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Article Highlights Box

- A variety of in vitro and in vivo models exist for urinary bladder cancer research

- Different models have different uses and limitations: it is therefore very important to
choose carefully

- 3D and organotypic cell culture techniques are refining in vitro approaches

- A wide-spectrum characterization of available in vivo models is needed

- Complementary models provide a comprehensive and realistic view of each problem

- Despite the advances made over the years, there are still many challenges to overcome

in in vitro models

Introduction: Urinary bladder cancer (UBC) is the second most frequent malignancy of
the urinary system and the ninth most common cancer worldwide, affecting individuals
over the age of 65. Several investigations have embarked on advancing knowledge of the
mechanisms underlying urothelial carcinogenesis, understanding the mechanisms of
antineoplastic drugs resistance and discovering new antineoplastic drugs. /n vitro and in
vivo models are crucial for providing additional insights into the mechanisms of urothelial
carcinogenesis. With these models, various molecular pathways involved in urothelial
carcinogenesis have been discovered, allowing therapeutic manipulation.

Areas covered: This paper provides critical information on existing in vitro and in vivo
models to screen the efficacy and toxicity of innovative UBC therapies and point out the

challenges for new and improved models.
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Expert opinion: In our opinion, results obtained with in vitro and in vivo models should
be interpreted together, as a set of delicate biological tools that can be used at different
stages in the drug discovery process, to address specific questions. With the development
of new technologies, new assays and biomarkers are going to play an important role in
the study of UBC. The molecular diagnostics and genomic revolution will not only help

to develop new drug therapies, but also to achieve tailored therapies.

1 - Introduction

The prognosis and treatment of urinary bladder cancer (UBC) have improved little in
the past 20 years. UBC remains a debilitating and often fatal disease, and its treatment is
among the most costly [1]. UBC is the second most frequent malignancy of the urinary
system and the ninth most common cancer worldwide [2]. Approximately 300.000
individuals are diagnosed each year with UBC worldwide [3]. Involving exogenous and
endogenous factors, the aetiology of UBC is multifactorial [4,5], but environmental and
occupational exposure to chemical agents, and particularly cigarette smoking, still remain
the major risk factors [4].

Since the average life expectancy is increasing, more people are at potential risk of
developing UBC. Around eight in ten cases are diagnosed in individuals over the age of
65 and 10% of patients diagnosed with UBC are 85 years old or older [6,7]. The most
common cell type of UBC is urothelial cell carcinoma, although adenocarcinomas,
squamous cell carcinomas and sarcomas are also identified [8]. The majority of patients
with UBC, representing 75-85% of cases, are diagnosed with superficial tumors (low-
grade, well-differentiated papillary tumors that do not invade or metastasize), while the

remaining 15% to 25% show invasive carcinomas [8,9].



Globally, the incidence rates of UBC vary by geographical regions and ethnicity [10,11].
Racial and ethnic disparities involves Whites, Hispanics, and African Americans. For
Hispanics, the incidence of UBC is decreasing [12], and survival rates are similar to
Whites [13]. Although incidence rates between African Americans are lower than Whites,
African Americans have worse survival, mainly due to their delayed presentation, which
manifests as advanced stage and higher grade disease [14-16]. Compared with Whites,
African Americans have about a 70% greater risk of cancer- related death [17].
Following transurethral resection of low-grade papillary tumors, adjuvant intravesical
instillations of chemotherapy or immunotherapy with Mitomycin C (MMC) and Bacillus
Calmette-Guérin (BCQG) respectively, are widely applied to decrease the risk of cancer
recurrence and progression to a muscle-invasive lesion [18]. The use of BCG not only
reduces the recurrence rate, but also reduces the risk of a non-muscle invasive lesion
progressing into a muscle-invasive lesion, thus improving the overall chances of survival
[19]. Although treatment with BCG provides better results than transurethral resection
without immunotherapy, significant side-effects (sepsis, cystitis, dysuria and mild
haematuria) may arise from its administration [20]. As experience in using BCG
increases, the side-effects now appear to be less prominent [21]. Intravesical
chemotherapy with MMC, epirubicin and doxorubicin have all shown comparable
beneficial effects [22].

