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The complexity of the tumor microenvironment (TME) impacts therapy responses and the 
survival of cancer patients. The scope of this thesis is to study the effects of immune modulation 
on tumor-infiltrating leukocytes, and to explore the TME of urothelial cancer to provide the 
research society with new knowledge and potential therapeutic targets. 

In paper I, a small molecule MALT1 inhibitor demonstrated in vitro selective inhibition of 
immune suppressive T regulatory cells (Tregs). However, the inhibitor failed to demonstrate 
anti-tumor therapeutic effects in vivo. The effect of the MALT1 inhibitor was assessed on 
immune cell subsets in tumors, as well as in secondary lymphoid organs. Ultimately, the 
inhibitor was found to have a depleting effect on antigen-specific T cells. 

Paper II describes the development and characterization of a novel murine urothelial cancer 
model in both sexes by using a low-dose carcinogen exposure via drinking water combined 
with a unique transgenic strain. The model recapitulates the profile of basal histology subtype 
urothelial cancer with a progression outcome, presents transcriptomic tumor heterogeneity, and 
displays early immune activation signatures despite its failure to respond to checkpoint blockade 
immunotherapy. Moreover, the study demonstrates that the female sex displayed accelerated 
tumor development, but also benefited from therapeutic TLR9 stimulation in contrast to males. 

Therefore, in paper III, an in-depth transcriptomic analysis of the immune cell compartment 
of the TME was performed in both sexes by using this novel model of urothelial cancer. 
Infiltrating immune cell subsets varied between stages, while cell communication analysis 
pinpointed distinct interactions among immune and tumor cells and pathways of immune 
regulation suitable for therapeutic targeting. Also, differentially expressed genes in immune 
cell subsets of the TME between sexes revealed higher immune responsiveness in some female 
immune cell subsets and higher metabolic activity in several male immune cell subsets. 

In paper IV, proximity extension assay (PEA) analysis of urine and plasma was assessed for 
liquid biopsy biomarker discovery. Samples from patients at first diagnosis revealed that high 
MMP12 plasma levels were associated with poor survival. This finding was reproduced in serum 
PEA analysis of an independent urothelial cancer patient cohort. Single cell transcriptomic 
analysis of public datasets demonstrated that the production of MMP12 in urothelial cancer 
could be attributed to tumor-infiltrating macrophages. 

In conclusion, this thesis illustrates the multi-faceted opportunities and challenges of targeting 
and studying the microenvironment of urothelial cancer in murine models and human patients. 
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Introduction 

1.1 Hallmarks of the immune system 

The immune system of mammals is a sophisticated barrier that protects the 

body from external non-self-threats, such as bacteria, viruses and fungi, but 

also eliminates infected, damaged and malignant cells. It is composed of a 

network of diverse interacting cell types that are the result of an ingenious 

evolutionary cascade aiming to achieve robust and precise protection of the 

body. In the event of detection of threats upon infection or abnormal cellular 

function, the immediate reaction of the immune system leads to inflammation 

followed by a step-wise elimination of the target and immunologic memory 

formation. 

Molecules derived from pathogens or dysfunctional self-cells and serve as an 

alarm of possible threats carry specified danger-associated molecular patterns 

(DAMPs) or pathogen-associated molecular patterns (PAMPs). Detection of 

DAMPs and PAMPs is achieved by pattern recognition receptors (PRRs) that 

are expressed on cells that belong to the innate immune system. Once mole-

cules of this type are detected by innate immune cells, such as granulocytes, 

macrophages and dendritic cells (DCs), a cascade of activation and elimina-

tion of the pathogens or cells (e.g. bacteria, tumor or virally infected cells) is 

initiated. In addition to that, a plethora of signals are delivered from the innate 

immune cells to cells of the adaptive immune system division by the release 

of cytokines and chemokines for recruitment and activation of cells (1). 

The adaptive immune system contains T and B lymphocytes that can mount a 

specific immune response and memory via generation of antigen specific T 

cells and antibodies (2). Antigens are small fractions of proteins, usually oli-

gomer peptides, and contain several immune epitopes. Antigens can be exog-

enous, such as allergens, toxins from microorganisms or cellular parts of path-

ogens, or endogenous, such as mutated proteins or intracellular pathogens. 

Each epitope can be presented by antigen presenting cells (APCs) to T and B 

cells, giving rise to a clone of cells that recognise only that epitope. This re-

sults in the generation of multiple clones of antigen-specific T cells and anti-

body-producing B cells that aim to the elimination of specific antigens via 

recognition of their unique epitopes. Antigen recognition is performed by T 

lymphocytes through antigen specific T cell receptors (TCRs) and by B cells 
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via antigen specific B cell receptors (BCRs). Memory T and B cells are also 

generated during an adaptive immune response, those are reactivated and lead 

to a more rapid response in the event of a later exposure to a specific antigen, 

thereby providing a lasting protective immunity (2). 

T cells are divided in two major types, CD4+ helper T cells (Th) and CD8+ 

cytotoxic T cells (CTLs). They both recognize antigen epitopes via engage-

ment of their TCR to antigen epitopes presented on molecules of the major 

histocompatibility complex (MHC), however CD4+ T cells can only bind to 

class II molecules of the MHC (MHC II), while CD8+ T cells bind only class 

I molecules (MHC I). MHC I molecules present epitopes of endogenous anti-

gens and are expressed on the surface of all cells, while MHC II present ex-

ogenous antigens on professional APCs, such as DCs, B cells and macro-

phages (3). Antigen presentation occurs in the lymph nodes, where naïve T 

cells become activated into effector cells. Once activated via TCR engage-

ment, CTLs migrate to encounter their target. Upon TCR target recognition, 

they exert target cell killing via toxic granules with perforin, granzymes, death 

inducing FasL signalling, but also through cell cycle arrest of the target cells 

by release of IFNγ and TNFα (4, 5) (Figure 1).  

 

Figure 1. Illustration of antigen presentation by dendritic cells and T cell func-
tion. In the lymph nodes, dendritic cells present antigens to naïve T cells. Upon en-
counter of the TCR with the antigen and co-stimulation signals, T cells are activated 
and migrate to the tumor site. There, they elicit their cytotoxic effector function via 
release of perforin and granzyme-B. Effector T cells also produce proinflammatory 
cytokines. 

On the contrary Th cells play mainly a mediating role through polarizing the 

immune responses via a context dependent cytokine signalling towards anti-

body responses via activating B cells, activation of CTLs or enhancement of 

the activity of phagocytes (6, 7). 

The constant crosstalk and interdependence of immune cells belonging to ei-

ther the innate or the adaptive immune response makes it difficult to maintain 
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a clear border between these two divisions of the immune system. The actual-

ization of an immune response depends heavily on soluble and secreted factors 

that are major components in the signalling interactions between innate and 

adaptive immune cells. 

1.2 Tumor immunology- the fall and rise of the immune 

system in cancer 

Cancer immune surveillance is the ability of the immune system to recognize 

and eliminate abnormal malignant cells. Such cells carry sufficient DNA dam-

age that leads to failure of cell cycle and apoptosis regulation. During the elim-

ination phase the release of DAMPs by tumor cells initiates the activation of 

innate immune cells and tumor cell killing and phagocytes clear the cellular 

debris. APCs that have phagocytosed fractions of tumor cells can process and 

present tumor-associated antigens (TAAs) to cells of the adaptive immune 

system. This order of events leads to the generation of TAA specific adaptive 

immunity and memory. 

The elimination phase is followed by the equilibrium phase when tumors be-

come dormant while the selective immune pressure persists. The immune 

pressure along with the survival capabilities harnessed by the cancer cells can 

lead to the development of immune evasion mechanisms causing also immune 

escape, a process known as cancer immunoediting. One such mechanism is 

that cancer cells cease to express MHC I molecules and present antigens on 

the cell surface and therefore cannot be recognized and targeted by CTLs. 

Οther mechanisms are the production of cell surface receptors, such as pro-

grammed cell death ligand-1 (PDL-1) and Fas-ligand (FasL), that send inhib-

itory signals to CTLs or tumor promoting transforming growth factor-β 

(TGFβ). The significance of the pleiotropic effects of TGFβ in cancer have 

been pinpointed in numerous studies. These effects involve tumor suppression 

in early carcinogenesis, induction of epithelial to mesenchymal transition 

(EMT) in progressed tumors, angiogenesis, indirect chemotactic recruitment 

of myeloid derived suppressor cells (MDSCs), T regulatory cells (Tregs), im-

mune suppressive polarization of macrophages and neutrophils, and prolifer-

ation control of T lymphocytes (8). Moreover, tumor derived soluble immune-

suppressive cytokines and chemotactic signals aid the recruitment of immune 

suppressive cells (e.g. tumor associated macrophages (TAMs), Tregs, 

MDSCs) and augment the tumor immune escape process. Ultimately, immune 

escape of tumor cells promotes tumor growth that leads to clinical disease (9, 

10). 
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1.2.1 The tumor microenvironment 

Tumor cells constitute only a fragment of the tumor tissue. The contexture of 

the tumor microenvironment (TME), its infiltration by immune cells and their 

activities are determinants of response to therapies and patient survival. There-

fore, the TME is a subject of intensive studies and a source of therapeutic 

targets (10, 11). Tumors growing in different organs and body sites display 

different stroma, vascularization and immune cell infiltrate composition (12, 

13). 

