 

enrichment for T expressing glycoproteins with the PNA lectin, reduced, alkylated 

and digested as described in section 2.4. Peptides were separated using an UltiMate 

3000 RSLC nano LC system (Thermo Fisher Scientific) equipped with a trapping 

cartridge (Precolumn C18 PepMap 100, 5µm, 300 µm i.d. x 5 mm, 100 Å) and an 

analytical column (Waters nanoEase HSS C18 T3, 75 µm x 25 cm, 1.8 µm, 100 Å). 

Solvent A was 0.1% formic acid in LC-MS grade water and solvent B was 0.1% formic 

acid in LC-MS grade acetonitrile. After loading the peptides onto the trapping 

cartridge (30 µL/min of 0.05% TFA in LC-MS grade water for 3 min), elution was 

performed with a constant flow of 0.3 µL/min using a 60 min analysis time (with a 

2–28%B elution, followed by an increase to 40%B, and re-equilibration to initial 

conditions). The LC system was directly coupled to a Orbitrap Fusion Lumos ETD 

mass spectrometer (Thermo Fisher Scientific) using a Nanospray-Flex ion source 

and a Pico-Tip Emitter 360 µm OD x 20 µm ID; 10 µm tip (New Objective). The mass 

spectrometer was operated in positive ion mode with a spray voltage of 2.2 kV and 

capillary temperature of 275 °C. Full scan MS spectra with a mass range of 350–
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1800 m/z were acquired in profile mode using a resolution of 120,000 (maximum 

fill time of 50 ms or a maximum of 3e6 ions (automatic gain control, AGC)). Peaks 

with charge 2 to 8 and a minimum intensity of 5e4 ions (data-dependent 

acquisition) were selected for MS/MS acquisition. Precursor selection was allowed 

for up to 120 ms or until 1e5 ions have been collected (AGC target). Fragmentation 

was performed using EThcD with a preference for the highest charged peaks. The 

quadrupole isolation window was set to 3 Da, charge dependent ETD parameters 

with supplemental Activation (HCD, 35%) were selected. MS/MS spectra were 

analysed in the Orbitrap with a resolution of 15 000 in profile mode. Peaks were 

fragmented for a cycle time of up to 3 s. SEQUEST was set to consider z and c type 

ions and to allow tolerances of 5 ppm for precursor ions and 0.1 Da for fragment 

ions. Additional parameters were those described in section 2.4. 

 

2.7. Immunoprecipitation and Western Blot 

A Pierce™ Direct IP Kit (26148, ThermoFisher Scientific) was used according 

to the manufacturer’s instructions to selectively immunoprecipitate GLUT1 and 

HOMER3 from membrane protein lysates using a rabbit monoclonal [EPR3915] anti-

GLUT1 antibody (ab196357, Abcam) and a rabbit polyclonal anti-HOMER3 antibody 

(PA5-59383, ThermoFisher Scientific). The isolated glycoproteins were then run on 

SDS-PAGE gels, transferred into nitrocellulose membranes and screened for GLUT1, 

HOMER3 and ST antigen expression by western blot using a rabbit recombinant 

monoclonal anti-GLUT1 antibody [EPR3915] (ab115730), a rabbit polyclonal 

antibody (PA5-59383, ThermoFisher Scientific) and a biotinylated peanut agglutinin 

lectin (PNA, B-1075, Vector laboratories), respectively. ST antigen detection by PNA 

lectin was preceded by overnight α-neuraminidase (from Clostridium perfringens 

neuraminidase, Sigma) in membrane digestion 0.1U/mL at 37°C. 

 

2.8. Immunocytochemistry 

To verify cell membrane expression of the main biomarkers, 

immunocytochemistry assays were performed. GLUT1 and HOMER3 expressions 

were determined in methanol fixed cells using a rabbit monoclonal [EPR3915] 

antibody (ab196357, Abcam) and a rabbit polyclonal antibody (PA5-59383, 

ThermoFisher Scientific), respectively, incubated 1:100 for 1h at room temperature. 

A goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody Alexa Fluor 594 

(ThermoFisher Scientific, A-11012) was then incubated for 30min 1:1000 at room 
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temperature prior detection. For ST antigen detection, 5μg/ml of fluorescein 

labeled peanut agglutinin (PNA) lectin (vector laboratories) was incubated with PFA 

4% fixed cells for 1h at room temperature after 4h of α-neuraminidase (from 

Clostridium perfringens neuraminidase, Sigma) digestion 0.1U/mL at 37°C. 

Immunofluorescence images were acquired using a Zeiss Axio Imager Z1 (Carl 

Zeiss, Germany) microscope through a Axiocam MR ver3.0 (Carl Zeiss, Germany) 

camera and using the Software Axiovision 4.8 (Carl Zeiss, Germany). 

 

2.9. Flow cytometry 

The T and ST antigens expression in bladder cancer cell lines was 

determined by flow cytometry using a fluorescein labelled Peanut Agglutinin (PNA) 

lectin (FL-1071, Vector laboratories), which preferentially binds to the T-antigen. 

Adherent cells were detached using the non-enzymatic cell dissociation reagent 

Versene (Gibco) and fixed in 2% Paraformaldehyde. PNA-FITC lectin at 5μg/mL was 

used for T antigen detection after 1h incubation in PBS 2% FBS at room temperature 

under light agitation. ST antigen detection was achieved following the same 

protocol after overnight incubation at 37°C with an α-Neuraminidase from 

Clostridium perfringens (Sigma) at 50mU/ 10
6

 cells. Since the lectin conjugate is 

supplied essentially free of unconjugated fluorochromes, cell autofluorescence was 

included as negative control in every experiment. At least three concordant 

experiments were performed for each cell line and conditions, with at least 10
5

 cell 

reads per condition. 

 

2.10. Tissue expressions of GLUT1, HOMER3, STn and ST antigens 

Formalin fixed paraffin embedded (FFPE) tissue sections were screened by 

immunohistochemistry for GLUT1 and ST antigens using the streptavidin/biotin 

peroxidase method as described previously[11] as well as for HOMER3 using the 

Bond Polymer Refine Detection kit (DS9800, Leica Biosystems) according to the 

manufacturer’s instructions using the above mentioned antibodies. STn detection 

was achieved using an Anti-tag-72 antibody [B72.3 + CC49] (ab199002, Abcam) 

0.5μg/mL overnight at 4ºC using the streptavidin/biotin peroxidase method. 

Immuno-reactive sections were blindly assessed using light microscopy by two 

independent observers and validated by an experienced pathologist. Briefly, ST and 

GLUT1 were scored according to a semi-quantitative approach based on the 

intensity and extension of the staining. The extension of staining was rated in 
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cutoffs of 10%, and staining intensity was rated as follows: negative-0, weak-1, 

moderate-2, and strong-3 points. The tumours were then classified based on the 

multiplication of extension evaluation and intensity. Non-consensual readings were 

re-analyzed using a double-headed microscope and consensus was reached. For 

HOMER3 and STn, classification was based on cellular location (cytoplasm, plasma 

membrane) and positivity was considered whenever the antigen was present. 

 

2.11. Statistical analysis 

Statistical analysis was performed using Statistical Package for Social 

Sciences – SPSS for Windows (version 22.0; IBM, Armonk, NY, USA). Chi-square 

analysis was used to compare categorical variables and non-parametric Mann–

Whitney tests were used for continuous variables. Kaplan–Meier survival curves 

were applied to evaluate correlation between the evaluated biomarkers and overall 

survival (OS). Comparison of estimates was done using log-rank tests. Further, 

multivariate Cox regression analysis was used to assess the independent 

prognostic marker value of the evaluated biomarkers on the OS and to adjust for 

potential confounders. 

 

3. RESULTS AND DISCUSSION 

This work aims to identify biomarkers for bladder cancer management 

exploring a bioinformatics-assisted glycomics and glycoproteomics workflow using 

relevant cell models as starting point. Envisaging this goal, we elected three cell 

models of different histological backgrounds and representative of distinct 

carcinogenesis pathways (5637, T24, HT1376). The cell lines were first submitted 

to O-glycomics characterization (in Ser/Thr residues), generating key molecular 

information to guide downstream glycoproteomics protocols and glycoprotein 

identification. Gene ontology-assisted bioinformatics tools combined with an O-

glycosites prediction software was used to facilitate the curation of 

glycoproteomics datasets. Finally, identified glycoproteins were comprehensively 

integrated with available transcriptomics and proteomics data using web-based 

tools to pinpoint clinically relevant proteins for downstream validation (Figure 1, 