The treatment options currently available for the management of muscle-invasive UBC
include radical cystectomy, as well as chemotherapy plus radiation therapy which aim at
preserving the urinary bladder. Combined chemotherapy based on methotrexate,
vinblastine, adriamycin and cisplatin was initiated in the 1980s, leading to a disease-free

survival rate of 3.7% at six years [23]. However, this protocol is highly toxic and has



severe side-effects [24]. Only around 50% of patients with invasive UBC respond to
cisplatina based chemotherapy which remains the first-line treatment in different clinical
settings: neoadjuvant, adjuvant and metastatic disease [25]. Nevertheless not all patients
are eligible for such treatments and long-term survivors are a minority, with 5- year
survival rate below 50% for non-metastatic, invasive UBC and 10% for metastatic UBC,
with a median survival time of 14 months in this latter group [26]. Thus, there is a clear
need for improvement concerning the therapy offered to patients with advanced UBC.
UBC is also the malignancy with the highest lifetime treatment cost per patient. These
limitations highlight the urgency for the identification and development of new
antineoplastic drugs to replace or improve current protocols. In this context, in vitro and
in vivo models are used to better understand UBC behaviour, to assess the effect of
chemopreventive agents, to evaluate the mechanism of action of existing drugs, to
discover new drug targets and biomarkers and to study the efficacy of new antineoplastic
drugs.

Considering the numerous gaps in our knowledge, the aim of this paper is to provide
critical information on existing in vitro and in vivo models to screen the efficacy and
toxicity of innovative UBC therapies. In fact, there are many published reports describing
the several UBC models available and the drugs already evaluated, however in this review
the authors provide now the major in vitro and in vivo challenges that are necessary
overcome in a near future. Overcome these challenges can contribute to a better
understanding of tumor behaviour, as well as to develop new and more effective therapies

for the treatment of UBC.

2-In vitro and in vivo experimental models of UBC

2.1 - In vitro procedures



In vitro assays using cell lines are used as first-line models in the preclinical development
of new drugs to discover, validate, and evaluate the potential of new therapeutic agents
[27]. Cancer cell lines have an important role in the study of the biological effects of
genetic alterations in different tumor subtypes, and in the identification and
characterization of genes involved in cancer initiation and progression [28].

To date, cultured urinary bladder cells correspond to the most commonly used in vitro
urinary bladder cell model. These models usually consist of isolated UBC cells and have
been established as a valid in vitro model, to evaluate the efficacy of antineoplastic drugs
[29]. In 1970, Rigby and Franks established the first human UBC cell line, designated as
RT4 [30]. Since then, several other human UBC cell lines have been established and
characterized according to their origin, grade and stage. However, a great part of these
cell lines were established from invasive and metastatic tumors, benefiting the
investigation of late tumor progression and metastatic lesions. On the other hand, non-
muscle-invasive human UBC cell lines available are few, which becomes a
disadvantage in when investigating non-muscle-invasive UBC [29]. Available cell
lines represent different UBC subtypes and varying degrees of genetic complexity,
depending on the sample of origin. However, continuous in vitro passages and culture
exerts a selective pressure on cells, promoting the acquisition of new mutations and the
selection of the fittest cell clones. Several human UBC cell lines have been established
and used over the years for numerous purposes, and the genomic and pharmacological
profiles of 28 human UBC cell lines are now available in the Cancer Cell Line

Encyclopedia (https://www.broadinstitute.org/software/ cprg/?q = node/11) [31].
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One of the greatest advantages of in vitro models application is the possibility to maintain
cells in completely controlled environmental conditions, allowing the study of specific
cellular and molecular pathways in shortened experimental timescales. Cell cultures are
also less expensive than animal models and less time-consuming, and do

not pose identical ethical issues. Conversely, in vitro models are severely limited
because cells growing in vitro are not exact dissociated replicates of their in vivo
counterparts. The use of monolayer cell cultures is usually restricted to one or two cell
types, while tumors are composed not only by neoplastic cells but also by stromal and
inflammatory cells, which produce a three-dimensional structure, with critical influence
on tumor growth [32]. Also, in vitro studies are limited by difficulties in studying tumor
immunity, angiogenesis and metastasis, because of the complexity of these processes. In
vitro studies can provide important information concerning pharmacodynamic
parameters, but in vivo models are required to study pharmacokinetics, because they
currently provide the best approach for analyzing and comparing drug kinetics between
different animal species [33]. Likewise, in vitro studies do not predict the adverse effects
of drugs [34].