Tumor supporting stroma cells (i.e. fibroblasts) and the extracellular matrix 

enhance tumor growth and promote EMT of transformed cells that leads to 

metastasis via tumor cell migration. Moreover, tumor and stroma cells induce 

angiogenesis for the generation of an abnormal vascular network surrounding 

the tumor, allowing for tumor cells to escape the primary tumor site promoting 

metastasis. Tissue resident leukocytes are recruited and migrate to the tumor 

site by chemotactic signals (14). Tumors produce a range of immune suppres-

sive and polarizing signaling molecules and cytokines to shape an immuno-

suppressed environment, resulting in the generation of M2 suppressive mac-

rophages and Tregs (Figure 2). In depth analysis methods such as single cell 

sequencing and mass cytometry have allowed a precise characterization tumor 

infiltrating immune cell compartment (15). 

Figure 2. Illustration of the TME and the cancer associated changes in crucial 
cells for the development of the disease. Signalling with excreted factors by tumor 
cells affects multiple cellular components. Cancer cells produce factors that polarize 
cells that are recruited to the TME to form a tumor-supporting environment rich in 
cancer associated fibroblasts, abnormal blood vessel growth and immune suppression. 
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1.2.2 Tumor-infiltrating leukocytes 

Immune cells have the ability to migrate, adhere, proliferate and act in multi-

ple body sites as well as in tumors. The TME is composed of various cellular 

or matrix components. Immune cells infiltrate the TME in various degrees 

depending on individual patient differences, tumor aetiology and stages. Dif-

ferent compositions and ratios of immune cell infiltrates are linked to im-

proved or worsened clinical outcomes and responses to therapies. 

For example, a high density of T cell infiltrates is, in most cancers, associated 

with a good prognosis (11). In particular tumor infiltrating effector CTLs in-

dicate an ongoing adaptive immune response against the tumor (11, 16). How-

ever, as outlined above, cancer cells have the ability to produce inhibitory re-

ceptors that obliterate TCR signaling and activation, resulting in T cell inhibi-

tion, exhaustion and/or apoptosis (17). Tumor infiltrating CD4 T cells some-

times acquire effector functions, however their role in the tumor 

microenvironment is mainly to support the function of CTLs and other im-

mune cells (18).  

The ratio of effector T cells to Tregs is commonly described as an indication 

of the balance between immune activation or suppression in tumors (19). 

Tregs are essential regulators of immune tolerance via intercepting the aber-

rant activation of the immune system. Tumor infiltrating Tregs are recruited 

to tumors from the periphery when their receptor CCR4 encounters the chem-

okine CCL22 that is secreted by intratumoral TAMs or tumor cells (20). More-

over, intratumoral Tregs can be induced by the conversion of infiltrating T 

cells by exposure to TGFβ (21). In order to facilitate their immune suppressive 

activity, Tregs express on their cell surface cytotoxic T-lymphocyte-associ-

ated protein-4 (CTLA-4). Binding of CTLA-4 to co-stimulatory receptors 

CD80/86 on APCs inhibits the CD28 mediated co-stimulation of effector T 

cells after TCR engagement (19, 21-23). Moreover, Tregs instigate immune 

suppression by the production of immune suppressive cytokines (e.g. IL-10) 

(22) or by the consumption of IL-2 that is needed for the activity of effector T 

cells (23). Additionally, Tregs execute direct killing of effector T cells and 

DCs by production of perforin and granzyme (19) (Figure 3).  
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Figure 3. Mechanisms of Treg mediated immune suppression. T regs suppress 
dendritic cells through engagement of MHC with their TCR, binding of co-stimula-
tory cell surface receptors CD80/86 via CTLA-4 and by inhibiting the production of 
inflammatory cytokines. Moreover, they produce immune suppressive cytokines, con-
sume IL-2 thereby suppressing the effector function of antigen specific T cells, while 
they elicit cytotoxic functions against effector cells. 

The role of B cells in anti-tumor responses is dependent on their differentiation 

phase and the interplay with other immune cells. Tumor infiltrating B cells are 

usually localized on the peritumoral areas or the tumor margins (24, 25). B 

cells have the ability to present antigens to T cells and induce TAA-specific 

immune responses (26, 27). Production and release of cytokines and antibod-

ies by B cells against TAAs in tumors prompt anti-tumor activities such as 

antibody-dependent cell-mediated cytotoxicity (ADCC), complement cascade 

activation, phagocytosis and capture of opsonized tumor cells by DCs result-

ing in the killing of cancer cells (26, 27). However, B cells can potentially 

deploy pro-tumoral activities during carcinogenesis by antibody-release-me-

diated recruitment of macrophages and myeloid derived suppressor cells (28). 

B regulatory cells (Bregs) are a subset of B cells with heterogeneous pheno-

typic characteristics and play an unclear part in tumor-related immune sup-

pression (29-31). Intratumoral Bregs promote immune suppression by produc-

tion of IL-10 that inhibits the activation of CTLs (32) and of TGFβ that aids 

in the conversion of CD4 T cells to Tregs (31, 33).  

Tertiary lymphoid structures (TLS) in tumors are assembled when B cells and 

follicular DCs are recruited to the TME and via appropriate signaling interac-

tions they are spatially arranged into follicular, lymph node-like formations, 

which are surrounded by T cells, as well as by blood and lymphatic vessels 

(34, 35). The functionality of TLS may or may not entail immune processes 
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such antigen recognition, processing and T cell priming towards specific an-

tigen targets, depending on the quality and efficiency of the structure to reflect 

a function lymph node-like unit. These formations have been identified in 

multiple cancer types and associate with beneficial responses to immunother-

apy and improved survival (36, 37), even though certain studies demonstrated 

immune suppressive activity of TLS and links to a poor clinical outcome (38), 

plausibly associated to attraction and recruitment of Tregs to TLS (39). 

TAMs exhibit often a pro-tumorigenic profile and are linked to tumor progres-

sion, angiogenesis (40) and therapy resistance (41), however they can be po-

larized to develop anti-tumor activity (42). TAMs or M2 polarized macro-

phages express the immunosuppressive cytokine IL-10 and arginase, while 

they reshape their adjacent tissues by the production of matrix metalloprote-

ases (43). On the other hand, M1 polarized macrophages perform anti-tumor 

functions, they express high levels of MHC II and IL-12, but lower levels of 

arginase and IL-10 (40, 44). The high plasticity of intratumoral macrophages 

that display interchanging phenotypes with intermediate states and complex 

activities in the spectrum between M1 and M2 macrophages renders the de-

termination of a standard M1 or M2 phenotype a difficult task (45, 46).  

MDSCs are immature myeloid cells with granulocytic or monocytic differen-

tiation. They are immunosuppressive cells that are attracted to tumors during 

carcinogenesis (47). MDSCs consume an excessive amount of nutrients and 

produce reactive oxygen species (ROS) hindering the proliferation and me-

tabolism of T cells and the expression of TCRs (48-51). Moreover, MDSCs 

can differentiate to TAMs and acquire the expression of PDL-1, further pro-

moting immune suppression of effector T cells (52), while they attract Tregs 

and other immune suppressive cells (53). 

1.2.3 Immunotherapy of cancer  

One of the first historically documented efforts to cure cancer with immuno-

therapy is described by W. B. Coley in his article ‘Contribution to the 

Knowledge of Sarcoma’ published in 1891 (54). It is breathtaking to read that 

everything began by the mere observation of cancer patients whose sarcoma 

tumors regressed upon coincidental infections. Coley refers to the work of 

Fehleisen and his research on the curative effect of the bacterium streptococ-

cus erysipelatous on malignancies. He admits that it was not yet known what 

was the causality of the tumor eradication by erysipelas inoculation, while 

some of the theories of the era supported that the bacteria might have a direct 

destructive action on the tumor growth, that the fever induced by the bacterial 

infection is sufficient to destroy the tumor, or that the tumor growth is also of 

bacterial origin, hence, there was a direct antagonistic effect of the erysipelas 

on the “cancer bacillus”. In his work, not only he describes the difficulties of 
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treating the disease, but also shares his hopes and vision of finding new cures 

in nature, referring to streptococcus erysipelatous inoculation as cancer ther-

apy (Figure 4). 

Figure 4. Excerpt from the 1891 research article ‘Contribution to the Knowledge 
of Sarcoma’ written by W. B. Coley. The excerpt cites the reflections of a medical 
researcher from the 19th century on the possible use of bacteria inoculation as a cancer 
therapy for sarcoma patients with poor prognosis. 

It would not be until the discoveries in cancer biology and immunology sev-

eral decades later that the medical research community would realize the 

power of immune stimulation and immunotherapy as potent cancer treatment. 

A more recent, but also rare and historical, example of immunotherapy for 

cancer was the use of Bacillus Calmette-Guerin (BCG). Old et al. published 

that BCG was curative in sarcoma and adenocarcinoma mouse models in 1959 

(55). Two decades later this therapy gained success in clinical trials of in-

travesical BCG instillation to bladders of patients with bladder cancer (56). 