Supplementary Material). Most relevant glycobiomarkers were subsequently 

validated in patient samples and healthy human tissues envisaging the necessary 

molecular rational to foster targeted therapeutics.
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Figure 1. Illustration of the bioinformatics-assisted protocol for glycobiomarkers identification using cell models. The high 

glycosylation frequency and glycosites density presented by membrane glycoproteins poses a significant analytical hurdle to conventional 

proteomics protocols. Therefore, a combined O-glycomics and O-glycoproteomics approach was conducted for bypassing this hurdle. O-

glycome characterization was performed by Cellular O-glycome Reporter/Amplification method using a glycan mimetic for the simplest form 

of O-glycosylation. Briefly, the glycan mimetic was first peracetylated to render it more hydrophobic, enabling passive diffusion through the 
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plasma membrane. Once inside the cell the glycoside undergoes rapid deacetylation by deacetylases, becoming glycosylated by available O-

glycosylation machinery, after which it is secreted back to the extracellular medium, providing a fingerprint for cellular O-glycosylation. O-

glycosides are then recovery by reverse phase chromatography, permethylated to make it hydrophobic, facilitating ionization and stabilization 

labile sugars, enabling downstream analysis by MALDI-TOF/TOF-MS. This method generated key structural information for designing targeted 

O-glycoproteomics protocols, namely glycoprotein enrichment strategies targeting ST antigens based on Peanut Agglutinin (PNA) Lectin Affinity 

Chromatography after neuraminidase digestion. Isolated glycoproteins were subsequently identified by bottom-up nanoLC-CID-MS/MS-based 

proteomics (reduction, alkylation, protease digestion, LC-MS/MS). The retrieved protein list was curated based on gene ontology (GO terms; 

using STRAP) for membrane glycoproteins showing potential O-glycosylation sites determined by prediction software NetOGlyc 4.0.  The 

existence of glycopeptides with HexNAc (Tn antigen) and/or HexNAcHex (T antigens) modifications was used to confirm protein glycosylation. 

Finally, the glycoproteins were comprehensively integrated with bioinformatics tools to disclose sub-cellular location, molecular and biological 

functions (with STRING). It was also comprehensively integrated with transcriptomics (Oncomine) and proteomics (Human Protein Atlas) data 

to highlight potentially targetable glycobiomarkers. 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
332 

 

3.1. Bladder cancer cell models glycomics 

O-glycomics analysis was based on a recent molecular reporter technology 

using a glycan mimetic of the simplest form of O-glycosylation (Bn-GalNAc). Briefly, 

Bn-GalNAc was first peracetylated to render it more hydrophobic to passively 

diffuse through the plasma membrane. The compound is then deacetylated by 

intracellular deacetylases, glycosylated by the available glycosylation machinery 

and secreted back into the extracellular medium. After recovery by reverse phase 

chromatography, the glycan mimetic was permethylated to make it more 

hydrophobic to facilitate ionization and stabilize labile sugars such as fucose and 

sialic acids, thus enabling downstream analysis by MALDI-TOF-MS [32]. A total of 

19 different glycans were identified (Figure 2), the majority of which belonging to 

T24 (n=18 glycans) and HT1376 (n=14) grade III cell lines, whereas the grade II cell 

line presented a more homogenous nature at the glycan level (n=5). In fact, the 

5637 cell line mainly expressed mono and di-sialylated T and core 2 antigens, while 

grade III cell lines also presented evidences of more elongated and sialylated core 

2 structures. All cell lines also presented trace amounts of the m/z 751.4 ion (not 

represented in Figure 1) corresponding to the sialyl-Tn (STn) antigen, a relevant 

short-chain O-glycan implicated in bladder cancer aggressiveness. The low levels 

of STn in bladder cancer cell lines in comparison to bladder tumours reinforces 

previous associations with tumour microenvironmental cues that are not reflected 

by conventional cell culture conditions [16]. Nevertheless, mono and/or di-

sialylated T antigens remain predominant glycan species in all cell lines, in 

agreement with previous immunohistochemistry observations in bladder tumours 

[17]. Interestingly, sialylated T ratios were higher in grade II compared to grade III 

cell lines, as suggested by previous reports [12]. FACS analysis demonstrated that 

T antigens were expressed in vestigial amounts in all cell models, appearing mainly 

in its sialylated form, as highlighted by MS analysis. FACS analysis also reinforced 

that ST antigens may be increased in grade II compared to grade III cell lines (Figure 

3). Nevertheless, more studies involving more cell lines of different molecular 

backgrounds and tumour tissues showing distinct clinicopathological features are 

required to support this hypothesis. In summary, glycomics analysis highlighted 

sialylated T antigens as preferential O-glycoforms presented by bladder cancer cell 

models, supporting enrichment strategies focusing on this glycans before 

downstream glycoproteomics studies. 
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Figure 2. Glycome repertoire for 5637, T24 and HT1376 cells lines in bladder 

cancer. A) Typical cellular O-Glycome Reporter/Amplification MALDI-TOF/TOF-MS for T24 

cell line. The mass spectra in panel A highlights mono and di-sialylated T antigens at m/z 

955.4 and 1316.6 as dominant glycan species. Less abundant ions include fucosylated T 

antigens (m/z 768.4) and fucosylated and/or sialylated core 2 glycans (m/z 1391.7, 

1578.8, and 1765.8). Low abundant signals corresponding to more extended glycans were 
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also evident at m/z 1853.9, 2028.0, 2215.0, 2471.2, 2664.3 and 2926.5. Traces of the 

sialyl-Tn (STn) antigen could also be observed at m/z 751.4 (not represented in the graph 

as it appears in a noisy area of the spectra). B) Glycome repertoire for 5637, T24 and 

HT1376 cell lines in bladder cancer. The graph shows that all cell lines present similar O-

glycomes, emphasizing mono- and di-sialylated T antigens as the most abundant glycans.  

 

 

Figure 3. Expression of T and ST antigens by FACS. Expression of T and ST antigens 

in bladder cancer cell lines. (A) The representative histogram displays the expression of T 

antigen (red) compared to ST antigen (blue) after sialidase treatment, highlighting the 

striking overexpression of ST antigen compared to its neutral form T antigen in all cell lines. 

(B) The histogram displays the comparison of basal levels of T antigen in the three evaluated 

cell lines, emphasising the increased expression in the 5637 cell line compared to T24 and 

HT1376 cell lines. Both histograms were generated using the InfinicytTM flow cytometry 

software.  

 

3.2. Bladder cancer cell models glycoproteomics 

 Based on glycomics screening, samples were first enriched for plasma 

membrane proteins by ultracentrifugation of cell protein extracts. Membrane 

protein extracts were subsequently digested with sialidase and enriched for 
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glycoproteins expressing the T-antigen by PNA affinity chromatography. 

Glycoproteins were identified by conventional bottom-up MS-based proteomics 

after trypsin digestion and analysis by nanoLC-CID-MS/MS followed by protein 

annotation using SEQUEST and GlycoPAT [26]. Data was subsequently curated using 

a bioinformatics workflow capable of sorting proteomics datasets for glycoproteins 

with putative O-glycosylation sites. Overall, we have identified 1307 glycoproteins 

potentially expressing sialylated T antigens. According to Gene Ontology (GO) 

terms analsyis with STRING (Figure 4A), most glycoproteins were not restricted to 

the plasma membrane and extracellular domains, since many have been previously 

found in the cytoplasm, cytoskeleton, and nucleous, suggesting a broad range of 

molecular and functional roles. Subsequent bioinformatics analysis showed that 

binding as well as catalytic and molecular transducer activities are amongst the 

more common molecular functions of these glycoproteins (Figure 4B). Moreover, 

these glycoproteins are involved in a wide arrays of biological functions including 

cellular homeostasis, immune system mediation, interactions with cells and 

organisms, response to stimuli and many other cellular processes (Figure 4C), in 

aggrement with previous reports for the plasma membrane proteome [33]. 

Interestingly, a higher number of identifications were observed for grade III cell 

lines (49% in T24 and 60% in HT1376 vs 43% in 5637; Figure 5A; Supplementary 

Material), which contrasted with the higher amount of sialyl-T antigens presented 

by grade II in relation to grade III cell lines. Such findings may be explained by 

increased glycosite density and/or de novo glycosylation of membrane proteins 

accompanying disease progression in grade III cell lines [34, 35]. Deregulation in 

glycosyltransferases expression and activity, disorganization of secretory 

organelles and metabolic alterations are amongst the many factors directly 

influencing cancer cells glycosylation [10]. Moreover, changes in the overall 

composition of the membrane proteome may significantly alter the cell membrane 

glycome, also accounting for these findings. This should be subjected to deeper 

analysis in future studies involving a more diversified array of cell models and 

quantitative glycoproteomics. Interestingly, the percentage of proteins shared by 

the three cell lines was only 14% (Figure 5A), supporting that homologous 

glycomics signatures may be reflected by distinct proteomes. These observations 

reinforce the importance of exploring apparently similar glycan backgrounds for 

cell line-specific molecular signatures.  
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Figure 4. A) Sub-cellular location, B) molecular functions and C) biological 

processes associated to the identified glycoproteins. The 1307 glycoproteins were 

comprehensively analysised based on GO terms for sub-cellular location, molecular and 

biological functions. Chart A shows that identified glycoproteins are not restricted to the 

plasma membrane and extracellular domains and can also be found in the cytoplasm, 

cytoskeleton, the nucleous and other locations, suggesting a broad range of molecular and 

functional roles. This was confirmed by subsequent bioinformatics analysis, showing as 

main molecular functions binding, catalytic and molecular transducer activities. Moreover, 

these glycoproteins are involved in wide arrays of biological functions including cell 

regulation, immune system mediation, interactions with cells and organisms, response to 

stimuli and many other cellular processes.
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3.3. Bioinformatics Identification of Targetable Biomarkers  