In an attempt to circumvent some of these limitations, organotypic and three- dimensional
(3D) culture techniques have been developed, which allow the obtention of organoid
structures [35]. 3D cell culture systems mimic in vivo architecture, cellular heterogeneity,
cellular interactions and tumor microenvironmental conditions [36- 38]. These
structures may then be assessed histologically and immunohistochemicaly for the
expression differentiation-related and other molecules, providing a model for studying
urothelial development, neoplasia and reconstruction.

Normal urothelial cells may be readily cultivated in vitro using monolayer cultures for

use as controls, and culture techniques have been long established [39]. The seeding of



normal urothelial cells over stromal matrices yields an organoid structure, which
recapitulates the histological and molecular features of normal urothelium [40]. When the
stromal matrix is seeded with urothelial cancer cell lines, these display an invasive
behaviour, which again may be appreciated histologically and immunohistochemically
[41]. This approach allowed the elucidation of important aspects of molecular cross-talk
in normal and neoplastic urothelium [42]. Different stroma matrices may be used,
including engineered materials [43], and used to assess epithelial-stroma interactions [44,
45].

The organ-on-a-chip approach adds further complexity to these model systems, allowing
for the production of over 1.0 cm-thick organoids with customized vasculature and stroma
[46]. This approach allows researchers to accurately model tissues on a microscale,
including the modelling of complex organs like the urinary bladder [47], holding great
promise for cancer research.

In the last thirty years, numerous in vitro studies were conducted to evaluate the activity
of antineoplastic drugs, making use of several human UBC cell lines and a wide range of
methodologies. As an example, the cell lines 5637, T24 and HT1376 were used to
evaluate the effect of everolimus and temsirolimus [sirolimus analogs and mammalian
target of rapamycin (mTOR) inhibitors] in UBC cells. mTOR signaling was found to play
an important role in cell growth, survival, proliferation, and angiogenesis in many solid
tumors including UBC, where it is believed to have potential for prognostic information
and targeted therapy [28]. According to these studies, sirolimus analogs exert a slight
interference on proliferation, apoptosis, and autophagy in these cancer cell lines. The non-
muscle invasive UBC cell line 5637 was the most sensitive to mTOR inhibitor treatment
alone [48,49]. These researchers further evaluated the combined effect of mTOR

inhibitors with gemcitabine and cisplatin, which resulted in enhanced



inhibition of cell proliferation and increased apoptosis and autophagy, especially in 5637
and HT1376 cells. In contrast, in the T24 cell line, everolimus or temsirolimus enhanced
gemcitabine but not cisplatin efficacy [50-53]. Additional in-depth mechanistic studies to
elucidate the interactions between antineoplastic drugs and their targets are feasible in
vitro, but in vivo models are needed to advance the following stages of pre-clinical drug

development.

2.2- In vivo procedures

In vivo models of UBC are described as valid if they resemble the human condition in
actiology, pathophysiology, symptomatology, target identification, and response to
therapeutic interventions [54].

Most of the time, researchers focus on experimental in vivo models established in
laboratory rodents, forgetting the spontaneous models of disease. However, spontaneous

animal models of UBC are available and present important opportunities for research.

2.2.1- Spontaneous animal models of UBC

Comparative oncology’s contributions to the field of cancer biology and anticancer drug
development are now fully recognized [55]. The spontaneous UBC model that
recapitulates the human disease more closely occurs in the dog. Although the true
incidence of canine TCC is not known, TCC is the most common form of urinary tract
cancer in the dog and comprises 1.5 to 2% of all canine cancers [56,57]. The advantages
of this model include: (1) similarities between canine and human bladder cancer in
histopathologic appearance, biological behaviour, and response to therapy and prognosis,
(2) similar drug metabolism between dogs and humans, (3) less constraints in testing new