The trials were led by A. Morales and BCG was approved for bladder cancer 

treatment in 1990. Since then, new strategies and elegant biotechnological ap-

proaches are constantly developed to engage the body’s own immune system 

to combat cancer.  
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Immunotherapy of cancer is a relatively new concept. Several immunothera-

pies have been approved for clinical use, and a plethora of innovative immu-

notherapies are in clinical trials or in experimental phase. Immunotherapy 

aims to counteract and overcome the effects of tumor immune evasion with 

the goal to successfully eliminate cancer cells by the establishment of durable 

adaptive anti-tumor immune responses and by promoting immune cell infil-

tration in tumors (10). Modern immunotherapy options, such as monoclonal 

antibodies, chimeric antigen receptor T cells (CAR T cells), peptide- and 

mRNA-based vaccines, dendritic cell vaccines and oncolytic viruses are usu-

ally administered in combination schemes or in addition to standard of care 

chemotherapy or radiation (57). Combination treatments display a significant 

benefit for patient survival, while immunotherapies administered as mono-

therapy often do not reach the efficacy of combination therapy (58). 

The success of cancer immunotherapy relies on the individual responses of 

patients and the presence, absence, quality and location of immune cells in the 

TME. Tumors that present intratumoral infiltration of immune cells are char-

acterized as hot or inflamed tumors, whereas those lacking immune infiltrates 

are characterized as cold or non-inflamed. Additionally, immune excluded tu-

mors are characterized by immune cells that are arranged in the borders of 

tumors tissues, and immunosuppressed tumors are characterized by peritu-

moral immune cell aggregates that do not have the possibility to interact with 

tumor cells. Each of these categories of immune infiltrated or non-infiltrated 

tumors respond differently to immunotherapy due to variations of the target 

immune cell population in terms of localization or ability to elicit direct cancer 

cell killing (59). Moreover, factors such as tumor stage or subtype, as well as 

progression and metastasis do also impact the clinical outcomes of immuno-

therapy treatments. This demonstrates the complexity of patient stratification 

and the need for personalized precision medicine in addition to trustworthy 

biomarkers. Additionally, in the new era of artificial intelligence, research for 

digitalizing and combining such diverse clinical and immunobiological de-

pendencies for producing clinical prediction and patient stratification algo-

rithms is also in progress (60, 61). 

Tregs constitute a major immune suppressive cell type in cancer and therefore 

therapeutic approaches have been developed to halt their immune suppressive 

activity (62, 63). For example, monoclonal antibodies that target CTLA-4 on 

Tregs is a therapeutic strategy to block their suppressive activity of APCs and 

CTLs mainly in the lymph nodes (64). Moreover, monoclonal antibodies 

against programmed cell death protein-1 (PD-1) and PDL-1 are used to block 

the immune suppressive axis imposed in the TME by tumor cells and tumor 

infiltrating myeloid cells. Additionally, the expression of PDL-1, and less of 

PD-1, in tumor tissues is used as a predictive biomarker of therapeutic re-

sponse to anti-PD-1 and anti-PDL-1 immunotherapy (11, 17). Studies have 



 

 20 

recently demonstrated the significance of intratumoral B cells and the possi-

bility to target them as a therapeutic strategy (24, 25). However, the functions 

of B cells in cancer and their contribution to the development of anti-tumor 

immune responses depend on their differentiation status and their interactions 

with other immune cell components, hence the direct targeting of B cells as a 

cancer immunotherapy strategy would require cautious design. 

The term immunotherapy or immune stimulating therapy is becoming broader 

and more flexible, as emerging immunogenic functions of other treatments 

have become evident. In particular, chemotherapy and radiation therapy at 

certain doses were found to provoke spontaneously anti-tumor immune re-

sponses through inducing immunogenic cell death of cancer cells and to coun-

teract suppressive immune cells (65, 66). 

1.3 Mucosa-associated lymphoid tissue protein 1 

(MALT1) 

Mucosa-associated lymphoid tissue protein 1 (MALT1) is a protein that be-

longs to the family of paracaspases. It was initially identified due to the ge-

nomic translocation between chromosomes 11 and 18 that gives rise to an on-

cogenic fusion protein with another protein, API2, in MALT lymphoma ma-

lignancies (67). MALT1 is the sole human paracaspase homolog and shares 

homology with metacaspases of fungi and plants (68). It wasn’t until the early 

2000’s when MALT1 was found to have a protease cleavage activity that is 

induced upon T cell receptor encounter with antigens (69). Unlike other caspa-

ses that cleave upon encounter of aspartate, the MALT1 paracaspase elicits its 

cleavage activity after recognition of arginine residues (70). A few years later 

it was discovered that selective inhibitors could bind allosterically and inhibit 

its protease activity (71). 

Studies of mice lacking the expression of Malt1 shed light in its role as a cru-

cial component of adaptive immune responses through regulating the activa-

tion and proliferation of lymphocytes (72). MALT1 bridges the signalling of 

engaged lymphocyte antigen receptors to downstream pathways, such as nu-

clear factor-kappa B (NFκB) and Jun-N-terminal kinase (JNK), by forming 

the CBM complex. The complex consists of the proteins CARMA1, BCL10 

and MALT1, with the last acquiring the function of a scaffold protein in addi-

tion to its protease activity (73, 74). The engagement of TRAF6 by MALT1 

to the CBM complex leads to the activation of additional protein complexes, 

such as TGFβ activating kinase 1 (TAK1) and IKKα/β kinase complexes 

which further induce NFκB and JNK signalling (75, 76). Upon lymphocyte 

antigen receptor engagement and the activation of MALT1 protease activity, 
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MALT1 cleaves itself (autocleavage function) and several other substrate pro-

teins, such as BCL10 of the CBM complex, the NFκB family-member RelB, 

other signal transduction regulators (HOIL-1, CYLD, A20), as well as the post 

transcription RNA fate controlling proteins Regnase-1, Roquin-1/2 and 

N4BP1(69, 77-82) (Figure 5).  

Consequently, MALT1 is important for the regulation of immune responses 

via activation of effector lymphocytes, but also participates in the develop-

ment and activity of Tregs that maintain immune tolerance (83, 84). 

Figure 5. The dual function of MALT1 as a scaffold protein and a protease in a 
T lymphocyte upon TCR activation. The illustration displays the components of the 
CBM complex (CARMA1, BCL10, MALT1), the protease substrates of MALT1 
(BCL10, MALT1, A20, CLYD, RelB, HOL1) and downstream effects on signalling 
complexes and expression of genes.  

 



 

 22 

1.3.1 MALT1 as therapeutic target 

Anti-apoptotic NFκB regulation drives the survival of lymphoid malignant 

cells in MALT lymphomas and B cell lymphomas (67, 85). In MALT lym-

phomas this is due to consistent activity of the fusion protein MALT1-API2, 

while in other B cell malignancies it depends on other mechanisms, such the 

aberrant BCR signalling or mutations of CARMA1 of the CBM complex (86, 

87). Since MALT1 is part of BCR signalling and orchestrates the CBM com-

plex, inhibitors that block MALT1 protease function were proved to be toxic 

to malignant B cells (88, 89). Therefore, MALT1 was identified as a therapeu-

tic target in lymphomas and leukaemia types in which MALT1 is downstream 

of dysregulated BCR signalling, scaffolding dysfunctional CBM complexes 

or mutated. 

Additionally, beyond the regulation of effector lymphocyte functions, 

MALT1 protease functions are also implicated in the regulation of immune 

tolerance (83, 90). MALT1 is crucial for immune cell development and func-

tion, while deficiency of MALT1 in mice leads to autoimmunity (83, 90). 

Thus, MALT1 is a potential target for the treatment of autoimmune and in-

flammatory diseases, such as rheumatoid arthritis and psoriasis (91, 92), but 

potentially also in solid tumors via targeting the immunosuppressive effect of 

Tregs.  

1.4 Urothelial cancer of the bladder  

Extensive studies on clinical tumor biopsies and in vivo models have unrav-

eled some of the cellular mechanisms of urothelial tumorigenesis and the het-

erogeneous clinical outcomes of the various subtypes of the disease. The most 

common etiology of urothelial bladder cancer is long-term exposure to carcin-

ogens that come in contact with epithelial cells of the bladder, the urothelium 

(93).  

Urothelial tumors can arise from luminal/papillary or from basal cells of the 

epithelial bladder layers and can develop into different histologic variants. Lu-

minal variants develop into papillary tumors that are characterized by recur-

rences, but rarely to tumor progression, therefore are described as low-grade 

tumors (94, 95). On the other hand, non-papillary urothelial tumors often de-

velop into high-grade non-muscle-invasive bladder cancer (NMIBC) or to 

progressive muscle-invasive bladder cancer (MIBC) and metastatic tumors 

(96, 97). Moreover, urothelial tumors present with a wide heterogeneity in 

terms of gene expression, oncogenic pathways, mutational load and immune 

cell infiltration profiles (98). Hence, there is a need to develop robust tools for 
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subtype identification and patient stratification for optimal outcomes in re-

sponse to treatment, to remove the currently employed expensive long-term 

follow-up screening measures. 

Papillary tumors are characterized by a high copy number of RAS that is ex-

pressed aberrantly and by FGFR3 mutations. Non-papillary or basal tumors 

display dysregulation of P53, PTEN and RB1 tumor suppressor pathways (99, 

100). The origin of basal tumor cells is most likely the basement membrane 

of the urinary epithelium and characterized by the cell surface expression of 

CD44, KRT4 and KRT5. Papillary tumors arise upon malignant transfor-

mation of luminal urothelial cells identified by the expression of KRT18 and 

KRT20 (99, 100).  