The glycoproteomics dataset composed of 1307 glycoproteins potentially 

expressing sialylated T antigens was then curated in silico for potentially targetable 

biomarkers using transcriptome and proteome information available in online 

databases (Oncomine RNAseq and Human Protein Atlas). We first explored 

Oncomine RNAseq to identify glycoproteins potentially resulting from upregulated 

gene expression in bladder tumours in comparison to the healthy urothelium 

(Figure 5B). Only 19% of the original dataset was upregulated in bladder tumours; 

namely 103 glycoprotein transcripts were upregulated in NMIBC, 112 in MIBC as 

well as NMIBC, and 38 in MIBC. Based on this information, the initial database was 

narrowed to 150 glycoproteins showing some degree of association with invasive 

lesions. The Human Protein Atlas was then used to sort proteins described in 

tumour tissues. A total of 121 out of 150 sorted glycoproteins were detected in 

MIBC, 75% of which were also present in NMIBC. The majority (70%) was present in 

low or moderate levels (Figure 5C). Nevertheless, only a restricted group of 38 

proteins, 8 of which presenting high expression, were exclusive of MIBC and might 

play a critical role in advanced disease (Figure 5C). In agreement with these 

observations, many of the glycoproteins identified in MIBC (22/29) had been 

previously found in chemoresistant bladder tumours carrying the STn antigen 

(identified in red in Figure 5C), including the BC stem cell biomarker CD44 [17, 36]. 

Moreover, a significant number of identified glycoproteins (ADAM10, ANX1, 

ATP1B1, CASP10, CPNE3, DST, ENO1, FAT2, GLUT1, KCNN4, LY75, MUC16, PIK3CA, 

PTPRF and YWHAH) were also associated with decreased survival in BC [17, 37, 38]. 

Furthermore, some of them were previously correlated with urothelial cancer 

oncogenic pathways (PIK3CA), malignant cell growth, invasion (ADAM10) and 

differentiation (ANX1) [39-41]. Particularly, MUC16-STn glycoforms have been 

associated with chemoresistance and decreased survival, suggesting a potential 

role for altered glycosylation in this process [17], as previously demonstrated for 

other cancer models [42]. In summary, using bioinformatics we have narrowed 

down a list of over 1300 entries to 121 glycoproteins overexpressed in muscle 

invasive tumours, 18% of which associated with poor prognosis. 

Subsequently, glycoproteins were classified according to their expression in 

bladder cancer and presence in human healthy tissues, as highlighted by Figure 6. 

This expression matrix allowed developing a score ranking the glycoproteins 

according to its specificity for targeting cancer cell, while minimizing off-target 
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effects. Accordingly, our scoring system valued plasma membrane expression in 

relation to other subcellular locations, absence from healthy tissues and 

overexpression in bladder cancer, while severely penalizing lymphoid system and 

gametes expression. It also privileged associations with poor prognosis in bladder 

cancer. GLUT1 and HOMER3 ranked first (scored 13/15), suggesting these 

glycoproteins may hold potential for targeted therapeutics (Figure 5D). 

Interestingly, many of the more classical bladder cancer prognosis biomarkers 

mentioned above scored low (<10/15), mostly due to high expression levels in 

healthy tissues (Figure 5D). Namely, MUC16 (scored 10/15), ADAM10 (scored 

9/15), ANX1 (8/15) and PI3CA (7/15) were found at the 15
th

, 19
th

, 33
rd

 and 60
th

 

positions, respectively (Table 1). More strikingly, CD44, one of the most studied 

glycoproteins in bladder cancer, frequently suggested as a biomarker of cancer 

stem cells, only scored 5/15. As recently discussed by us, the exploitation of CD44 

requires a comprehensive interrogation of its splicing variants mosaicism in health 

and disease for molecular signatures specifically associated with cancer [43] 

however, to this date, it remains to be addressed, significantly impeding its 

application in guided therapeutics.  

Based on these results, focus was set on Glucose transporter 1 (GLUT1) and 

Homer protein homolog 3 (HOMER3). GLUT1, encoded by the SLC2A1 gene, is a 

pivotal membrane glucose transporter in cancer cells frequently overexpressed by 

different types of human cancers as a metabolic adaption supporting rapid 

proliferation and insufficient nutrient supply. Moreover, several studies have 

demonstrated that GLUT1 is involved in cancer progression and metastasis [44]. In 

bladder cancer, GLUT1 overexpression has been associated to hypoxia, as part of 

the metabolic reprogramming accompanying transition from aerobic to anaerobic 

metabolism [45]. In addition, GLUT1 was found frequently upregulated in surgically 

treated bladder cancer and suggested as an independent prognostic factor [46]. 

Human Homer protein homolog 3 (HOMER3), encoded by the HOMER3 gene, is 

implicated in neuronal signaling, T-cell activation and trafficking of amyloid beta 

peptides [47-49]. Contrasting with GLUT1, HOMER3 is a poorly studied protein in 

cancer and is being suggested as glycosylated for the first time in this study. 

Nevertheless, it presents a restricted expression pattern in healthy tissues, holding 

potential for targeted therapeutics.  

In summary, a targeted glycoproteomics supported by bioinformatics has 

allowed us to shortlist a significant large dataset to a restricted group of potentially 
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targetable glycoproteins, providing a roadmap for future applications in biomarker 

discovery. Moreover, it has identified GLUT1 and HOMER3 as top-ranked potentially 

targetable glycoproteins.  

Figure 5. Identification of targetable glycoproteins in bladder cancer 

supported by bioinformatics analysis. A) Venn Diagram showing glycoproteins 

identified by targeted glycoproteomics focusing on sialylated T antigens in different cell 

models. A total of 1307 glycoproteins were identified by mass spectrometry; however, only 

14% were common to all cell lines, suggesting considerable distinct glycoproteomes. B) 

Venn diagram for glycoproteins overexpressed in muscle-invasive bladder cancer (MIBC) 

according to the Oncomine (RNAseq) database. Glycoproteins were comprehensively 

matched with transcriptomic data in Oncomine to sort species potentially upregulated in 
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MIBC in relation to non-pathological urothelium. Glycoproteins upregulated in both NMIBC 

and MIBC were also included for downstream analysis. 12% (150/1307 assignments) were 

upregulated in MIBC, with the cell lines showing again very distinct and unique 

glycoproteomes. These glycoproteins were elected for specificity evaluation. C) Comparison 

between RNA (Oncomine, RNASeq) and protein (Human Protein Atlas; IHQ) contents for 

glycoproteins showing gene upregulation in MIBC. This diagram shows that 121 out of the 

150 sorted glycoproteins were detected in MIBC, 75% of which were also present in NMIBC. 

The majority (70%) was present in low or moderate levels. A restricted group of 38 proteins, 

8 of which highly expressed, were exclusively found in MIBC and may play a critical role in 

advanced disease. In addition, 15% (22/150) of the identified glycoproteins have been 

previously detected by targeted glycoproteomics for the STn antigen in bladder tumours 

showing resistance to chemotherapy (identified in red). D) Target Score for 121 

glycoproteins showing some degree of expression in bladder tumours. Briefly, 

glycoproteins were ranked according to their potential for targeted therapeutics 

considering its plasma membrane expression in relation to other subcellular locations, 

absence from healthy urothelium and other human tissues, and overexpression in bladder 

cancer, while severely penalized lymphoid system and gametes expression. The overall goal 

was to maximize tumour specificity while minimizing off-target effects. Maximum possible 

score was set at 15 (arbitrary units). GLUT1 and HOMER3 were top-ranked proteins scoring 

13. 
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Figure 6. Glycoproteins expression matrix ordered based on its expression 

levels in bladder tumours and healthy tissues (from left to right columns: 

brain, endrocrine tissues, bone marrow and immune system, muscle tissues, 
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lung, liver and gallbladder, pancreas, gastrointestinal tract, kidney and urinary 

bladder, male tissues, female tissues, adipose and soft tissue, skin)  according 

to the Human Protein Atlas. This matrix was used a starting point for ranking the 

proteins according to its targetable potential. 

