
Abstract. Bladder-related diseases are among the most
common and costly to the healthcare system, and therefore
require new approaches to treatment. Organoids and
spheroids are 3D cultures that mimic organ features ex vivo
and offer novel approaches for diagnostic and therapeutic
assessment. The aim of this article was to provide a
systematic review of the literature related to bladder
organoids and spheroids, applied to disease diagnosis,
characterization, and treatment. PubMed and Web of Science
were utilized in March 2018 to compile 191 articles
satisfying search criteria related to bladder organoids or
spheroids and 58 articles were included in the final review.
Finally, cell types and techniques utilized for spheroid and
organoid manufacture were characterized. The applications
of bladder carcinoma spheroids and organoids followed
three themes: cancer characterization, diagnosis, and
treatment. Tumor characterization studies included a focus
on extracellular matrix, microenvironment, genetics, and
growth of tumor cells. Diagnostic studies explored the use of
endogenous fluorophores and white light for photodiagnosis.
Treatment studies investigated cancer chemotherapy,
immunotherapy, oncolytic viruses, and gene therapy. Ten
studies explored hypericin as a tool for diagnostics and
photodynamic therapy. Additionally, two studies applied
organoids to urinary tract infections. 

Bladder-related diseases comprise a significant burden for
world healthcare. Bladder cancer is the sixth most frequently
diagnosed cancer in the United States (1) and has the highest
lifetime treatment cost per patient of all cancer types, owing to
a high post-treatment recurrence of 31-78% (2). Other common
bladder-morbidities include urinary tract infections (UTIs) (3).
In fact, the majority of women will develop UTIs in their
lifetime, and the recurrence rate is one in four due to the
tendency for bacteria to remain in the urinary tract after
treatment (4). UTIs can pose major risks to the patient,
including the potential for irreversible renal damage from
kidney infection, birth complications in pregnant women, and
life-threatening sepsis. Other conditions include congenital
defects, inflammatory conditions and traumatic injuries.

Given the pressing burden of bladder-related morbidities,
there is a need for new methods of characterization,
diagnosis, and treatment. Current strategies for disease
characterization and therapy development rely heavily on 2D
cell-culture techniques with subsequent employment of
animal models, which contribute to high research costs.
However, 2D cell culture models are insufficient for capturing
the complexity of in vivo architecture, such as extracellular
matrix and cell–cell interactions that occur in 3D space (5).
On the other hand, animal models often fail to recapitulate
pathologies and treatment responses that occur in humans.

Regenerative medicine provides novel mechanisms for
characterizing pathologies and developing treatments for
diseases of the bladder. One promising area involves the use
of organoids and spheroids, which are microscopic 3D-
cultured cellular aggregates that mimic in vivo cellular
processes (6). The benefits of 3D culture systems include a
greater potential to capture in vivo microarchitecture, a more
precise range of secretomes, and a closer mimicry of cell–
cell interactions as they occur inside the body (5).

This article aimed to systematically review the
development of organoid and spheroid techniques for bladder
research. The focus of this review is on organoids and
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spheroids derived from human bladder cells, including
urothelial cells, bladder smooth-muscle cells, fibroblasts, and
bladder carcinoma cells. In this review, we define organoids
as in vitro culture systems replicating features of both benign
and malignant bladder tissue organization, and spheroids as
round-shaped cell aggregates maintained in culture. We
excluded from our review those articles that focused on
histoculture, i.e. small bladder tumor fragments that were
maintained in cultural flasks for a short period.

Materials and Methods 

The electronic databases PubMed and Web of Science were searched
using the following terms: PubMed: (bladder OR urothelium OR
urothel*) AND [(organoid OR organoids) OR (spheroid OR
spheroids)] OR [(3D OR 3d OR 3 D OR 3 d OR three-dimensional
OR three dimensional) AND culture)] + from 2000/01/01 (date
03.30.2018); Web of Science: bladder AND (organoid OR spheroid)
+ from 2000/01/01 (date 03.30.2018).

A total of 191 articles were returned for inclusion after removal of
duplicates; 40 articles were excluded after screening of search results.
After screening, 151 were read by the Authors and assessed for
inclusion in our review using the following exclusion criteria: non-
English article, focus on non-human derived cells, non-bladder
focused studies, non-utilization of organoids as specified in our
working definition, non-original research/or review, and those for
which full-text articles were not available. Ultimately, 58 articles were
included in our study. Outline of the literature search in a Prisma
Flow Diagram is presented in Figure 1 (7).