1.4.1 Diagnosis and current treatments 

The first step in the diagnosis of urothelial bladder cancer is cystoscopy and 

histopathological assessment of malignant tissue specimens. The majority of 

patients are diagnosed at first with NMIBC. The tumor stages that appear at 

NMIBC are Ta (papillary carcinoma), Tis (superficial carcinoma in-situ) and 

T1 (carcinoma of the urothelium and connective tissue) (101). The high recur-

rence incidence of NMIBC after TURBT requires long-term monitoring via 

cystoscopy (every 3-6 months) and repeated intravesical treatment administra-

tion sessions (102). The standard of care at NMIBC stages is transurethral 

resection of the bladder tumor (TURBT) that in low-risk tumors is combined 

with an intravesical administration of chemotherapy or BCG immunotherapy 

(103). For tumors at an intermediate risk of recurrence or relapse, induction 

sessions of intravesical chemotherapy or BCG administration are repeated 

every 6 weeks with additional maintenance treatment sessions for up to 12 

months. For high-risk patients maintenance therapy is performed for 3 years 

(104). The option of local therapy in urothelial cancer via intravesical admin-

istration has the advantage of less systemic exposure to drugs that can prevent 

severe adverse effects, while providing the opportunity of testing experimental 

therapies in clinical trial with a relatively low risk (105, 106).  

NIMBC tumors can present resistance to BCG therapy and have a high recur-

rence rate. Such tumors benefit from treatment with pembrolizumab (anti-PD-

1 blocking antibody). A fraction of NMIBC tumors develop aggressive phe-

notypes and progress to MIBC. The stages of MIBC tumors are T2 (tumor 

growth into muscle), T3 (tumor growth through muscle to external fat tissue) 

and T4 (tumor outgrowth to pelvic region, abdominal wall and metastasis) 

(101). The first line of treatment is TURBT and chemotherapy, however in 

many cases radical cystectomy is inevitable (104). In the recent years, the clin-

ical approval of anti-PD-1 and anti-PDL-1 checkpoint blocking antibodies 

rendered them as the second line of treatment for metastatic cisplatin-resistant 
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urothelial cancer or as first line treatment for cisplatin ineligible patients (107). 

However, the number of responding patients remains low indicating the need 

to understand better the underlying causes of immunotherapy resistance in 

cancer (108-110). 

The presence of T cells in the TME of MIBC has been linked to a good disease 

prognosis, while CD68+ TAMs are associated with poor clinical outcome 

(111). In a clinical trial of atezolizumab (anti-PDL-1 blocking antibody) ther-

apy in locally advanced and metastatic MIBC, positive responses were corre-

lated positively to PDL-1 expression by tumor cells and tumor infiltrating im-

mune cells, to tumor mutational load, but were also divergent among molecu-

lar subtypes (109). The success of BCG immunotherapy was found to be 

strongly correlated to immunologic memory to the BCG pathogen as demon-

strated by favorable responses to the treatment in patients and animal models 

who benefited from pre-existing immunity towards the bacteria strain (112).  

Newly identified and little explored therapeutics targets in the bladder TME 

include pathways related to hyaluronic acid production and PGE2 synthesis, 

the inhibition of the tolerogenic signaling imposed by the CCR8/CCL1, 

CCR2/CCL2 and CCL18 axes (51), and personalized medicine peptide vac-

cines (113, 114). 

1.4.2 Molecular subtypes of urothelial cancer  

A consensus classification approach was first proposed by Kamoun et. al (98) 

after concentrating and re-analysing transcriptomic data from previously 

acknowledged classification systems for urothelial cancer (115-118). This 

work resulted in the identification of six distinct consensus molecular subtypes 

classes in MIBC and illustrated once more the heterogenous nature of the dis-

ease in regards to oncogenic mechanisms, stromal cell and immune cell type 

infiltration trends, other histopathological characteristics and clinical out-

comes (Figure 6). 

The most common molecular subtype of MIBC is the basal/squamous, it has 

very poor median overall survival outcome (1.2 years) and it is most frequent 

in female patients (98). The carcinogenic mechanisms of basal/squamous tu-

mors entails high expression of EGFR, P53 and RB1 mutations and histolog-

ically display squamous differentiation morphology with tumor infiltration by 

fibroblasts, CD8 lymphocytes and NK cells (98). Moreover, urothelial tumor 

of basal/squamous subtype express immune checkpoint related markers along 

with genes involved in antigen presentation processes, manifesting a rather 

immunogenic nature that may be more responsive to immunotherapy com-

pared to other subtypes (98). The LumNS subtype is characterized by median 

overall survival of 1.8 years, while the other luminal-like subtypes, LumP and 
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LumU, span from 3 to 4 years (98). The carcinogenic drivers of the luminal-

like subtypes differ from the basal/squamous subtype with the expression of 

PPARG, FGFR3, CDKN2A and ERBB2 playing a crucial role. Mutations in 

the genes KMD6A, FGFR3, ELF3, P53, ERCC2, TMB and APOBEC are most 

common among the luminal-like subtypes (98). The LumP and LumNS sub-

types present papillary and micro-papillary histology respectively, while 

LumNS is characterized by a fibroblast enriched stroma. Presence of fibro-

blasts and muscle cells is also observed in the Stroma-rich subtype that dis-

plays B lymphocyte infiltration and a high median overall survival (3.8 years). 

The subtype with the least incidence, Neuroendocrine-like, is caused by mu-

tations and/or deletions of the tumor suppressor genes P53 and RB1 in com-

bination to a cell cycle dysregulation, while it also presents the lowest survival 

(1 year) (98).  

Figure 6. The healthy bladder, stages and molecular subtypes of urothelial blad-
der cancer. The tissue layers of the healthy bladder are urothelium, lamina propria 
(connective tissue), a muscle layer and a fat layer. The tumor stages range from 
NMIBC Ta and Tis to MIBC T2-T4. The six consensus molecular subtypes of urothe-
lial cancer, according to the publication of Kamoun et al, are presented along with 
their incidence among cases, and their main molecular and morphological character-
istics. 

Despite the construction of this classification system, no molecular subtype 

classification for urothelial bladder cancer is applied in clinical practice. Even 

though such a clear distinction among tumor subtypes would be ideal in, for 

example, patient stratification, recent studies have demonstrated that molecu-

lar subtype variance is not restricted to occur only among patients, but is rather 
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common within tumors from the same patient (119-122). Intratumoral heter-

ogeneity adds further complexity to the application of a molecular subtype 

classification system for patient stratification in the clinical practice and out-

come prediction. Therefore, the identification of new, alternative biomarkers 

is crucial. 

1.4.3 Urine: a liquid biopsy in urothelial cancer research? 

In terms of liquid biopsy acquisition and the possibility to identify new bi-

omarkers, urothelial bladder cancer presents the opportunity for non-invasive 

acquisition of urine that could be harnessed as a transport media of messages 

from the TME. Urine has been used for centuries as a diagnostic material to 

examine patients’ health or disease; for instance, diabetes was diagnosed on 

the basis of sugary tasting urine (123). When plasma is filtrated by the kidneys 

the residual proteins, water and electrolytes are passed to the bladder(124). 

Urine carries a 1000-fold lower concentration of protein compared to plasma 

(125) and despite the association of high protein levels in urine to urinary pa-

thologies or the correlation to high levels in plasma during systemic diseases, 

the protein concentration in urine is in general irregular. Therefore, measure-

ments of proteins in urine should be expressed as relative concentration (126). 

The collection of urine is uncomplicated and does not require invasive meth-

ods, while proteins in urine preserve stability for three days in a refrigerator 

and for several years in freezer cryopreservation (127, 128). Mass spectrome-

try and immunoassay detection are the most common methods for protein 

identification and quantification. Depending on the sensitivity and specificity 

required, i.e. discovery of peptides or relative concentration detection of 

known proteins, the appropriate method is selected (129). 

Studies using the analysis of DNA or RNA molecules, proteins, exosomes and 

the microbiome of urine from urothelial cancer patients indicates that urine is 

a valuable biopsy material, and that its analysis could complement the stand-

ard diagnostic methods (130, 131). The conduction of clinical trials to evaluate 

the efficacy of urine analysis in diagnosis and patient stratification is currently 

ongoing (132). Notably, the analysis of immune cells found in urine is in-

formative of the TME and recapitulates findings of tumor tissue analysis, such 

as expression of molecules of the immune-checkpoint axis and detection of 

clonal T cells that resemble TILs (133, 134). These studies were limited due 

to the small number of patient samples, however this an indication that urine 

analysis could be an alternative and non-invasive method to profile the TME 

of urothelial cancer before and after treatment as a response screening.  
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1.5 Murine models of urothelial cancer 

In addition to the numerous successful preclinical therapeutic efficacy studies 

in murine models, there is a great number of such studies that fail to deliver 

translatable results to the clinic. This is due to differences attributed — but not 

limited — to evolutionary altered mechanisms and cellular components of the 

immune response (135). For preclinical in vivo studies of bladder cancer sev-

eral murine models were developed based on tumor cell line engraftment, ge-

netic engineering and carcinogen exposure (136). Below the main categories 

of such models are described in detail.  