 

Table 1. Target Score for upregulated glycoproteins in MIBC distributed 

according to the cell lines 

Protein ID Target Score (max 15) 
  Cells   

5637 T24 HT1376 

GLUT1 13       

HOMER3 13       

SERPINB2 12       

GABBR2 11       

HMGB1 11       

FAT2 11       

CHL1 10       

CAVIN1 10       

KRT10 10       

SHC3 10       

COL17A1 10       

TIAM1 10       

SLC1A6 10       

MLIP 10       

CLCA2 10       

MUC16 10       

DSP 9       

DAG1 9       

MUC4 9       

ADAM10 9       

L1CAM 9       

CELSR3 9       

ITPR3 9       

IGF2R 9       

GBP1 9       

FGFR3 9       

CBLC 8       

EPHA4 8       

RAB25 8       

FN1 8       

SERPINC1 8       

ANXA3 8       

PCDH1 8       

ANXA1 8       

ITGA3 7       

HSP90AA1 7       

DSG2 7       

MARK2 7       

BST2 7       

ERBB2 7       

ANO1 7       

PTPRF 7       

ANXA2 7       

LYN 7       

KRT19 7       

ENO1 7       

STXBP2 7       

KRT5 7       

VAV3 7       

MYO1D 7       

MARCKS 7       

PDIA6 7       

DST 7       

CLDN1 7       

GNAI3 7       

CSPG4 7       

SRC 7       
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PIK3CA 7       

DDR1 7       

PDAP1 7       

ATP6V1C1 7       

TFRC 7       

HLA-DPB1 7       

CDCP1 7       

SYMPK 6       

GLG1 6       

MTM1 6       

CAP1 6       

CSNK2B 6       

MYO6 6       

RAB5C 6       

P4HB 6       

PTPRU 6       

KCNG1 6       

LAMP2 6       

COPB1 6       

PSEN1 6       

HSP90AB1 6       

MYO1B 6       

TYK2 6       

ERBIN 6       

AP2M1 6       

RRAS 6       

EXOC7 6       

SRGAP2 6       

ARHGAP32 6       

CSNK1D 5       

NOTCH3 5       

EIF5 5       

YWHAH 5       

BTN3A3 5       

CDK5 5       

FERMT1 5       

CPNE3 5       

LY75 5       

PTPN3 5       

SMURF2 5       

RAB15 5       

IQGAP3 5       

ITGA2 5       

PTOV1 5       

CASP10 5       

SCNN1B 5       

PSD4 5       

EZR 5       

SDC1 5       

MMP15 5       

ABI1 5       

CD44 5       

CTNND1 4       

ATP1B1 4       

DIAPH1 4       

RALA 4       

CXADR 4       

SCNN1A 4       

MELK 4       

SYK 4       

LAMP1 4       

RAB6A 4       

CDK16 4       

PRKD2 4       

PDE4B 4       

The color of the squares in the right columns relate with the degree of confidence for protein 

identification: green- high; grey-medium; white-not present. 
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3.4. GLUT1 and HOMER3 glycosylation in Cell Models  

Given the potential of GLUT1 and HOMER3 for targeted therapeutics, we 

started by evaluating its cell surface expression by immunocytochemistry (Figure 

7A). GLUT1 was found at the cell membrane and, to some extent, in the cytoplasm 

of all cell lines. On the other hand, HOMER3 presented a marked cytoplasmatic 

expression and was only evident at the cell membrane for 5637 and T24 cell lines. 

This suggests different expression patterns at the cellular and subcellular levels 

for both glycoproteins that required further validation in tumour samples.  

We then addressed GLUT1 and HOMER3 O-glycosylation to validate 

glycoproteomics annotations and explore PTMs for improved cancer-specificity. In 

accordance with MS and FACS analysis (Figure 2; Figure 3), all cell lines poorly 

expressed the T antigen by ICC/IF but all were strikingly positive for ST antigens at 

the cell membrane (Figure 7A). Based on these observations, the T24 cell line, 

expressing both GLUT1, HOMER3 and ST antigens, was used for downstream 

validation. Briefly, the two glycoproteins were isolated from enriched membrane 

glycoprotein extracts by immunoprecipitation and analyzed by western blot (Figure 

7B). GLUT1 exhibited a main band above 55 kDa, consistent with the canonical 

form of the glycoprotein, and several other signals bellow 37 kDa (Figure 7A). 

According to Uniprot, these bands may correspond to low molecular weight 

isoforms for this protein. In parallel, immunoprecipitated GLUT1 was also blotted 

with the PNA lectin after neuraminidase treatment to disclose the sialylated T 

antigen potential presence, as suggested by mass spectrometry. Strikingly, only 

lower molecular weight GLUT1 proteoforms were positive for O-glycosylated 

domains, as only faint reactivity was observed for bands at 55 kDa and above 

(Figure 7B). A similar approach was used to address HOMER3. A main band was 

observed between 55 and 44 kDa corresponding to canonical HOMER3; however, 

lower and less abundant bands could also be observed (Figure 7B). Like previously 

observed for GLUT1, only low molecular weight bands were reactive for the PNA 

lectin (Figure 7B). Taken together, these observations strongly suggest that short-

chain O-glycosylation is predominantly found in low molecular weight proteoforms 

at the cell membrane.  
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Figure 7. A) Expression of GLUT1 (red), HOMER3 (red), T (green) and ST (green) 

antigens in 5637, T24 and HT1376 cell lines. From left to right, the first panel shows 

GLUT1 at the cell membrane and, to some extent, in the cytoplasm of all cell lines. The 

second panel shows HOMER3 at the cell membrane of 5637 and, to some extent, T24 cells. 

The presence of HOMER3 in the cytoplasm is also evident in all cell lines. The third panel 

strongly suggests that the cell lines did not express the T antigens. The forth panel 

highlights the presence of ST antigens at the cell membrane in all cell lines. B) Western 

blot for GLUT1/HOMER3 and ST antigens in IP for both glycoproteins in cell 

line T24.  The GLUT1 blot (left panel IP) shows a band above 50 consistent with the 

molecular weight of GLUT1 canonical form (55 kDa). It also shows several other bands 

bellow 37 kDa. A comparison with the blot for ST antigens supports that these lower 

molecular bands are the ones corresponding to GLUT1-ST protein species. Likewise, the 



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
346 

 

blot for HOMER3 (right panel IP) presents a band above 37 kDa corresponding to the 

canonical form (39 kDa) but also lower molecular weight bands that appear to be the ones 

presenting ST antigens. 

 

3.6. Sialylated glycans, GLUT1 and HOMER3 expression in bladder cancer  

We have then devoted to a comprehensive characterization of the clinical 

context of the glycomic and glycoproteomic signatures previously identified in cell 

lines, with emphasis on short-chain sialylated O-glycans, GLUT1 and HOMER3.  

 

3.6.1. Sialylated T antigens in bladder tumours 

A series of bladder tumours representative of all stages of the disease as 

well as healthy urothelium was screened with the PNA lectin before and after 

sialidase treatment to disclose T and sialylated T antigens, respectively. The T 

antigen was detected in approximately 5% of the tumours, at very low levels, 

predominantly in non-muscle invasive lesions (Ta and T1) but not in the healthy 

urothelium (data not shown). On the other hand, its sialylated form was observed 

in 70% of non-pathological urothelium sections (7/10) and 90% of the tumours 

(50/60), irrespectively of the histological origin (Figure 8A). Figure 8A also 

highlights that sialylated T antigen levels increased at initial stages of the disease 

(Ta) and decreased to basal levels when the tumours invaded the lamina propria 

(T1), muscle and connective tissue of the bladder wall (≤T2). Moreover, Ta tumours 

presented significantly higher extension and intensity of expression in comparison 

to more aggressive tumours. Despite this reduction in most aggressive cases, ST 

antigens were present in more than 20% of the tumour area, thus in agreement 

with the high ST content found in cell models. In addition, we also explored 

possible associations between ST and prognosis, which were not observed. 

Interestingly, the expression pattern of ST antigens significantly differed from the 

presented by the STn antigen (Figure 9), a shorter sialylated O-glycan implicated in 

an onset of bladder cancer hallmarks such as invasion and immune escape. In fact, 

we have reported that the STn antigen was absent from the healthy urothelium and 

significantly overexpressed in more aggressive forms of the disease, which 

significantly contrasts with the observations now being made for ST. These findings 

reinforce the hypothesis that ST overexpression may be part of the initial oncogenic 

events of the bladder, whereas O-glycans shortening translated by STn expression 

may be a surrogate of disease progression supported by profound alterations in 
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glycosylation. It also provides key glycomics fingerprints for fine-tuning the 

pathological context of identified glycoproteins. 

  

3.6.2. GLUT1 and HOMER3 in bladder tumours  

We then evaluated a broader series of tumours and metastasis biopsies for 

GLUT1 and HOMER3. Neither GLUT1 nor HOMER3 were expressed in the healthy 

urothelium, evidencing their cancer-associated nature (Figure 8B-C). However, 

these glycoproteins presented distinct expression patterns in bladder tumours. 

GLUT1 was detected in the cell membrane and, to a less extent, in the cytoplasm 

of most primary lesions (105/119) and in all the metastasis (Figure 8B). Moreover, 

the intensity and expression levels increased with the severity of the lesions, being 

more pronounced for latter stages of the disease (Figure 8B). The extension of 

expression was, in most cases, superior to 20% of the tumour area, predominantly 

located in apical areas of NMIBC and without clear expression pattern for MIBC. 