therapies, since it does not exists a standard therapy for many canine



cancers, (4) the compressed lifespan of the dog, which makes completion of clinical
studies possible in a timely manner, (5) the fact that dogs share the environment with their
owners and thus have similar exposures to water, passive cigarette smoke, and
insecticides, (6) the larger size of the dog compared with other animal models like rodents,
which makes many medical procedures technically feasible, and (7) the concept that novel
interventional strategies developed in vitro or in laboratory animal studies can be tested
in vivo in spontaneous tumor-bearing dogs, before being applied to humans [58-63]. UBC
studies in dogs also have the potential to define heritable and environmental risks,
methods to detect UBC earlier, and methods to more effectively treat UBC, important
information to better understand, prevent and treat the disease in their human’s
counterparts. Compared with humans, TCC in dogs can be low-grade with a superficial
papillary appearance or be high-grade invasive tumors that spread through the urinary
bladder wall to lymph nodes and to other organs, predominantly the liver and lung
[56,62]. Although low-grade, superficial TCC comprises the majority of TCC in humans,
it is very uncommon in dogs [57]. Other of the few differences between canine and
human TCC is in gender predilection, with men being at greater risk that women, and
female dogs being at greater risk than male dogs [57,61]. Another spontaneous UBC
model is found in cattle exposed to the poisonous fern Pteridium spp. and its toxin,
ptaquiloside [reviewed by 64]. However, the urinary bladder lesions observed in this
model, and in experimental models established using the same toxins, are histologically
heterogeneous and differ too much from those found in human patients [64-66] to allow
the use of this model for drug development.

The use of spontaneous animal models of disease circumvents the ethic concerns related
to the use of laboratory animals: it is more acceptable to a society concerned with animal

welfare to treat sick animals and use the knowledge obtained in favor of
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scientific development, than inducing disease in animals for research. Moreover, any
comparative studies performed in pet animals clearly benefit both animals and humans

[56, 63].

2.2.2- Experimental models of UBC

The first experimental animal model used to study UBC was reported by Hueper, in
1938. This experiment used 2-naphthylamine to induce UBC in dogs [67]. Since then,
various attempts to induce tumors in rodent urinary bladders by chemicals were
unsuccessful until 1944, when Armstrong and Bronser induced papillomas and
carcinomas through oral administration of 2-acetylaminoflourene (AAF) in CBA strain
mice [68]. This team induced urinary bladder papillomas and carcinomas in CBA mice
with the chemical carcinogen 2-acetylaminofluorene (AAF). Although of considerable
usefulness in experimental urinary bladder carcinogenesis, AAF is a pluripotent
carcinogen, which means this compound also induces tumors in other organs of laboratory
rodents (liver, pancreas, breast, skin, forestomach and ear duct). In the following decades,
several researchers focused their search for urinary bladder-specific carcinogens. During
the 1960s, three compounds in particular were found to have some specificity for the
urothelium:  N-[4-(5-nitro-2-furyl)-2 thiazolyl]formamide (FANFT), N-methyl-N-
nitrosurea (MNU) and N-butyl-N-(4-hydroxybutil) nitrosamine (BBN).

FANFT and MNU were long used to induce UBC in laboratory animals, but they are
seldom used presently because both have very particular handling requirements. FANFT
is administered in the animals’ diet and is a dangerous compound that must be
manipulated with care due to its carcinogenic and teratogenic risks for reseachers [69].
MNU is a direct- and complete-acting carcinogen causing tumor initiation and/or

promotion not only in the urinary bladder but also in mammary gland, lungs, liver,
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thyroid, pancreas, prostate, intestine, forestomach, glandular stomach, alimentary tract,
kidney, nervous system and hematopoietic system [70]. Tumor location depends on the
route of MNU administration, as well as on the species, age and sex of the animals. In
order to induce UBC, MNU must be instilled intravesically, a technical requirement
which isn't easily met by most research teams [71]. Because MNU is intrinsically
unstable, variations in carcinogenic potency can arise, leading to inconsistent data, unless
care is taken during its storage, preparation and use [72]. Currently, BBN is the most used
urinary bladder carcinogen in vivo, since its carcinogenic potential is essentially limited
to this organ [73]. BBN may be easily administered in drinking water at a dose ranges
from 0.01 to 0.05%, however the use of opaque bottles is necessary, since this is a
photosensitive compound [74]. This compound may also be administered by other routes:
oral gavage, subcutaneous injections and intravesical instillation [75]. Each of these
routes of administration has advantages and disadvantages that should be considered, but
frequently, the team's prior experience determines the route of choice. Oral gavage
requires specific training of the staff involved while intravesical instillations require the
use of female animals following animal sedation [76,77]. As with MNU, the incidence of
urothelial lesions induced by BBN depends on the route of administration and the
incubation period following carcinogenic exposition [78,79].