Results

We first surveyed the cell types and techniques that are
typically used for the construction of bladder organoids and
spheroids, including normal bladder cells and cancer cells of
varying grades of differentiation. Next, we focused on the
applications of organoids and spheroids to tumor targeting,
characterization, diagnostics, cancer therapy, and infection.

Cell Types

Cell types employed in organoid and spheroid fabrication
depended on the research purpose the model system was used
for. Researchers used bladder carcinoma cells grade 1-4 for
bladder cancer-related studies. Normal urothelial cells or
fibroblasts were used in cancer-related studies as control cells
or in order to recapitulate cancer cell interactions with benign
tissues. Normal urothelial cells with or without stromal cells
were used to establish normal bladder organoids in order to
investigate native urothelial properties or urothelial response
to injury. Different cell types used in bladder organoid and
spheroid fabrication are listed in Table I.

Sources of cells: Commercial cell lines versus patient biopsies.
Most articles used cells acquired from commercially available

immortalized cell lines. A small number of studies acquired cancer
cells directly from patient biopsies. Burgués et al. used cold cup
biopsies from 40 patients with grade 1 or 2 superficial bladder
tumors for chemosensitivity tests (8). Similarly, Bentivegna et al.
collected transurethral resection material from 49 patients graded
as carcinoma in situ (9), while others used low-grade non-
infiltrating (17), low-grade infiltrating (2), high-grade non-
infiltrating (3) and high-grade infiltrating (21) transitional cell
carcinomas (9). Yoshida et al. used 176 specimens acquired from
patients with Ta, T1, T2+, non-muscle invasive bladder cancer
(NMIBC) or muscle-invasive bladder cancer (MIBC), low- or
high-grade, flat or papillary tumors (1, 10, 11).

Human urothelial cells. A majority of studies of normal
bladder cells utilized normal human urothelium cells (12-21).
Because the urothelium is the predominant site for bladder
cancer, using normal human urothelial cells in experimental
models is particularly important for cancer development and
tumor targeting studies.

Human fibroblasts. Fibroblasts have been found to play a
role in cancer progression, growth, and metastasis, as well
as extracellular matrix production in both normal and
cancerous cells (22). Thus, fibroblasts are important cell
types for use in studies related to cancer characterization,
proliferation, diagnosis, and therapeutics.

Cancer cell lines
Grade 1 carcinomas: Low-grade (grade 1) carcinomas
possess similar morphology to normal bladder cells, are
well-differentiated, and proliferate more slowly. These are
often, but not always, confined to the urothelium (23).
Thirteen articles used RT4 cells as a model of low-grade
(grade 1) transitional cell carcinoma. 

Other grade 1 bladder cancer cell lines included MGHU3 (six
articles), which were usually paired with RT112 for comparative
analyses between grade 1 and grade 2 tumors (24-27). Most of
these studies focused on cancer treatment, including either
chemotherapeutics or reoviral therapy. In addition, SW780 was
a grade 1 cancer cell line used in three articles.
Grade 2 carcinomas: Moderately differentiated, or grade

2 carcinomas, are typically more aggressive and possess a
greater risk of muscle invasion than grade 1 carcinomas (23).

Over one third of our articles (15 articles) utilized RT-112
as a model of moderately differentiated (grade 2) transitional
cell carcinoma. Eight studies used this cell line for tumor
diagnosis using hypericin and related analogs (15, 16, 19,
28-32); five studies utilized this cell line for cancer
therapeutics, including chemotherapeutics and reoviral
therapy (24-27, 33); and two studies used RT-112 for tumor
characterization studies, including pH imbalance and tissue
remodeling (12, 34). Other grade 2 carcinoma cell lines
included the urothelial carcinoma cell line 5637 (5 articles).
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Grade 3 carcinomas: High-grade tumors are abnormal and
distinguishable from normal cells; they are more aggressive,
exhibit a high proliferative rate, and recur or progress to
muscle invasion and metastasize at a greater frequency (35).

Sixteen studies utilized T24 as a model of poorly
differentiated (G3) transitional cell carcinoma (16-20, 26, 27,
36-42). J82 provided another popular model of grade 3
bladder cancer, with 9 studies included (14, 17, 19, 30, 37,
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Figure 1. Search strategy and selection of the studies for the review (n=58). The database search was performed to the PRISMA statement. For
more details on the search strategy please see the Materials and Methods section. 