Contrastingly, HOMER3 exhibited less diffused expression patterns mostly 

restricted to basal cells in NMIBC (Figure 8C). Similar to GLUT1, it did not show a 

distinctive profile in MIBC. Given its low expression levels, HOMER3 was 

categorized as positive or negative without accounting for intensity and extension 

of the marked area. HOMER3 was predominantly found in the cytoplasm of cancer 

cells in most tumours; however, a subgroup of approximately 25% of the patients 

with ≥ T1 tumours also exhibited membrane expression (Figure 8C). Interestingly, 

the membrane/cytoplasm ratio increased with the stage of the disease (0.07 Ta; 

0.38 T1; 0.33 T2; 0.46 T3; 0.63 T4; Figure 8C), suggesting that the plasma 

membrane anchoring of HOMER3 might be a molecular feature associated with 

tumour aggressiveness. HOMER3 was also detected in 20% of the metastasis at the 

cell membrane, reflecting the percentage of positive primary tumours (Figure 8C).  
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Figure 8. Expression of A) ST 

antigens, B) GLUT1 and C) HOMER3 in 

the healthy urothelium as well as Ta, 

T1, T2, T3 and T4 bladder tumours 

and metastasis. For each figure, the right 

panel highlights the expression of the 

biomarker in each sub-group and the left 

panel provides a quantitative 

summarization of the data. Due to high 

expression levels in bladder tumours, ST 

and GLUT1 antigens were scored based on 

intensity versus extension of staining. Since 

HOMER3 is mostly a cytoplasmic protein, 

showing lower expression levels than ST 

and GLUT, it was scored based on the 

number of positive cases and sub-cellular 

location (cytoplasm vs membrane and 

cytoplasm). According to Figure 7A, the ST 

antigen was detected on most samples 

(healthy urothelium, primary lesions, 

metastasis), mostly with high intensity and 

extension, being more pronounced in Ta 

tumours. Figure 5B shows that GLUT1 is not 

expressed in healthy urothelium, being a 

bladder-cancer associated glycoprotein that 
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increases its expression levels with the severity of the lesions. Moreover, it was detected in high levels in all metastatic cases. Figure 7B shows that 

HOMER3 is also not expressed in healthy urothelium and that the number of positive cases showing membrane staining increases with the severity 

of the lesions, being also present in most metastasis. Analysis was conducted in triplicates. *p≤0.05, **p≤0.01, ***p≤0.001 based on the non-

parametric Mann-Whitney test. 

 

 

 

 

Figure 9. Illustrative panel of the 

number of ST vs STn positive cases 

according to the severity of the 

disease. The data presented here for 

the STn antigen has been previously 

published by us [10]. The ST antigen is 

present in the majority of healthy 

urethelia (70%), but the number of 

positive cases increases in tumour 

samples, with emphasis on the Ta 

tumours. On the other hand, the STn 

antigen is not expressed by the healthy 

urothelium, is expressed by few Ta 

tumours (approximately 25%) and the 

number of positive cases more than 

doubles with the severity of the lesions.   
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We then evaluated the association of GLUT1 and HOMER3 with patient 

overall survival (OS). GLUT1 overexpression was associated with muscle invasive 

disease (p<0.0001; Figure 10A). Accordingly, patients with tumours 

overexpressing GLUT1 presented lower OS compared to those with low expression 

(97 vs 163 months, log-rank p=0.004). However, when stratified by type of disease 

(NMBC vs MIBC) no differences were observed. Total HOMER3 levels, irrespectively 

of its subcellular location, showed no associations with the type of disease. 

Moreover, total HOMER3 was not associated with overall survival. Nevertheless, the 

subgroup of patients presenting tumours with cell membrane HOMER3 showed 

decreased OS (83 vs 148 months; log-rank p=0.035; Figure 10B). Furthermore, the 

expression of HOMER3 at the cell membrane in patients with MIBC also associated 

with decreased OS (15 vs 64 month; log-rank p=0.001; Figure 10C). Since MIBC 

shows worse overall survival, multivariate Cox regression adjusted to this feature 

was performed to highlight independent prognostic biomarkers. This revealed that 

GLUT1 overexpression was not an independent prognostic marker (HR 1.57; 

p<0.5), while HOMER3 was a significant independent marker (HR 3.87; p<0.002). 

The combination of GLUT1 overexpression with HOMER3 significantly increased 

this hazard ratio (HR 5.78; p<0.001). 
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Figure 10. Overall survival (OS) for bladder cancer patients with tumours 

exhibiting A) GLUT1 overexpression, B) HOMER3 at the plasma membrane 

(memHOMER3) and C) memHOMER3 in the MIBC subgroup. Figure 10A shows that 

patients overexpressing GLUT1 presented lower OS compared to those with low expression 

(97 vs 163 months, log-rank p=0.004). Figure 10B shows that memHOMER associates with 

decreased OS (83 vs 148 months; log-rank p=0.035). Figure 10C shows that memHOMER3 

in patients with MIBC also associates with decreased OS (15 vs 64 month; log-rank 

p=0.001). 
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3.6.3. GLUT1 and HOMER3 glycosylation in bladder tumours and healthy 

tissues  

 The glycosylation of GLUT1 and HOMER3 was assessed in tumour tissues 

with the objective of validating previous glycoproteomics studies. Five MIBC 

tumours presenting altered glycosylation translated by the overexpression of both 

ST and STn antigens were selected for this study. In all patients GLUT1 and HOMER3 

positive tumour areas co-localized with ST and STn (Figure 11A), reinforcing that 

these glycoproteins could be abnormally glycosylated. As such, the targeted 

glycoproteomics strategy was adapted to accommodate the presence of both 

antigens, contemplating first an enrichment for STn-glycoproteins using the VVA 

lectin after sialidase digestion, followed by a second-dimension affinity 

chromatography with PNA and nanoLC-EThcD-MS/MS. 21 glycosites were identified 

for GLUT1 and 35 for HOMER3 (Figure 12). Glycopeptides presenting the STn 

(HexNAc as PTM) and ST (HexNAcHex as PTM) antigens or both PTMs were detected 

for the two glycoproteins in all samples (Figure 11 B-C), reinforcing the 

observations from tumour tissues. Moreover, 7 GLUT1 glycosites (S95, T234, T238, 

S248, S459, T459, S465, S473; Figure 12) were observed in three or more samples, 

suggesting that some modifications may be conserved across different lesions. STn 

antigen glycosylation of T234 was found in all samples, indicating that it should 

be considered when designing targeted therapeutics. 

Finally, we evaluated the expression of GLUT1 and HOMER3 in a subset of 

relevant healthy tissues (thyroid, liver, gallbladder, testis, lung, stomach, pancreas, 

colon, small intestine, Figure 11D). We have also included the STn antigen given its 

cancer-associated nature [50] but not ST, that has been described in most human 

tissue [51]. All tissues tested negative for GLUT1 except for resident leukocytes 

populations. HOMER3 was also not detected in the studied tissues, apart from 

thyroid follicular cells which showed weak cytoplasmic expression. However, this 

contrasts with the intense membrane expression of cancer cells, raising little off-

target concerns. These expression patterns were consistent with annotations from 

the Human Protein Atlas. Finally, the STn antigen was also not detected in healthy 

tissues; however, it could be observed in mucin secretions of the gastrointestinal 

tract, confirming previous reports [50]. These findings support that GLUT1 and 

HOMER3 STn-glycoforms may improve further the cancer specificity of these 

glycoproteins, in particular of GLUT1 which has been significantly found in 

leukocytes. 
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Figure 11. A) Co-localization of STn 

and ST, GLUT1 and HOMER3 

positive areas. Co-localization of 

GLUT1 and HOMER3 with STn and ST 

antigens in the same tumour area, 

suggesting that these glycoproteins 

present these PTMs. B) GLUT1 and C) 

HOMER3 glycopeptides presenting 

STn and ST antigens identified by 

nanoLC-EThcD-MS/MS. Considering 

that the cell lines do not express Tn and 

poorly express T antigens, the presence 

of product ions for HexNAc (Tn; m/z 

204.08) and HexNAcHex (T; m/z 366.14) 

modifications (highlighted in the MS/MS 

spectra) strongly suggests the presence 

of STn and ST antigens. Discriminatory 

fragmentations are also highlighted in 

the figures. D) Expression of STn, 

GLUT1 and HOMER3 in healthy 

tissues (thyroid, liver, gallbladder, 

testis, lung, stomach, pancreas, 

colon/small intestine/appendix). 

The panel shows that healthy tissues are 

negative for the bladder cancer-



CHAPTER I. GLYCOBIOMARKERS DISCOVERY IN BLADDER CANCER 

 

 

DEVELOPMENT OF MONOCLONAL ANTIBODIES FOR BLADDER CANCER BASED ON GLYCOBIOMARKERS: 

IDENTIFICATION OF RELEVANT GLYCOANTIGENS AND SYNTHESIS METHODOLOGIES THEREOF 
354 

 

associated antigen STn, with the exception of secretions of the gastrointestinal tract. All tissues are also negative for GLUT1, except for resident 

lymphocytes populations. All tissues were also negative for HOMER3 apart from weak cytoplasm staining in thyroid follicular cells.  