1.5.1 Non-autochthonous tumor models  

This category of animal bladder cancer models is based on the engraftment of 

syngeneic or non-syngeneic cancer cell lines. Tumor cell inoculation is per-

formed in the bladder, subcutaneously, into the renal capsule or intravenously 

to model metastasis of bladder cancer. Syngeneic animal models are compat-

ible with immunocompetent animals; thus, they are preferred in immunother-

apy efficacy evaluation studies to assess tumor growth control. One such 

model utilizes the MB49 cell line (137-142) which was generated by ex vivo 

transformation of male mouse urothelial cells through exposure to the carcin-

ogen 7,12-Dimethylbenzanthracene (143). The limitation of such models is 

rapid tumor growth in a healthy animal which does not recapitulate the intrin-

sic causes of malignant transformation and the mounting of an intact immune 

response, although orthotopic implantation to the bladder can be insightful in 

regards to outcomes in the relevant microenvironment (12, 144). On the other 

hand, the heterotopic engraftment of tumor cell lines, usually subcutaneous, 

has a great effect on the quality and quantity of immune cell infiltrates which 

differ significantly compared to the original body site where primary tumors 

develop first (12, 144).  

For the instillation of orthotopic bladder tumors a catheter is inserted via the 

urethra and cells are allowed to attach to the bladder lumen with the pretreat-

ment of the bladder with poly-L-lysine (PLL) for a short time. PLL consists 

of a positively charged lysine polymer that is used as a cell adhesion coating 

factor. The binding of PLL on surfaces aids cell attachment to positively 

charged sites (145). Alternative procedures for orthotopic tumor instillation of 

cell lines to the bladder are electrical cauterization, abrasion (146-151) or 

chemical (N-methyl-N-nitrosourea, HCl or silver nitrate) (147, 152-154) in-

jury of the urothelium to promote attachment of the implanted cells. A limita-

tion to this type of orthotopic bladder tumor models is anatomy of the urogen-

ital system that does not allow the catheterization of bladders in male mice. 
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Engraftment of human bladder cancer cell lines to immunodeficient murine 

hosts is an alternative approach to evaluate the therapeutic efficacy of treat-

ments in vivo (155, 156). In this case, patient-derived cancer cells are used to 

induce xenograft models. However, this approach is often limited due to the 

prolonged time required for tumor growth in animal hosts. Despite that, xen-

ograft tumor models recapitulate more faithfully the growth of tumors con-

taining genetically heterogeneous tumor cell clones, as well as stroma compo-

nents, originating from human patient tumors (157). Therefore, xenograft 

models are suitable for studies of treatment resistance mechanisms driven by 

patient-derived tumor cells and screening of therapeutic agents for personal-

ized medicine (158-160). Testing of immunotherapeutic agents requires a 

functioning immune response. Xenograft models, however, require the use of 

immunodeficient animals to avoid immune rejection of the implanted human 

cells. The use of animal models with humanized immune systems is, therefore, 

more appropriate for immunotherapy testing (161). 

1.5.2 Autochthonous tumor models  

Genetically engineered mouse (GEM) models of urothelial bladder cancer 

have characteristic of NMIBC histologic variants and often lack progression 

to MIBC (136). However, following exposure to the carcinogen N-Butyl-N-

(4-hydroxybutyl)-nitrosamine (OH-BBN) transgenic murine strains bearing 

germline deletions of tumor suppressor genes progress to MIBC (162). One 

GEM model bearing targeted inactivation of p53 and Pten in the urothelium 

developed progressive MIBC and has been utilized for the preclinical evalua-

tion of rapamycin and intravesical chemotherapy resulting to the emergence 

of respective clinical trials (163, 164). Such examples indicate that the devel-

opment of relevant GEM models for urothelial bladder cancer generates reli-

able model systems for the preclinical evaluation of safety and efficacy prior 

to clinical trials.  

However, apart from the tendency of GEM models to develop into NMIBC 

without the element of tumor progression, they also exhibit poor intratumoral 

heterogeneity and low mutational load compared to the human disease. More-

over, gene promoters that are exclusive to the urothelium are sparse and there-

fore urothelium targeted conditional gene alterations are limited (136). On that 

observation, Kobayashi et al suggested the hypothesis of resistance of the 

mouse urothelium to malignant transformation in absence of genetic instabil-

ity, epigenetic modifications or gene deregulation events that are observed 

during carcinogenesis of the urothelium in humans (136). 

Carcinogen induced urothelial cancer models in rodents are induced upon ad-

ministration of carcinogens rich in aromatic amines, such as OH-BBN, N-[4-
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(5-nitro-2-furyl)-2-thiazolyl] formamide (FANFT) or N-methyl-N-nitro-

sourea (MNU). The strong link of carcinogens and urothelial cancer in humans 

suggest that carcinogen-induced tumors in animal models are realistic models 

of the human disease. FANFT has been proved highly hazardous for humans 

and the environment, while rodent exposure requires about 20 weeks until tu-

mor development (165). A single intravesical administration of MNU to fe-

male rodents usually induces papillary and carcinoma urothelial malignancies 

three months later, while its characteristic molecular instability renders its use 

complex and with possible effects on reproducibility (166, 167). 

The carcinogen OH-BBN is found in tobacco, while it was established as a 

bladder carcinogen for rodents more than five decades ago (166, 168, 169). 

OH-BBN is metabolized in the liver and the bladder to BBN-glucuronide and 

the carcinogenic N-butyl-N-(3-carboxypropyl)-nitrosamine (BCPN) (170). 

The bladder urothelium is highly susceptible to OH-BBN induced mutagene-

sis compared to other tissues and therefore to carcinogenesis upon accumula-

tion of sufficient mutations (171). The grade and histology variant of OH-

BBN induced tumors in mice differs depending on exposure duration, dose 

and route of administration, as well as on the genetic background of the ani-

mals. Overall the histology if OH-BBN induced urothelial tumors in animals 

shares similarities to tumors from patients who used large quantity if tobacco, 

such as hyperplasia, dysplasia with or without carcinoma in situ (CIS), MIBC 

and metastatic urothelial cancer (170, 172). These similarities resulted in the 

use of murine OH-BBN induced tumor models for preclinical therapeutic ef-

ficacy assessment of chemotherapy for urothelial cancer (173).  

The molecular profile and mutational landscape of OH-BBN induced bladder 

tumors in NON/Shi mice display similar characteristics to human urothelial 

cancer, such as mutations in the tumor suppressor genes p53 and Ras (172). 

In addition, transcriptomic analysis of OH-BBN tumors in B6D2F1 (172) and 

C3H/He (174) mice demonstrated a transcriptomic correspondence with hu-

man MIBC, but not NMIBC. Shared dysregulated genes and pathways be-

tween MIBC in humans and in B6D2F1 mice with OH-BBN induced urothe-

lial tumors involve overexpressed cell cycle regulating genes (CCNA2, 

CCNB2, CCND1, CDC2, CDC20, CCNE1,CKS1B, MAD2L1 and TFDP1), 

upregulated EGF/EGFR (MAP4K4, PIK3CA, SKAP2) and RAS (RACGAP1, 

RAD51, RAD9A, RHOG ,RAN, RIN2) pathway related genes, aberrant expres-

sion of transcription regulators (CRELD2, FOXM1, MKNK1, NMI, NFKBIE), 

but also suppressed cell cycle related genes (GAS1, MAPK/SRC pathway, 

MAP2K6, SH2B1, SH3GL2, SH3GL3, SH3BGR, RAS pathway ARHGDIG) 

and transcription regulators (GATA2, GATA4, NDRG2, LMO1, TCF2, TCF21, 

TCF7L1) (175). When comparing these traits of OH-BBN induced urothelial 

tumors to the molecular landscape of the consensus subtypes of human blad-

der cancer (98) it seems as if OH-BBN tumors, that overexpress both Egfr and 
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Ras, share traits with both basal/squamous and the luminal-like consensus 

subtypes (172, 176).  

A 20-week exposure period to OH-BBN in male wild type C57BL/6 mice in-

duces MIBC that resembles the gene expression profile and the mutational 

status of human urothelial cancer (177). Such OH-BBN induced tumors har-

bor a basal/squamous gene expression profile (increased expression of Cd44, 

Cdh3 and Krt14). Due to the lack of mutations in Kmd6a it is suggested that 

the model displays a basal/squamous-like subtype, in agreement with similar 

findings from other studies on OH-BBN induced models. In addition, when 

using other mouse strains high expression of Egfr, that is a basal/squamous 

characteristic, has also been observed (176).  