In early works of urinary bladder carcinogenesis, researchers were concerned to classify
histopathologically all lesions induced, and to compare them with those described in
human patients, which was critical to validate their animal models. These studies soon
showed that BBN induced papillary UBC in rats and invasive and papillary UBC in mice,
morphologically similar to those observed in human patients [80,81]. Accordingly, such
models were used for preclinical drug development early on, and were later subjected to

immunohistochemical evaluation, revealing further similarities
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with their human counterparts [82]. In the present, the use of chemically-induced models
are limited by the costs involved, the long experimental protocols, difficulties in
monitoring UBC development during the experimental protocol, and the fact that their
molecular characteristics remain only partially understood [28,69]. Application of
genomic, transcriptomic, proteomic and other wide-spectrum techniques to these models
will help refining our understanding of their underlying molecular changes and re-assess
their usefulness for translational research.

Transplantation models offer another strategy for in vivo cancer research.
Transplantation methods comprise various systems and techniques to propagate tumor
cells in different hosts for controlled studies in vivo. Some of these methods have been
used for decades and are well-established, while others are more recent and continue to
develop. These models may be classified as allografts, also known as syngeneic, or as
xenografts. A syngeneic model consists of rodent UBC cells or tumor fragments
transplanted into an immunocompetent host of the same species and strain, allowing
researchers to monitor tumor growth and other parameters. Xenograft models consist of
human cancer cells or tumor fragments transplanted into immunodeficient hosts, most
usually mice [83]. Both syngeneic and xenograft models have advantages and drawbacks
to be considered. Syngeneic models take advantage of a fully-functional host immune
system (as opposed to the immunodeficient xenografted animals), while xenografts make
use of human rather than murine cells.

Tumor transplants may be orthotopic, meaning that the tumor is placed in the site it would
be expected to arise naturally in the host; or they may be heterotopic, which means that
the transplants are placed in other locations, most often subcutaneously. Orthotopic tumor
models have the great advantage of simulating the local cancer environment and

recapitulating the natural history of the disease [83-85]. In general, an
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orthotopic, immunocompetent model has advantages over models that use
immunodeficient rodents and/or heterotopic locations [86], although it’s more difficult to
perform. To implement orthotopic models additional methodologies are previously
required. A chemical urothelial denudation (leading to multifocal lesions) or a mechanical
urothelial lesion (requiring cystotomy), is necessary before cells can be introduced into
the urinary bladder cavity [87,88]. Also a number of factors can affect the tumor take rate,
such as the amount of UBC cells instilled, the UBC cell concentration, the instillation
volume and the tumor cell dwell time in urinary bladder, reasons for why results obtained
not always are reproducible [89]. Furthermore, it is also important to point out that
intravesical drug instillation in laboratory rodents is only possible in females; anatomical
differences render this technique impossible in males [77].

Heterotopic tumor models have been widely used, because subcutaneous implantation is
commodious and facilitates tumor follow-up [83-85], but their different
microenvironmental conditions may limit correlations with natural disease. Particularly
in the case of urinary bladder, the heterotopic model presents another disadvantage since
the implanted tumor cells are not exposed to the urinary bladder, which could contribute
to the kinetics of the drugs under evaluation, as well as to the tumor behaviour. Besides,
with both heterotopic and orthotopic models, there may be a long latency period before
tumours becomes noticeable and the take rate is generally low when passaging tumor
samples for the first time.

Current transgenic UBC models aim to circumvent some of these limitations and several
genetically modified animal strains are available, to be selected for the purposes of each
specific study [90-93], as reviewed by Oliveira et al., (2006) [69]. For instance,

expression of the simian virus 40 large T antigen has been targeted to the urothelium
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using the uroplakin II gene promoter in a tumor-permissive FVB/n background [91].
These UPII-SV40 mice develop invasive UBC and became useful and popular
immunocompetent models for studying the pathogenesis of these lesions and testing
innovative therapies [94].