 

 

Figure 12. Glycosites identified by nanoLC-EThcD-MS/MS for A) GLUT1 and B) HOMER3 having the canonical forms as reference. 
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4. CONCLUDING REMARKS 

Advanced stage bladder cancer management remains challenging due the 

lack of efficient targeted therapeutics, urging the identification of novel and more 

cancer-specific biomarkers. Envisaging this goal, we have previously demonstrated 

that cancer cells often experience membrane glycoproteome remodeling resulting 

from changes in gene expression as well as alterations in the glycome [37, 38]. The 

combination of these events often originates cancer-specific molecular signatures 

that drive key oncogenic events and hold tremendous potential for clinical 

intervention. Nevertheless, studying the membrane glycoproteome remains 

challenging, requiring a customization of conventional proteomics protocols to 

accommodate the structural subtleties originated by glycosylation. Moreover, the 

glycobiology field has not yet started to explore the full potential of web-available 

molecular data repositories to comprehensively integrate its findings. This work 

has addressed these limitations by systematizing a bioinformatics-assisted 

roadmap for comprehensive interrogation of the cancer glycoproteome for 

potentially targetable biomarkers.  

We started by a glycomics characterization of three of the most studied 

bladder cancer cell models, which revealed ST antigens as most abundant O-

glycoform at the cell membrane. This was later confirmed in bladder tumours. 

Nevertheless, the ST antigens were also detected in the healthy urothelium, 

highlighting lack of tumour specificity. However, taken together with our previous 

reports, it is now possible to draw a more detailed picture of the O-glycomics 

landscape associated with bladder tumour progression. It becomes apparent that 

ST overexpression is part of the initial oncogenic transformation of the bladder, 

being progressively replaced by the less-extended glycan STn as disease 

progresses. This knowledge about the O-glycome was key for guiding downstream 

glycobiomarker discovery and ultimately glycoprotein annotation by mass 

spectrometry. Understanding the molecular events triggering these 

transformations may be crucial for targeted interventions and should be subjected 

to more detailed studies in the future. 

Targeted glycoproteomics identified over 1300 glycoproteins, many of them 

showing cell line specificity. This information was comprehensively integrated with 

available transcriptomics and proteomics data to sort glycoproteins potentially 

overexpressed in advanced bladder tumours. As a result, the initial list was 

narrowed down to 121 glycoproteins, including a subgroup associated with bladder 
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cancer chemoresistance, thus reinforcing the relevance of our analytical approach. 

Amongst these glycoproteins were MUC16, CD44, ADAM10, ANX1 and PIK3CA, 

which have already been extensively studied in the context of bladder cancer as 

part of more aggressive molecular phenotypes. A target score exploring available 

data on protein expression in tumours and healthy tissues was then developed to 

rank the glycoproteins according to its potential for targeted therapeutics. 

Strikingly, the most studied biomarkers were severely penalized by this scoring 

system due to its lack of tumour specificity. On the other hand, GLUT1 and HOMER3 

emerged as top-ranked glycoproteins, mostly due to a very restricted expression 

pattern in healthy tissues and limited potential for off-target effects. GLUT1 plays 

a key role in the adaptation of bladder cancer cells to microenvironmental 

challenges, supporting glucose transport for cancer cells high metabolic demands. 

On the other hand, HOMER3 is being reported for the first time in bladder cancer 

and nothing is yet known about its oncological role. Also, HOMER3 was found at 

the cell surface of advanced bladder cancer tumours, contrasting with its 

cytoplasmic nature in healthy cells and Ta tumours. While from a biomarker 

perspective these are crucial observations, the functional implication of this 

translocation should be addressed in the future. Importantly, both glycoproteins 

were overexpressed in more advanced stages of the disease as well as the 

metastasis, reinforcing its potential for targeted therapeutics. Furthermore, 

HOMER3 was identified as an independent predictor of poor prognosis and tumours 

presenting both GLUT1 and HOMER presented a significantly worst survival in 

comparison to those expressing just one of the glycoproteins. Such observations 

set a novel biomarker panel for prognosis in bladder cancer. Finally, we observed 

that both glycoproteins were glycosylated with the STn and ST antigens in bladder 

tumours, in agreement with observations from cell models. In particular, the 

association with STn, which is rarely observed in healthy organs and significantly 

overexpressed by more aggressive bladder tumours, may further improve the 

cancer-specific nature of GLUT1 and HOMER3. Moreover, these observations 

highlight the complexity and dynamic nature of protein glycosylation and 

reinforces the importance of understanding the glycome structural plasticity in the 

context of biomarker discovery.  

In summary, despite the preliminary nature of these findings facing clinical 

translation, our bioinformatics-assisted multi-omics platform as demonstrated 

potential for generating relevant molecular information for guiding future studies. 
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Moreover, it has identified GLUT1 and HOMER3 as top-ranked targetable 

glycoproteins. A comprehensive mapping of GLUT1 and HOMER3 glycosites for 

cancer neoantigens in a broader and more diversified array of tumour samples and 

healthy tissues is now required foreseeing the establishment of highly affective 

therapeutics. 
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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. 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 sialoglycopeptides to BSA foreseeing multivalent glycoepitopes that 

may pave the way for immunotherapy. 
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1. INTRODUCTION 

A major obstacle in glycobiology and glycan-based therapeutics is the lack 

of pure and structurally well-defined carbohydrates and glycoconjugates to aid the 

development of accurate analytical methods and, ultimately, targeted therapeutics 

[1]. Chemical or enzymatic approaches have been widely explored in the 

construction of glycan libraries supporting structural, functional and clinical 

applications, with emphasis on antibodies and vaccines development [2-5]. 

However, the chemical synthesis and purification of complex oligosaccharides and 

glycoconjugates remains time consuming, challenging and expensive, especially 

when highly complex structures are desired [2]. The need for more efficient 

approaches has stimulated the introduction of chemoenzymatic approaches 

through which synthetic oligosaccharides and/or peptides act as substrates for 

glycosyltransferases to give rise to more complex glycans and glycoconjugates [4, 

5]. One of the main advantages of using enzymes lays in the specificity of 

carbohydrate conformations and substitution patterns provided without the need 

to engage in multiple protection and deprotection reactions characteristic of 

multistep organic synthesis to obtain chemoselectivity [6, 7]. 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 

glycoproteins [8, 9].  

The exploitation of chemoenzymatic synthesis of immunogenic 

glycopeptides and glycoconjugates to develop antibodies and carbohydrate-based 

vaccine prototypes has also significantly increased in recent years [2, 10-12]. The 

expanding interest has, in great extent, resulted from the possibility of acquiring 

highly pure synthetic peptides at affordable prices to use as scaffolds for enzymatic 

glycosylation. Moreover, the increasing availability of a wide array of recombinant 

glycosyltransferases [2, 10-12] with distinct substrate specificities and well-defined 

kinetic properties enables a highly controlled glycopeptide synthesis [13, 14]. 

However, ensuring the desired glycosylation pattern of O-GalNAc glycopeptides 

remains particularly challenging. This requires a fine tuning of the initial 

glycosylation step, consisting in the covalent link of a GalNAc moiety to serine and 

threonine residues, catalyzed by polypeptide N-acetylgalactosamine (GalNAc) 

transferases (ppGalNAcTs) in the presence of UDP-GalNAc. A family of 20 

ppGalNAcTs have been identified in humans, differing with respect to expression 

patterns and substrate selectivity [15, 16]. Many ppGalNAcTs present 
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complementary and, many times, overlapping activities, acting in a coordinated 

manner to define the O-GalNAc glycosites on a given protein [17]. 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 [18] and NetOGlyc [19] 

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 glycosites. After initiation, O-GalNAc glycans may be further 

extended by different glycosyltransferases to yield more mature 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 cells [20-22]. In addition, many 

studies explored the coupling of these glycopeptides with immunogenic proteins 

such as the keyhole limpet hemocyanin (KLH) and bovine serum albumin (BSA), 

foreseeing the development of targeted therapeutics and cancer vaccines [23-25]. 

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-STn glycopeptide-BSA 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. 

 

2. MATERIALS AND METHODS 

2.1. 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 156aa repeats were analyzed using the O-glycosylation 

site determination bioinformatics tool NetOGlyc [19], following the selection of the 

20aa sequence within the TR comprising more O-glycosylation sites. Subsequently, 

the elected sequence was run using the ISOGlyP (Isoform Specific O-Glycosylation 
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Prediction) [18] 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.  

 

2.2. Enzymatic synthesis of MUC16-glycopeptide epitopes 

A MUC16 20-mer peptide (VDVGTSGTPSSSPSPTTAGP) (with or without 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 7.4; Sigma-Aldrich, MO, USA), 0.5 mM UDP-

GalNAc (Sigma-Aldrich), 300 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 

epitopes [26, 27]. 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 (Thermo Scientific), according to the manufacturer 

instructions. 