43-46). HT1376 use (5 studies) mostly focused on bladder
cancer chemotherapy (14, 26, 27, 45, 47), and one study
utilizing Hu1703He also focused on chemotherapy (48).
Muscle-invasive and metastatic models: Muscle invasive

models and grade 4 carcinomas were typically used in tumor
characterization studies; 253 JP (four studies) focused on
characteristics of hypoxia and cell viability, as well as
chemotherapy testing (14, 26, 27, 49). One study used the
253 J-BV cell line (49). EJ (two studies) was used for gene
therapy and characterization (12, 50), while TCCSUP was
mentioned in two articles describing tumor characterization
studies (14, 46). 

Production Techniques

Organoids. No unified techniques for bladder organoid
production was found in the studies. Generally, the
approaches varied by culture condition, inclusion of stromal
component, and shape. The organoid descriptions by article
are presented in Table II.

Three articles aimed to establish multilayer urothelium
cultures using normal or malignant urothelial cells. Rossi et al.
investigated normal human urothelial cell line UROtsa grown
in serum-free conditions on plastic surface. Under serum-free
conditions, after reaching the confluence in culture, UROtsa
cells developed multicellular polarized organoid structures.
Freeze-fracture analysis revealed the presence of tight and gap
junctions on the surface of the cells (51). Unlike the Rossi et

al. study, Daher et al.’s group coated a microporous membrane
with laminin/fibronectin/collagen IV to investigate in vitro
growth and senescence of normal urothelium (13). There was
a time-dependent profile change of cytokeratin (CK)
expression. CK17 (a marker of basal cells) was expressed
during the first 15 days, while CK18, a marker of superficial
urothelial cells, was expressed after day 20. Similar culture
systems were used for establishing a malignant urothelium
multilayer culture in two other studies (45, 52). Exposing
culture of urothelial cells to sterilized human urine, Horsley et
al. established normal urothelial organoids which precisely
recapitulated spatial organization and features of native
urothelium (21). Initially, progenitor urothelial cells were kept
on Millicell transwells in nominal culture media. When the
culture reached confluence, the medium in the apical chamber
of the culture wells was replaced with filter-sterilized human
urine. The cultures were maintained for 14 days with periodic
media and urine change. At the end of the culture period, cells
were viable and had developed 5-7 layers with tightly-packed
spheroid compact basal cells, intermediate cells and enlarged
umbrella-like apical cells. The CK expression profile in the
established organoids was similar to that of the native
urothelium: CK8 expression throughout strata and CK20 and
uroplakin III were expressed on the apical surface of the
culture. Further analysis with electron microscopy confirmed
the presence of the key features of the native urothelium in the
organoids, including microplicae on the surface of apical cells.
Urine was a key factor for formation of these organoids as
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Table I. Cell types in bladder organoids and spheroids. 

Cell type                                                                                       Cell line (Ref)

Normal human urothelium                                                          Normal human urothelium cells unspecified (12–21)
                                                                                                     SV40 immortalized human urothelium cell line (UROtsa)  (43, 46, 51)
                                                                                                     SV40 immortalized human urothelium cell line (SV-HUC-1)  (1, 37)
                                                                                                     Normal human urothelium cell line (α-E7) (37)
Fibroblasts                                                                                    Human fibroblasts unspecified (20, 24)
                                                                                                     Human fibroblasts (F2P6) (27)
                                                                                                     Human dermal fibroblasts (HDF-n) (65)
                                                                                                     Normal fibroblasts (CRL01129) (25)
                                                                                                     Neonatal foreskin fibroblasts (54)
Bladder carcinoma 
   Grade 1                                                                                     RT-4 (11, 12, 14, 17, 20, 27, 30, 46, 56, 57, 59, 64, 69)
                                                                                                     MGHU3 (24–27, 42, 55)
                                                                                                     SW780 (14, 47, 65)
   Grade 2                                                                                    RT-112 (12, 15–17, 24–34)   
                                                                                                     5637 (11, 27, 37, 53, 59)
   Grade 3                                                                                     T24 poorly differentiated (16–20, 26, 27, 36–42, 70, 71)
                                                                                                     J82 muscle invasive (14, 17, 19, 30, 37, 43–46)
                                                                                                     HT1376 (61, 17, 51, 38, 47)
   Grade 4                                                                                     253 JP (14, 26, 27, 45, 47)
                                                                                                     EJ138 cell lines poorly differentiated (12, 50)
                                                                                                     TCCSUP metastatic (14, 46)



culture of the cells in chambers with the medium in lower and
upper compartments did not lead to stratification of the
urothelial cell monolayer (18). Smith et al. developed a culture
system in which a suspension of malignant urothelial cells was
mixed with 2-3 mm3 decellularized fragments of small
intestine submucosa in a slowly rotating vessel (37). The
fragments were completely covered with 4-6 layers of
urothelial cells after 10 days of culture. Urothelial cells in the
organoids expressed higher levels of epithelial (E)-cadherin,
tight junction protein zonula occludens-1, CK20, and
uroplakin-Ia compared to those in 2D culture.