The use of animal models enabled the identification of critical signalling pathways
involved in urinary bladder tumorigenesis and of valid therapeutic targets, such as the
PI3K/AKT/mTOR and the RAS-MAPK pathways [95-97]. Endothelial growth factors
which promote angiogenesis are also possible targets [98,99]. Animal models are critical
for modern lineage-tracing studies which identify specific urothelial cell populations as
the origin of certain kinds of UBC [100,101].

Among therapeutic agents targeting the PI3K/AKT/mTOR pathway, mTOR inhibitors are
the most developed ones. Rapamycin, also known as sirolimus, and its derivatives such
as everolimus, tensirolimus and deforolimus, have antineoplastic activity when it comes
to a variety of solid tumors - including UBC - and are being tested in clinical trials. Some
of these drugs were initially tested pre-clinically in vivo [102-104]. Other agents like
endostatin, bevacizumab and cetuximab that can target vascular endothelial growth factor
and, therefore, tumor angiogenesis are also being subjected to clinical trials [105,106].
Cetuximab and panitumumab also target EGFR and HER2/neu, two generally
upregulated genes [105,109]. Tipifarnib, a farnesyltransferase inhibitor, is able to inhibit
farnesylation, an important step connected with Ras activation. Sorafenib (BAY43-9006)
is an oral, dual inhibitor of Raf and vascular endothelial growth factor receptors
(VEGFR). Other agents that have shown promising results regarding UBC (vinflunine,
celecoxib, TKI-258 and AEZS-108), are currently under clinical trials [106,108,109].
This entire therapeutic advance would not be possible without in vivo models, but it must

be remembered that results obtained in experimental animal models
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cannot be directly translated into clinical practice, although they provide important

information regarding drug delivery, pharmacokinetics and potential toxicity.

3- CONCLUSIONS

The development of realistic in vitro and in vivo models has been a major concern of the
scientific community, in order to build a strong and reliable body of evidence for use in
the field of oncology. The time and money invested through the years produced better
models and it is now easier to conduct more sophisticated research. However, there is no
perfect model. If on the one hand, in vitro and in vivo models are specific, very well
characterized, and have considerably advanced our understanding on UBC, on the other
hand they show constraints which must be considered for their successful use in drug
discovery, in the clarification of the oncogenic process and in the reaction to specific
therapeutic agents. For that reason, all the information obtained with different models
should be analysed as a whole and with caution. It is not wise nor expected to extrapolate
experimental preclinical data as a complete predictor of the human reaction to a novel
therapeutic agent. Results obtained with in vitro and in vivo models should be interpreted
together, as a set of delicate biological tools that can be used at different stages in the drug
discovery process, to address specific questions. With the development of new
technologies and innovations, new assays and biomarkers are going to play an important
role in the study of UBC. This development is being driven by molecular diagnostics and
the genomic revolution that will not only help to promote the development of new drug

therapies, but also to achieve a tailored therapy.

4- EXPERT OPINION
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Studies conducted in the past decades on experimental models (in vitro and in vivo) have
provided the basis for most of our current knowledge on the pathophysiological
mechanisms of UBC. Nevertheless, a considerable hiatus remains between the advances
made in understanding pathophysiological mechanisms and the identification of new and
effective drugs to treat UBC. Although many in vitro and in vivo studies have been carried
out in the last four decades and promising targets have been identified, only a few
(sirolimus, gemcitabine, cysplatin, atezolizumab; ramucirumab, pazopanib, nivolumab,
among others) compounds have reached clinical trials. This problem may be due, at least
in part, to the lack of well-established procedures and screening protocols to evaluate
anticancer activity of a given compound and to the lack of cancer markers for preclinical
assays. And, for that reason, the UBC protocol treatments remain the same since the
1980s. Therefore, the development and screening of antineoplastic drugs will require the
standardization of assays to a general format that will be used to evaluate the efficacy of
novel compounds in an optimized, safe and reproducible manner. Relevant aspects of
UBC biopathology shall be considered, in order to establish a minimum set of criteria
and decision gates.