 

2.3. BSA-MUC16-STn glycoconjugates  

Cystein-tagged MUC16-STn glycopeptides were conjugated to bovine serum 

albumin (BSA, Sigma-Aldrich) [23] to render immunogenic glycoepitopes. Briefly, 

0.01mg/μL BSA in 0.01 M phosphate buffer (pH 7, Sigma-Aldrich) was incubated 

for 30 min at room temperature under agitation with 0.015mg/μL 3-
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maleimidobenzoic acid N-hydroxysuccinimide ester (MBS, Sigma-Aldrich) in 

dimethylformamide (DMF, Sigma-Aldrich). Posteriorly, BSA/MBS solutions were 

passed through a PD-10 desalting column (Sigma-Aldrich) conditioned with 0.05 M 

phosphate buffer (pH 6). Desalted BSA/MBS solutions were incubated with 50 g 

of glycopeptides in 100 μL DMF pH 7.0 and incubated at 4°C overnight under 

rotation, following evaporation in a SpeedVac. The products of conjugation were 

characterized by SDS-PAGE on 4–20% precast polyacrylamide gels (BIORAD) and 

stained with coomassie blue (Sigma-Aldrich). In parallel the products were also 

analyzed by western blot in 0.45 m nitrocellulose membranes (Amersham), as 

previously described [28]. The membranes were subsequently blotted for the Tn 

antigen with biotinylated Vicia villosa (VVA) lectin (Vector Laboratories) and 

vectastain RTU elite ABC reagent (Vector Laboratories). Membranes subjected to 

digestion in situ with sialidase were analyzed in parallel for Tn expression.  

 

2.4. nanoLC-LTQ-Orbitrap mass spectrometry 

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

nanoLC system (Dionex, 3000 Ultimate nano-LC) was 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 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.  
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2.5. MALDI-TOF mass spectrometry 

BSA/MBS conjugation was also monitored by mass spectrometry. Samples 

were previously passed through a HyperSep Tip C-04 and 1:1 matrix:sample mixes 

were spotted onto a MTP 384 polished steel target plate, air dried and analyzed by 

MALDI-TOF mass spectrometry on a Bruker UltrafleXtreme (Bruker Corporation) in 

positive ion linear mode, over the mass range 50 to 100 kDa. Laser attenuation 

was set to 95% and ca.4000 shots were accumulated. The matrix used was α-Cyano-

4-hydroxycinnamic acid (5 mg/ml in 50% acetonitrile and 0.1% trifluoroacetic acid 

in water; Sigma-Aldrich). Analysis were conducted in triplicates. 

 

3. 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 immunotherapy [29, 30]. 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 showing an elevation in more aggressive bladder 

tumours in relation to the healthy urothelium and association with poor prognosis 

according to Oncomine and the Human Protein Atlas, was elected as initiation 

enzyme in an attempt to mimic the O-glycosites presented by cancer cells. 

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 the 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. 
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3.1. Characterization of MUC16 glycosites density 

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

Ser or Thr restudies with GalNAc originating the Tn antigen, which is crucial for 

defining glycosites before downstream O-glycans extension and sialylation. Briefly, 

MUC16-Tn glycopeptides were synthesized with ppGalNAcT1 in the presence of 

UDP-GalNAc. ppGalNAcT1 was elected due to its higher expression in several 

cancer tissues, according to Oncomine [31-33]. The reaction products were 

subsequently analyzed by nanoLC-ESI-MS. According to Figure 1, diglycosylated 

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 1). 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 1. 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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3.2. 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 favored 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 correspond to the neutral precursor MUC16-2Tn and MUC16-Tn/STn. 

Therefore, TiO2 chromatography was introduced to improve the isolation of 

sialylated glycopeptides [34]. 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 2), 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 2. 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. After 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.
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3.3. 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 the 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 yields. 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 significant 

enriched the samples for sialylated glycopeptides, while removing neutral species 

(Figure 3), as previously observed for MUC16-STn synthesis. Namely, it enriched 

the sample for a wider array of hybrid glycopeptides, with emphasis for 

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 

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 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 3. 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. Synthesis and purification of MUC16-S6T glycopeptides 

MUC16-S6T glycopeptides were synthesized using a combination of 

ppGalNAcT1, C1GalT1 and its chaperone C1GalT1C1 and ST6GalNAc-II, in the 

presence of UDP-GalNAc, UDP-Gal and CMP-Neu5Ac. ST6GalNAC-II was elected in 

relation to ST6GalNA-I used for STn synthesis based on previous reports supporting 

its higher affinity for T antigen. Overall 27 species were identified, 7 of them 

corresponding to Tn-precursors that together comprehended approximately 80% 

of 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 enrichment 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 4, 

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 

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 16.15 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 4. C18 reverse phase nanoLC-ESI-MS profiles for the main reaction 

products resulting from single-pot enzymatic synthesis of MUC16-S6T 
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glycopeptides before and after TiO
2
 enrichment. The enzymatic synthesis of MUC16 

glycopeptides with S6T 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.  

 

3.5. Synthesis of BSA-MUC16-STn/Tn glycoconjugates 

MUC16-STn glycoforms have been associated with worst cancer prognosis 

and recently with decreased bladder cancer response to cisplatin. As such, we have 

devoted to the production of glycoepitopes aiming towards the development of 

novel MUC16-STn targeting antibodies and also 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 models [12]. As such, BSA was incubated with MBS 

(m-maleimidobenzoyl-N-hydroxysuccinamide ester), an amino-to-sulfydryl 

crosslinker containing NHS-ester and a maleimide reactive groups at opposite ends 

of a short aromatic spacer arm. The maleimyde 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 cells [29, 33, 35]. As such, TiO2 

enriched glycoepitopes were elected for this purpose.  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 5, BSA, 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 hybrid and sialoglycoepitopes to BSA. 

Notably, bands at higher molecular weights above 150 kDa could also be observed 
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for BSA that may relate with protein DTT-irreversible multimerization, as previously 

reported [36]. SDS-PAGE and western blot analysis suggests that these bands may 

also be experiencing linker functionalization and glycoconjugation, which warrants 

future validation.  

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 5. Monitoring reaction products of MUC16-Tn/STn biosynthesis by SDS-

PAGE, Western blot and MALDI-TOF-MS. SDS-PAGE shows for BSA a main band above 

55 kDa latter confirmed to belong to 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 that most likely result from BSA multidimers. However, these were 

A. 

B. 
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not observed by MALDI-TOF-MS mostly likely 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 both SDS-PAGE and later confirmed by MALDI-TOF-

MS (right panel MS spectrum). Based on the molecular weight difference, this corresponds 

to the addition of approximately xxx residues of MBS. Notably, a mass increase could also 

be observed for the molecular bands above 100 kDa, also suggesting substitutions with 

MBS. The addition of 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 PNA 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 increase the affinity for PNA 

for these proteins, supporting also the presence of the STn antigen. Notably, bands 

corresponding to BSA and BSA-MBS were not recognized by the lectin, confirming signal 

specificity. Maroon 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.  

 

4. 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 glycosylatranferases, chaperones and cofactors. 

Accordingly, these methodologies have been used to generate MUC1-Tn, STn, T 

and S3T antigens with relative success [12, 20]. 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 
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analytical bases for future enzymatic production of glycopeptides of medical 

interest presenting sialylated short-chain O-glycans. It successfully explored one-

pot enzymatic synthesis to produce a wide array of MUC16-STn, S3T and, for the 

first time, S6T glycopeptides. These glycopeptides are expressed in bladder cancer 

and may be also present in other solid tumours overexpressing MUC16, namely 

ovarian [30], breast [37], and pancreatic cancer [38]. 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 and may be introduced at initial stages 

to 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 

separations between neutral and sialoglycopeptides [34]. 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, 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 glycopeptides-protein glycoconjugates 

for future work, including the generation of antibodies in relevant animal models 

and carbohydrate-based vaccines. MUC16-STn was elected for proof-of-concept 

studies, given its clinical relevance for targeting chemoresistant bladder tumours 

[29]. No particular purification steps were introduced at this stage in an attempt to 

provide a multivalent construct that may be used to present a wide myriad of 
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glycoepitopes. The future construction of glycoconjugates with distinct 

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 and 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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Concluding Remarks & Future Perspectives 

 

Bladder cancer presents one of the highest recurrence rates amongst solid 

tumours and constitutes the second deadliest disease of the genitourinary tract. 

The high molecular heterogeneity of bladder tumours has decisively hampered 

accurate patient stratification, risk definition, establishment of efficient therapeutic 

schemes and the introduction of novel targeted therapeutics, ultimately 

compromising disease management.  

The systematic reviews conducted during the course of this project 

emphasized that, in the last three years, significant developments occurred in the 

field of antibody-based therapies for bladder cancer, mostly due to the introduction 

of check-point inhibitor immunotherapies. Multi-target approaches are also 

emerging as promising strategies to address the molecular heterogeneity of 

bladder tumours, which may constitute a turning point towards patient-tailored 

clinical decisions based on comprehensive molecular-models. However, many of 

the cited clinical trials were of small dimension and involving highly heterogeneous 

populations. Moreover, most would benefit from the inclusion of a more 

comprehensive molecular characterization of the targeted lesions, as well as the 

study of its spatiotemporal evolution throughout the course of disease. This would 

probably identify patients better served by a given approach, widen the scope of 

therapeutic efficiency, and disclose the real impact of targeted therapeutics, 

helping set the rational for future and improved studies. 