Interestingly, another study demonstrated that upregulated cell-cycle related 

genes Ccna2, Cdkn2 and Plk1, and downregulated metabolism regulating 

genes Pdk4, Abcd2 and Lep are found exclusively in established OH-BBN 

induced tumors, and not in pre-malignant OH-BBN exposed tissue. However, 

dysregulated expression of T-cell homeostasis regulating genes, such as Il-7r, 

Il-2ra and Ripk3, or of genes associated with extracellular molecule immune 

regulation, such as Wnt10a, Cxcl5 and Mmp7, is observed upon OH-BBN in-

duction in pre-malignant tissue and in MIBC, suggesting an early immune re-

action to the carcinogen. OH-BBN exposure generates mutation signatures re-

lated to activity of APOBEC enzymes and deficiency of the nucleotide-exci-

sion repair pathway. Such mutations are also present in the Luminal-U con-

sensus subtype in the form of APOBEC and ERCC2 gene mutations, although 

these specific mutations were not detected in the murine tumors. Moreover, 

the authors of the study also performed a comparative analysis of the mouse 

urothelial cancer cell lines MBT2 and MB49 with human and murine OH-

BBN induced tumors. Exome sequencing revealed that the mutational land-

scape of the two commonly used cell lines involve significant differences 

compared to both autochthonous murine and human tumors (177). Moreover, 

transcriptomic and phenotypic analysis of subcutaneously engrafted MB49 tu-

mors displayed upregulated pathways of fibrosis and EMT, while MB49 cells 

shared similarities to fibroblasts and mesenchymal cells rather than urothelial 

cancer cell lines derived from autochthonous urothelial tumors (178).  

A clear view of anti-tumor immunity and sex perspectives on urothelial car-

cinogenesis and progression in wild type mice is required, since OH-BBN in-

duction studies in C57BL/6 mice have been limited to male animals (179) or 

the sex was not reported (178). Degoricija et al, as well as Saito et al, reported 

that upon a few weeks of OH-BBN induction a strong upregulation of immun-

ity genes was identified in pre-malignant OH-BBN exposed mouse bladders 

and that these signatures were silenced during tumor established, but returned 

stronger upon tumor progression (178, 179). 
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In conclusion, carcinogen induced bladder tumor models are autochthonous 

and imitate the genesis of human urothelial cancer due to long-term and mild 

(environmental) exposure to carcinogens that ultimately induces oncogenic 

mutations. These models harbor an intact immune system and are suitable to 

study both pre-malignant cellular mechanisms during transformation and tu-

mor progression mechanisms, which is not applicable to clinical studies with 

in human subjects. However, the similarities of these tumor models to the hu-

man setting in terms of heterogeneity may be a limitation in preclinical thera-

peutic efficacy investigations. A homogeneous model with predicted baseline 

outcome would give more reliable data output, while still facing the alignment 

challenge with the clinical disease. 

1.6 Sexual dimorphism in cancer and immunity 

The male sex is affected by infectious diseases more often and commonly pre-

sent a more severe clinical image (180-182), whereas the female sex is more 

prone to autoimmune disorders (183-185). Moreover, non-reproductive can-

cers occur in males with higher incidence than in females with a few excep-

tions (e.g. cancer of the thyroid gland). Thus, to shed light to the immunobi-

ological differences between the two sexes research organizations, such as the 

National Institutes of Health (NIH), have introduced guidelines for the use of 

both sexes in cancer associated studies. This strategy has generated relevant 

knowledge in translational and basic biological research.  

For instance, urothelial bladder cancer is three times more probable to occur 

in male than in female patients. Moreover, the clinical outcome and the risk 

to develop a progressive disease in bladder cancer is greater for female pa-

tients who often are diagnosed with a more advanced stage of the disease than 

men. Although the precise etiology for this phenomenon is not yet clarified, it 

has been linked to sexual differences in physiological hormonal regulation 

(186, 187). However, the impact of the sexually differential regulation of sex 

hormones and their receptors is not restricted to cancers of the reproductive 

system, but expands to others such as lung cancer, melanoma, brain tumors. 

This is attributed to the fact that the signaling of sex hormones and receptors 

affect cells beyond cancer, such as cells of the tumor microenvironment, the 

vascular network and the immune system that are crucial determinants of the 

clinical outcome of cancer (188-191). 

In urothelial bladder cancer the tissue expression of receptors for estrogens 

and androgens is lower than in the healthy bladder tissue. Lack of expression 

of androgen receptor (AR) and estrogen receptor-alpha (ERα) in urothelial 

cancer cells is linked to more aggressive tumor phenotype, whereas higher 
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tumor invasiveness and poor prognosis are correlated to higher levels of ex-

pression of estrogen receptor-alpha (ERβ) (192). One of the most common 

molecular subtypes of bladder cancer, the basal-squamous subtype, presents 

higher frequency among high-grade tumors and higher incidence in female 

patients, despite the fact that females are three times less likely to be diagnosed 

with urothelial cancer (193). Moreover, as revealed by genetic analysis of 

NMIBC tumors, mutations in the gene KDM6A were identified nearly twice 

as often in female compared to male patients (194). Most likely a plethora of 

biological differences and environmental factors are in control of the sex re-

lated differences in urothelial cancer incidence, progression and response to 

treatment, but also in other diseases. 

The genetic variance among individuals with the same biological sex is 0.1% 

(195), whereas this variance between males and females in human is 1-2% due 

to the exclusive presence of the Y chromosome in males, as well as due to the 

X chromosome inactivation that occurs in females at the embryonic stage. In 

addition, with 6500 genes (of 20000 in total) being differentially expressed 

between sexes across the body, the overall transcriptomic profile between 

sexes also entails differences (196). Moreover, the native immune system is 

differentially regulated among the two sexes, possibly resulting in biased out-

comes and responses to immunotherapy. This knowledge is not yet imple-

mented in the clinical practice of cancer treatment, while more and more stud-

ies focus on the matter (197, 198). Additional studies followed, revealing that 

estrogen induces Tregs, regulates chemokine expression by T cells, promotes 

antibody responses and has a suppressive effect on cells of the innate immune 

system (199). Concerning innate immunity, males present with a high number 

of NK cells, while in females, APCs display faster activity, and neutrophils 

and macrophages have a higher phagocytic capacity (198). Moreover a sig-

naling loop has been identified between female hormone estradiol and type-I 

interferon (IFN) that regulates innate responses (200).  

According to older studies, females can develop antibody responses at a faster 

pace than males due to the effects of estrogen on antibody producing plasma 

cells (201). The hypothesis was validated by in vitro methods, while a sequel 

study demonstrated that testosterone could inhibit antibody production in vitro 

(202). This type of evidence addressed for the first time the potent role of sex 

hormone regulation on the immune system and provided explanations to the 

higher incidence of autoimmunity in female patients. Later it became apparent 

that females display a higher ratio of CD4 to CD8 T lymphocytes than males, 

as well as more potent antibody responses, and more efficient proliferation 

and effector function of killer T lymphocytes. On the other hand healthy male 

individuals present higher number of Tregs and CD8 T lymphocytes (203), 

and lower levels of IgM antibodies (204). Genetic studies revealed that the X 

chromosome carries several genes of importance to immune responses, while 
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such genes are less abundant on the Y chromosome. Moreover, such studies 

highlighted the association of defective X chromosome inactivation and the 

onset of autoimmunity, along with the protective role of genes of the Y chro-

mosome against autoimmune disorders (205). 

One of the first studies to investigate sex-related differences of immune cells 

by single cell transcriptomic analysis in mice, revealed that baseline macro-

phages displayed sexually dimorphic expression of genes that are related to 

the complement system, metabolism of bacteria derived lipoproteins and other 

pathways relevant to macrophage activation. Additionally, the expression of 

genes related to the regulation of innate IFN responses and genes of Fc recep-

tors were greater in unstimulated female macrophages compared to males. In 

total, 26 genes were expressed at higher levels in macrophages from female 

mice and 15 in male mice. Upon immune stimulation, however, macrophages 

and granulocytes displayed upregulation of the same genes in male and female 

mice. The study also revealed that the transcriptomic sex differences in some 

immune cell populations is determined by the originating body site or lym-

phoid organ (197). To date, equivalent studies in tumors aiming to dissect the 

sexually differential gene expression in tumor infiltrating immune cells have 

been sparse. 

Sex differences in tumor immunity have been identified both in human pa-

tients and in animal models of cancer, however more studies and clinical val-

idation are required to transfer these findings to clinical practice. For instance, 

the expression of tumor associated cancer testis antigens, such as NY-ESO-1, 

LAGE-1 and MAGE-A1 is more common in male lung cancer patients com-

pared to female patients (206, 207). In an in vivo study, PDL-1-/- knockout 

female mice showed slower tumor growth of B16 melanomas due to more 

potent anti-tumor immune responses compared to male mice. Further, it was 

demonstrated that Treg mediated immune suppression in PDL-1-/-females was 

defective due to estradiol signaling, while the function of Tregs could be res-

cued upon ER stimulation. However, Tregs from wild type female mice, de-

spite the lower level of PDL-1 expression compared to males, do not respond 

differentially to estrogen stimulation than males, suggesting that Treg regula-

tion by estrogens possibly occurs at cell differentiation stages when they lack 

expression of PDL-1. Despite that, PDL-1/PD-1 targeting axis immunother-

apy inhibited Tregs and promoted anti-tumor immune responses in both sexes 

of wild type animals with B16 melanoma, however female mice developed 

greater numbers of antigen-specific T cells than male mice. The authors pro-

posed that the use of autochthonous tumor models might be more useful when 

studying the causality between anti-tumor immune responses and sexual di-

morphism (208). In a clinical study with melanoma, the activity of Tregs was 

not different between male and female patients. However, the number of ex-

hausted CTLs was lower in melanomas from female patients before treatment, 
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while it has been previously demonstrated that low numbers of exhausted 

CTLs is associated with better response to combination immunotherapy (209). 