Cancer cell lines play a major role in research, especially through gene expression
manipulation to introduce gain- or loss-of-function alterations [28]. The development of
3D and organotypic tissue culture techniques already allows researchers to explore
microenvironmental interactions in vitro which affect angiogenesis and tumor invasion
[35,110]. Currently, there are approximately 40 urinary bladder cell lines and
commercial companies dispose them with severe controls of integrity. However, after
several culture passages, a different genetic profile may develop and cross-contaminated

or misidentified cell lines may arise, making cell line authentication mandatory for such
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studies. At the moment, it is considered safe to use a cell line during five years or thirty
passages. As a rule, cell lines without an authentication certificate should not be used.
Standard cell culture studies are widely used to delineate the biological, chemical and
molecular cues of living cells. UBC cell lines established from human tumors of different
stages and grades, allow us to understand the heterogeneous response observed by the
same drug between patients. However, three-dimensional models that
recapitulate the tumor microenvironment remain essential. While 3D culture systems
and organotypic cell cultures develop, researchers necessarily turn to iz vivo models.

In developed countries, the etiological factors of UBC are genetic predisposition and
chemical exposure. Most of the current models only take into account one of these factors
and therefore do not reproduce the complexity of UBC. Animal models are most suited
for the combined analysis of these factors and the evaluation of their exact contribution
to the development of the pathology. Other etiologic agents, namely Schistosoma
haematobium, were also implicated in the development of UBC, particularly in the Nile
River Valley in Africa. Despite the numerous existing UBC models, the pathophysiology
of UBC associated with this parasite remains unknown. This is mainly due to the lack of
a tractable animal model. Hsieh et al., have developed a mouse model of S. haematobium
urinary tract infection after microinjection of purified S. haematobium eggs into the
urothelial bladder wall [111]. This model recapitulates several aspects of human
urothelial schistosomiasis but the development of infection-associated UBC was not
reported and remains to be explored [28]. Given the suitability of the canine model for
UBC research, it seems natural to take advantage of its wide occurrence in order to
advance translational research. A cross-species comparative study of available models is

now in order, so as to identify those animal models most suited to each particular purpose.
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Nowadays, genetic engineered animals are among the most popular animal models for
the study of UBC. However, such models do not necessarily reproduce the heterogeneity
of human UBC. Thus, research should also be carried out in alternative models, probing
each problem from different angles. In fact, reasons for the unsuccessful translation of
preclinical research into clinical application may include limited knowledge of the
specific characteristics of the animal models available. The development of novel in vitro
and in vivo technologies progressively permits the execution of more refined and complex
experiments, while facilitating result interpretation. Conditional transgenic mouse models
allow researchers to control the activation of multiple oncogenes, pointing the way
forward and providing critical insights into questions that were, until recently, very
difficult to address.

The development of immunological checkpoint inhibitors for treating UBC also requires
a careful choice of adequate models. Using monoclonal antibodies to block
immunological checkpoint molecules and boost anti-tumor immune responses is a
promising new strategy, first developed against melanoma [112]. Two checkpoint
inhibitors are currently in clinical trials against urothelial carcinoma (atezolimumab,
which inhibits programmed death ligand 1 - PD-L1 - and ipilimumab, a cytotoxic T
lymphocyte antigen 4 - CTLA-4 - inhibitor) [113]. Most immunocompetent mouse and
rat strains should be suitable for developing new immune checkpoint therapies, and anti-
CTLA-4 or anti-PD-L1 therapies were already studied using a syngeneic mouse C57Bl/6
model based on MB49 urothelial carcinoma cells [114].

Despite the advances made over the years, there are still many challenges to overcome in
in vitro models, namely: the cytogenomic, genomic, epigenomic, transcriptomic and
proteomic characterization of UBC cell lines; improve 3D and organotypic tissue culture

techniques to enhance the study of UBC angiogenesis and the role of
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microenvironmental immunity; and identify culture conditions that maintain the
morphology, genomic profile, gene expression and signaling pathways of cultivated UBC
cells for extended periods. Also the in vivo models has several challenges that are
extremely important to overcome, such as the identification of reliable early diagnostic
and progression markers of UBC in animal models, preferably coupled with non- invasive
methodologies, a comprehensive cytogenomic, genomic, epigenomic, transcriptomic and
proteomic characterization of UBC animal models, cross-species study of the
morphological and molecular features of UBC in available animal models and human

patients and further identification of drug targets and effective therapies.
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