Envisaging bladder cancer molecular fingerprints capable of guiding clinical 

decisions and targeted therapeutics, this work has addressed the plasma 

membrane glycoproteome as an important source of targetable biomarkers easily 

accessible to antibodies and other ligands. Supporting previous observations, the 

present work performed a glycome screening of relevant bladder cancer cell 

models by MS supported by immunohistochemistry analysis of a series of bladder 

tumours reflecting all stages of the disease. Accordingly, it was demonstrated that 

bladder cancer cells replace extended O-glycans by less elongated sialylated 

glycoforms, namely the sialyl-Tn antigen (STn) and mono and/or di-sialylated T 

antigens (herein termed ST antigens). Moreover, advanced bladder tumours 

displayed de novo biosynthesis of truncated sialoglycans such as the STn antigen, 

while ST antigen overexpression appears to be part of the initial oncogenic 
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transformation of the bladder that persists throughout all disease stages. Of note, 

post translational changes as glycosylation are not simple bystanders reflecting the 

genomic, transcriptomic and metabolomic state of cells; in fact, the functional 

implications of O-glycome changes in bladder cancer have been thoroughly 

explored by our group, with emphasis on the STn antigen. Briefly, STn has been 

demonstrated to drive bladder cancer cell migration and/or invasion, as well as 

immune scape, while being a poor prognosis marker [1-5]. Contrastingly, the 

implications of ST antigens overexpression on bladder cancer dynamics are still 

poorly understood. Overall, such findings provided the molecular ground for a 

targeted interrogation of the glycoproteome of distinct biological matrices (urine, 

bladder tumours, bladder cancer cell lines). 

Taking advantage of the secreted/shed nature of glycoproteins, 

nanoplatforms coated with three broad-spectrum lectins were used for non-invasive 

urine detection of bladder cancer-associated glycoproteins. Amongst the identified 

proteins were known bladder cancer-associated biomarkers such as 

apolipoproteins, fibrinogen chains, alpha-1-antitrypsin, alpha-2-macroglobulin and 

uromodulin. However, these proteins lack per se the necessary sensitivity and 

specificity to face the main clinical challenges raised by bladder cancer 

management, i.e. early identification of patients facing disease progression to high-

grade disease and invasion. Nevertheless, the comprehensive integration of the 

detected glycoproteome with available transcriptomics data from the Oncomine 

database allowed the identification of a panel of 42 glycoproteins associated to 

high-grade disease (NMIBC and MIBC) that may hold clinical potential, 19 of which 

exclusively found in MIBC. Amongst these glycoproteins were the IGHG3, SERPINA1, 

CD44, IGHM, HSPG2, GGH, APOE, MUC16, ATP13A2, ADCK2, PRSS2, and LAMA5. 

Of note, this constituted a pioneer demonstration of the bladder cancer stem cell 

biomarker CD44 shedding into urine, supporting its potential as biomarker of 

disease progression. Specifically, CD44 has been found to modulate cell-cell 

adhesion in both NMIBC and MIBC and has been previously reported to drive 

invasion and metastasis. In agreement with these observations, we found high 

levels of glycosylated CD44 in the urine of patients diagnosed with high-grade 

NMIBC and MIBC. However, CD44 is expressed by most healthy cells, limiting its 

clinical application. Nevertheless, the CD44 gene is subject to significant alternative 

splicing resulting in a wide array of distinct isoforms that may change according to 

the origin of the tumour as well as the severity of the lesions. However, the 
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biological and clinical significance of CD44 isoforms is still poorly understood in 

bladder cancer, mostly due to its structural diversity, dense glycosylation and 

ambiguous nomenclature, delaying clinical developments. These limitations and 

the need for further elucidation concerning CD44 isoforms and glycoforms 

involved in bladder cancer carcinogenesis and progression have been pointed out 

in this work as requirements to fulfil the long claimed clinical potential of CD44. 

The membrane glycoproteome of advanced bladder tumours showing 

resistance to chemotherapy was also explored aiming for prognosis biomarkers 

and targeted therapeutics. Emphasis was set on STn-expressing glycoproteins, 

given the cancer-associated nature of the glycan, resulting in the identification of 

more than 400 glycoproteins, including CD44 and MUC16, also detected in the 

urine of bladder cancer patients. Faced with CD44 targeted therapeutics 

limitations, attentions were devoted to MUC16, which had been previously 

associated with poor prognosis in different solid tumours [6, 7]. Interestingly, the 

presence of MUC16-STn glycoforms allowed discriminating subpopulations of 

patients showing resistance to chemotherapy and decreased survival, whereas 

MUC16 and STn alone were not discriminatory. While the molecular mechanism 

underlying these observations remain to be elucidated, these findings highlight the 

importance of glycoproteomics for improving biomarker discovery. In conclusion, 

this study highlighted the enormous potential of glycoproteomics as an essential 

tool in the context of precision oncology for the identification of patient subsets 

and of novel and highly specific therapeutic targets. Future studies should now 

focus on the comprehensive mapping of MUC16 glycoforms aiming to generate the 

necessary structural information for designing highly specific cancer ligands 

envisaging theragnostic applications. 

 Finally, we have addressed the glycoproteome of bladder cancer cell lines 

based on the previous characterization of the glycome, which resulted in the 

identification of over 1300 glycoproteins potentially expressing ST antigens. 

Downstream bioinformatics analysis combining transcriptomics and protein data 

enabled the identification of glycoproteins potentially overexpressed in bladder 

tumours in relation to the healthy urothelium. It also generated a library of 

glycoproteins holding potential for cancer detection and targeted therapeutics. 

Particularly, it led to the identification of GLUT1 and HOMER3-ST glycoforms as top-

ranked potentially targetable glycobiomarkers due to its overexpression in 

advanced cancer and the metastasis and absence in healthy tissues, including the 
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healthy urothelium. Studies conducted in human tumours further highlighted an 

association between the overexpression of both glycoproteins and decreased 

overall survival, with emphasis on HOMER3 that was found to be an independent 

predictor biomarker. While GLUT1 is a known bladder cancer biomarker regarded 

as part of an array of molecular adaptive changes facing increasing metabolic 

demands, HOMER3 is being described for the first time in bladder cancer. Future 

studies should therefore devote to better understanding the biological functions 

played by this glycoprotein. Moreover, HOMER3 was observed in the membrane of 

bladder cancer cells, which contrasted with its cytoplasmic expression in healthy 

human cells. The exact mechanism leading to the translocation of this protein to 

the plasma membrane is also unknown; however, it may be crucial to understand 

its implications in bladder cancer. Noteworthy, MUC16 was also scored amongst 

the top 10% targetable glycoproteins using the developed ranking strategy, 

reinforcing its potential for targeted therapeutics.  

In summary, this work has set a roadmap for engaging on a comprehensive 

study of the glycome and glycoproteome envisaging the necessary molecular 

rationale for intervention. It showed that bladder tumours overexpress sialylated T 

antigens accompanying initial oncogenic transformation of the bladder, whereas 

advanced tumours and the metastasis also express the STn antigen. It also 

highlights that targeting the STn antigen and STn-expressing glycoproteins may 

allow the identification of patient sub-groups facing worst survival. This was 

illustrated by the identification of MUC16-STn as a novel biomarker for the 

identification of patients better served by other treatments than chemotherapy. 

Importantly, MUC16 has been found in the urine of bladder cancer patients and not 

in healthy controls, which may pave the way for non-invasive detection of the 

disease as well as response to therapy monitoring. Moreover, targeting 

glycosylation maybe critical to improve the biomarker value of MUC16 when 

addressing the female population, namely by overcoming potential limitations 

associated with its high expression in healthy female tissues (according to the 

human protein atlas: fallopian tube, cervix, uterus and endometrium). These are 

important research topics that warrant future development. Moreover, targeting 

the glycoproteome has led to glycobiomakers showing high tumour specificity and 

low off-target potential, namely GLUT1, HOMER3 and also MUC16-STn glycoforms. 

In addition, glycosites annotation by high-resolution mass spectrometry has 

generated glycopeptide libraries for designing targeted therapeutics. Based on this, 
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several methodologies for enzymatic synthesis and purification methods have been 

developed to translate these molecular libraries into glycoepitopes necessary for 

producing antibodies and carbohydrate-based vaccines. We anticipate that this may 

constitute the basis for developing effective theragnotics tools (detection, therapy) 

for improving bladder cancer management. Therefore, efforts should now be set 

on disclosing the functional impact of the most promising targets aiming the 

necessary rationale for clinical intervention. Another relevant aspect relies on 

disclosing the functional implications of altered glycosylation in the identified 

proteins, as well as its contribution to disease. Moreover, this analytical approach 

may now be implemented to evaluate the impact of critical cancer 

microenvironmental features in the glycome and glycoproteome, amongst other 

events. Overall, we believe that the necessary context has been created to foster 

more in-depth studies on the glycobiology of bladder tumours envisaging 

molecular-based precision medicine and improved patient care.  
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