On the contrary, a larger meta-analysis study demonstrated that male cancer 

patients present an overall survival benefit upon anti-CTLA4 therapy com-

pared to female patients, while a correlation of sex and anti-PD-1 response 

could not be observed (210). 

Ultimately, differences in anti-tumor immunity that are related to sexual di-

morphism require more thorough description, observation and dissemination. 

The variable of immune sexual dimorphism should be carefully considered 

when designing immunotherapy clinical trials and treatment strategies for can-

cer patients, but also in the use and identification of clinical biomarkers for 

the prediction of clinical outcomes upon immunotherapy.  
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Aims 

The field of immune-oncology and immunotherapy for cancer have revolu-

tionized the vision of how drugs of the future will attack the disease; the im-

mune system and the TME have emerged as precious targets for cancer ther-

apy. The complexity of the TME, its immune infiltrates and the impact of their 

composition on therapy response and survival of patients have become subject 

of intense research and consequently a source of novel therapeutic targets dur-

ing the past decades (10, 11). Moreover, the tumor hosting organ, tumor sub-

types and biological sex seem to be strong determinants for differential re-

sponses to immunotherapy (211), while unique signaling axes and immune 

cell populations have been identified for certain tumor types (13). Therefore, 

new immunotherapies should be thoroughly evaluated in regards to their ef-

fect on multiple cell systems, while clinically relevant in vivo models for spe-

cific tumor types along with more advanced biomarker detection techniques 

are needed. The aim of this thesis is to provide the research society with new 

knowledge, and to identify potential therapeutic targets and biomarkers for the 

pharmaceutical industry. 

Paper I aimed to investigate the effects of a small molecule inhibitor of 

MALT1 on immune modulation of the immune system and the tumor micro-

environment along with its capability to counteract tumor growth.  

Paper II and III present the development of a novel urothelial cancer model 

and its use for an in-depth exploration of intratumoral heterogeneity and the 

tumor microenvironment via cutting-edge analysis technologies and bioinfor-

matics analyses. 

Paper IV is an exploratory study using proteomic analysis liquid biopsies from 

a cohort of urothelial bladder cancer patients. The aim of this study was to iden-

tify potential new biomarkers of patient risk outcomes that can be detected at 

diagnosis without invasive methods. Further, the findings were validated in an 

independent cohort, while different methods were also used to uncover biolog-

ical mechanisms underlying the findings of the proteomic analysis. 
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Methodology 

3.1 Experimental design of studies in vivo 

The value of experiments using animal models depends on their careful design 

and execution by experienced handlers. The assessment and prediction of ap-

propriate numbers of animals, group size, as well as the duration of experi-

ments, are essential for the generation of credible results within the current 

ethical constraints. The numbers of animals need to be sufficient to produce 

meaningful results, while oversized studies using unnecessary large numbers 

of animals should be avoided. It is also important that the experiments are 

designed in a manner so that they can be repeated to strengthen a hypothesis 

without crossing the line of unnecessary repetition. Randomization of the an-

imals among multiple experimental groups, as in Paper I, prior the evaluation 

of therapeutic agents is also vital to avoid bias and confounding factors. When 

possible, animal experiments may also be performed as blinded studies. De-

tailed documentation is vital for back-tracing of every step of the experimental 

procedures. 

The use of prior knowledge from scientific peer-reviewed literature provides 

the basis for avoiding unnecessary repetition of in vivo experiments. One such 

example is the lack of MIBC development in wild type after 10 weeks of OH-

BBN carcinogen administration, as reported by the literature. In Paper II and 

III this knowledge was used and therefore wild type mice were not induced 

in parallel to transgenic mice that demonstrated the ability to develop MIBC.  

Furthermore, the use of non-invasive methods when applicable should be im-

plemented. One such approach is the collection and use of urine as a liquid 

biopsy to study urothelial cancer development and the related immune re-

sponses in animal models. Importantly, when possible, experimental designs 

should be refined in a manner that allows the use of animal derived samples 

for multiple applications. For example, when tumors were induced in mice 

with the primary goal to study extracted tumor cells in Paper II a parallel 

strategy was implemented to utilize the samples for multiple applications such 

as single cell RNA sequencing, flow cytometry analysis, tumor cell line gen-

eration and cryopreservation of tissues for future studies. 
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3.2 Single cell RNA sequencing analysis  

The first next generation sequencing approach for single cell RNA sequencing 

was developed in 2009 by Tang F. et al (212). All cells in the body share an 

almost identical genetic sequence, however, the transcriptomic profile cell 

types differ greatly as each cell type expresses a characteristic group of genes. 

Bulk cell population RNA sequencing gives information on the average gene 

expression and the collective transcriptome of a cell type; however, the output 

is lacking information of the transcriptome of individual cells. Therefore, sin-

gle cell RNA sequencing technologies were quickly developed, commercial-

ized and embraced by the research community providing an unprecedented 

possibility to study the transcriptome at the single cell level. Such studies have 

provided new knowledge, for example, on unique and diverse immune cell 

populations in disease (213) and treatment resistance aiding transcriptomic 

heterogeneity of tumor cells (214). 

From a technical perspective, single cell RNA sequencing requires the gener-

ation of single cell suspensions. Therefore, for analysis of fresh tissue samples 

mechanical dissociation with the addition of tissue digestion enzymes is nec-

essary (Figure 7). Upon dissociation and confirmation of cell viability, each 

cell receives a unique identification barcode. Upon single cell library genera-

tion, the samples are sequenced. The next step in the interpretation of the re-

sults entails bioinformatic analysis of the sequencing data. Upon determina-

tion of gene expression profiles of single cells, clustering into cell groups is 

performed on the basis of similar gene expression. Each cell cluster corre-

sponds to a cell type or cell subpopulation depending on the bioinformatic 

analysis depth and resolution set by the user.  

 

Figure 7. Illustration of the workflow for single cell RNA sequencing of bladders. 
The resection and dissociation of the tissue to single cell suspensions is followed by 
the generation of single cell libraries. Sequencing is performed and the results are 
subjected to bioinformatic analysis. Cell clustering and cell type assignment is per-
formed on the basis of single cell gene expression. 

In essence, the significance of this method lies in the possibility to dissect 

crucial transcriptomic differences among cells from different experimental 

conditions. In Papers II, III and IV single cell transcriptomic analysis al-

lowed the identification of unique cell subsets or transcriptomic characteristics 
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within the frame of urothelial tumor stages, sex perspective and diverse cellu-

lar component comparison. 

3.3 Proteomic analysis of liquid biopsies 

Proximity extension assay (PEA) is a multiplex protein detection assay devel-

oped by Olink Proteomics and each panel can detect up to 92 target proteins. 

One pair of antibodies can specifically detect one defined protein target. Prior 

to target binding, the antibodies are single and carry DNA probe oligomers. 

Once a protein target is detected the antibodies are found in close proximity, 

form pairs and the probes are hybridized due to their complementary se-

quences within each antibody pair. The DNA hybrids are extended and ampli-

fied by the addition of DNA polymerase. The DNA molecules are then quan-

tified in real-time PCR detection systems. The data output contains values of 

Normalized Protein Expression (NPX) that is an arbitrary unit of protein rela-

tive expression. Therefore, it is not suitable for comparison of exact quantita-

tive measures of a specific protein, but it can be used to compare protein levels 

between different cohorts/groups. 

Prior to our studies in Paper II and IV, urine, plasma and serum samples from 

urothelial cancer patients and murine urothelial cancer models were cryo-

preserved. Prior thawing and distribution to PEA plates, the samples were ran-

domized. Due to the large number of samples several plates were analyzed 

separately, therefore inter-plate normalization was performed during data 

analysis on the basis of identical inter-plate control samples. Upon sample 

thawing (on ice) a small volume of each sample (10-20 μl) was transferred to 

the predetermined well of the assay plate in a randomized positioning. A da-

tabase with the clinicopathological characteristics of patients and detailed rec-

ords of the animal tumor hosts were used for data analysis. Data analysis was 

performed by statistical tests, such as multivariate cox-regression, random for-

est survival modelling and Kaplan-Meyer survival analysis. 
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Ethical Considerations 

The combined use of preclinical in vitro experimentation, in vivo animal stud-

ies and analysis of patient derived clinical material is a multi-dimensional ap-

proach for in-depth translational research within the field of immuno-oncol-

ogy. By studying the interplay between tumors and the immune system cells 

in model systems with natural immune anti-tumor responses could provide 

more knowledge of this multiplex biological process and its primary mecha-

nisms. Therefore, the development and use of relevant animal models of au-

tochthonous tumors contributes to the toolbox of methods that are used to 

study the tumor immune microenvironment that is a source of targets for im-

munotherapy. Additionally, the use of in vitro systems to study the cell biol-

ogy and interactions of cancer cells and immune cells are complemental ap-

proaches to in vivo models.  

The development of novel cancer therapies has significantly improved the life 

expectancy of many patients; however, a large fraction of patients and several 

cancer types do not respond to established treatments or have weak responses 

to new potent therapies. The significance of in vivo models in the research for 

new cancer therapy studies and initial therapeutic efficacy or toxicity testing 

is crucial and, in many cases, irreplaceable. Despite that, the ethics of experi-

mental animal welfare is a matter of constant debate and examination by re-

search communities, authorities and the society. Relevant regulatory bodies 

and laws have been installed in many countries to assess and oversee the hous-

ing facilities’ conditions and the welfare of experiment animals. 

The work presented in this thesis includes studies with experimental animal 

models that were bound to follow the local regulations and requirements for 

animal welfare. The studies were approved by the regional ethical committee 

upon detailed presentation of the experimental designs, risk assessments and 

solutions to improve the well-being of each individual animal in case of sus-

pected suffering. 
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Summary of articles 

In paper I, a small molecule inhibitor of mucosa-associated lymphoid tissue 

lymphoma translocation 1 (MALT1) protein demonstrated selective inhibition 

of T regulatory cells (Tregs) during in vitro testing. Tregs are a major immune 

suppressive cell population and an important target in the cancer immunother-

apy field, therefore the effect of the inhibitor on tumor growth and reduction 

of Tregs was investigated. However, the inhibitor failed to demonstrate anti-

tumor therapeutic effects in vivo when tested on a murine model of urothelial 

cancer. A deeper examination of the effects of the MALT1 inhibitor on the 

majority of immune cell subsets in tumors, as well as in secondary lymphoid 

organs, revealed its depleting effect on antigen-specific T cells. This, also im-

pacted negatively the therapeutic effect of the check-point inhibitor anti-

CTLA4. The lack of use of additional tumor models and methods to study the 

aetiology of the off-target effects on the antigen-specific T cell constitute lim-

itations of the study. 

In Paper II, the need for additional mouse models that can recapitulate fun-

damental aspects of cancer development and progression in humans was ad-

dressed. A novel murine model of urothelial cancer was developed using both 

sexes by prolonged, mild carcinogen exposure on a transgenic background 

that mimics the triggers of carcinogenesis in patients. Using conventional and 

new methods we demonstrated that the novel model recapitulates the profile 

of basal subtype urothelial cancer with a progressive disease outcome. The 

model also presents transcriptomic tumor heterogeneity, as do urothelial tu-

mors in humans, and displays early proteomic signatures of immune activation 

despite its failure to respond to checkpoint blockade anti-PD-1 immunother-

apy. Moreover, we noted that the female sex played a role in accelerated tumor 

development and in anti-tumor therapeutic response with TLR9 stimulation.  

Therefore, the data acquired during the construction of Paper II were further 

processed, analysed and interpreted in in Paper III. An in-depth tran-

scriptomic analysis was performed in the immune cell compartment of the 

tumor microenvironment using the novel model of urothelial cancer that was 

developed earlier. Tumors at early and progressed stages displayed a different 

transcriptomic make-up displaying a plethora of infiltrating immune subsets 

and distinct interaction among them and the tumor cells. Also, differentially 
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expressed genes in immune cell subsets of the tumor microenvironment be-

tween sexes revealed a possible immune response readiness in female immune 

cells and higher metabolic activity in male cells. Via intercellular communi-

cation prediction analysis, we identified two gene pathway axes, Cd6 - Alcam1 

and Anxa1 - Fpr2 as potential immunotherapy targets in urothelial cancer. A 

limitation of the studies in Paper II and III is the small number of animals in 

the analysis groups, as well as the lack of corresponding human datasets for 

validation of the findings. 

In Paper IV, a combination of cutting-edge technologies was used to screen 

liquid biopsies from urothelial cancer patients for disease outcome biomarkers 

and to validate the findings via single cell transcriptomic analysis of tumor 

cells and tumor infiltrating immune cells. Proteomic analysis of urine and 

plasma from patients at first diagnosis revealed that high Matrix metallopro-

teinase-12 (MMP12) plasma levels were associated with worse survival of pa-

tients. This finding was reproduced by using serum sample PEA analysis from 

an independent urothelial cancer patient cohort. Single cell transcriptomic 

analysis allowed us to indicate that the source of MMP12 are macrophages of 

the tumor microenvironment, which could also be a potential therapeutic tar-

get ahead. However, whether the production of MMP12 by tumor macro-

phages has a direct etiologic relationship with disease progression and survival 

should be further validated. Moreover, the small number of samples from 

women within the main urothelial cancer patient cohort was a limitation in 

this study and did not allow the examination of sex-specific aspects during the 

analysis. 

In conclusion, this thesis illustrates the multi-faceted challenges of targeting 

and studying the microenvironment of urothelial cancer in murine models and 

humans. Immune modulation via small molecule inhibitors is promising, how-

ever unexpected effects of such treatment strategies must be always examined. 

A newly developed and clinically relevant murine model, suitable for im-

mune-oncology studies, revealed aspects of the tumor microenvironment that 

can be used in the future as the basis to pursue new immunotherapies in 

urothelial cancer. In addition, MMP12 was identified as a new biomarker in 

plasma for urothelial cancer outcome with the aid of cutting-edge PEA assay 

for biomarker detection along with advanced computational analyses.  
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Conclusions and future perspectives  

Paper I 

Efficacy assessment, safety evaluation and mode-of-action investigation of ther-

apeutic agents requires a stepwise process from the lab to animal studies and 

ultimately to clinical trials. In particular, small molecule inhibitors, such as 

MALT1 inhibitor examined in Paper I, often exhibit a wide range of effects in 

the body. In fact, this is somewhat expected since molecular targets of pharma-

cologic inhibition participate in pathways that are active in various degrees in 

different cell types or cell activation states. Initial in vitro investigation of the 

effects of MALT1 inhibition on human cells presented a picture of a selective 

Treg inhibition, rendering the inhibitor a greatly promising candidate for im-

mune modulating cancer therapy. However, in vivo assessment of the inhibitor 

in the MB49 tumor model revealed a lack of anti-tumor efficacy despite the use 

of high and low dosage or the use of combination immunotherapy. 

Eventually, we identified the concomitant inhibition of antigen-specific T 

cells and Tregs as a potential mode of action of the MALT1 inhibitor in mice. 

Therefore, future studies could consider the evaluation of the inhibitor in mod-

els of T cell mediated autoimmune disorders. The antigen-specific T cell dis-

arming properties of the inhibitor could provide clinical benefit in autoimmun-

ity, however the Treg depleting properties of MALT1 inhibition could be an 

obstacle when aiming to regain immune tolerance. Another approach to har-

ness the Treg depleting effect of MALT1 in cancer immunotherapy would be 

the combined administration of MALT1 inhibitor with MALT1 inhibition-re-

sistant CAR-T cells. 

Paper II and III 

The autochthonous urothelial cancer model that was developed in Paper II 

shares similarities with the clinical disease in humans, such as histology traits 

and intratumoral transcriptomic heterogeneity. Further, the model could be 

used to study resistance to anti-PD-1 checkpoint blockade immunotherapy in 

urothelial cancer. The generation of cell lines derived from primary tumors 

added a tool for studies of urothelial cancer at the cell level, while sex differ-

ences in response to TLR stimulation provided the basis for a deeper investi-

gation of sexual dimorphism in the TME.  
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In paper III, a detailed presentation and analysis of the immune cell transcrip-

tome of the bladder TME by using the novel urothelial cancer model shed light 

to the plethora of immune cell subsets and their interactions. Moreover, tran-

scriptomic differences were identified within the subsets between male and 

female tumors. The next step of this study would be to assess these findings 

in relevant datasets from human urothelial tumors. The differential clinical 

outcomes between male and female patients with urothelial cancer, but also 

the sex biased responses to immunotherapy in cancer immunotherapy require 

further dissection. Transcriptomic sex differences identified in this study in 

key immune cell populations may add new information to the field. Addition-

ally, the two identified potential targets for therapeutic intervention that 

emerged during this explorative study, the Cd6 - Alcam1 and Anxa1 - Fpr2 

axes, should be further examined. Initially, the in vitro effects of inhibitors or 

blocking antibodies should be assessed on lymphoid and myeloid cell subsets 

with or without the presence of immune suppressive and stimulatory condi-

tions. If disruption of the axes is sufficient to activate immune cells, or to in-

hibit immune suppressive signalling, the strategy may be worth examining in 

an appropriate in vivo preclinical model of urothelial cancer.  

Paper IV 

In this study we identified high MMP12 plasma levels as an independent bi-

omarker of poor survival in urothelial cancer patients. Moreover, we traced 

the production of MMP12 to macrophages of the bladder TME. While the 

samples used in this study were collected at diagnosis without prior treatment 

for the disease, information about later treatment of the patients was not avail-

able. Therefore, a correlation of the MMP12 significance with certain treat-

ments or immunotherapy could not be addressed. 

MMP12 as a member of the metalloproteinase (MMP) family acts mainly in 

breakdown of the extracellular matrix in healthy tissue during tissue remodel-

ling and other physiological processes. The role of MMPs in cancer is sup-

portive of tumor cell migration and metastasis. Thus, MMP12 could be used 

as a potential therapeutic target in urothelial cancer. One therapeutic approach 

targeting MMP12 in urothelial cancer could be the local administration of 

commercial highly selective MMP12 small molecule inhibitors. The local ad-

ministration of the inhibitors might aid in minimizing systemic side-effects. A 

limitation, however, when targeting proteins that have function in healthy tis-

sues, in addition to tumors, is the induction of adverse and off-target effects.  
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