Several investigators established organoids comprised of
bladder carcinoma cells and bladder stroma. Booth et al.
seeded bladder carcinoma cells on de-epithelialized benign
bladder stroma pieces and maintained the organoids in an
air-liquid interface (12). After 4 weeks of culture, the
carcinoma cells developed multilayered epithelium separated
from stroma with a basement membrane. Palmer et al.
applied a similar approach to create an in vitro model of
bladder-invasive carcinoma using de-epithelialized porcine
bladder sections seeded with human bladder carcinoma cells
(53). Vatne et al. constructed small round-shaped bladder
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Table II. Types of bladder cell-based organoids. 

Cell type                                                                              Organoid description                                                                                                   Reference

Normal urothelial                                                                                                                                                                                                             
UROtsa cell line                                                                 Multicellular polarized organoid structures. Freeze-fracture analysis                           51
                                                                                            revealed presence of tight and gap junctions on the surface of the cells.
Primary normal urothelium cells                                       3-4 Layers of urothelium on a microporous membrane coated with                             13
                                                                                            laminin/fibronectin/collagen IV.
HBEP and their spontaneously immortalized,                 HBLAK cells developed 5-7 layered urothelial tissue with tightly-packed                  21
non-transformed counterparts (HBLAK)                          spheroid compact basal cells and enlarged umbrella-like apical cells. 
                                                                                            Cytokeratin expression profile in the established organoids was similar to 
                                                                                            native urothelium – CK8 throughout strata of the in vitro culture, while 
                                                                                            CK20 and uroplakin III were expressed by umbrella-like cells on the apical 
                                                                                            surface of the culture. SEM and TEM analyses confirmed presence of key 
                                                                                            features of the native urothelium in the organoids including microplicae on
                                                                                            the surface of apical umbrella cells.

Bladder carcinoma                                                                                                                                                                                                           
Bladder carcinoma cell line 5637                                      4-6 Layers of closely packed urothelial cells on the surface of 2-3 mm3                    37
                                                                                            SIS fragments.
Bladder carcinoma cell line MGH-U1                              200 μm-Thick multilayered culture of bladder carcinoma cells on                               52
                                                                                            a microporous membrane coated with collagen IV.
Bladder carcinoma cell lines HT-1376, and J-82             190-310 μm-Thick multilayered culture of bladder carcinoma cells on                       45
                                                                                            a microporous membrane coated with collagen IV.

Bladder carcinoma + bladder stroma                                                                                                                                                                              
Bladder carcinoma cell lines RT4, RT112, and EJ           Multilayered epithelium from bladder carcinoma cells organized on                           12
                                                                                            a de-epithelialized benign bladder stroma with invasion into stroma 
                                                                                            for RT112 and EJ cells. The whole organoids were maintained on a 
                                                                                            microporous membrane in an air–liquid interface.
Bladder carcinoma cell line 5637                                      Bladder carcinoma cells attached to the basement membrane of                                  53
                                                                                            de-epithelialized porcine bladder tissue sections. There was stromal 
                                                                                            invasion of bladder carcinoma cells after 12 days of organoid incubation.
Bladder cancer cell line Hu1703He                                  300-450 μm Fragments of de-epithelialized normal bladder tissue                              48
                                                                                            embedded in bladder cancer cell spheroids. 
Primary bladder carcinoma cells                                       Round organoids with a diameter of 500 μm, composed of a bladder                          8
                                                                                            stromal core covered with malignant urothelium.                                                             
Bladder cancer cell line HBL-2,                                       Round organoids of varied sizes comprised of fibroblasts                                            54
fibroblast cell line HBL-13                                                covered with bladder cancer cells.
Normal urothelium cells, fibroblasts,                               Bladder wall organoid composing of stratified urothelium and stromal                        20
human umbilical vein endothelial cells,                           layer containing capillary-like network. Bladder cancer cell spheroids 
RT4 and T24 bladder carcinoma cell lines.                      were implanted onto urothelium layer of the organoid to obtain 
                                                                                            in vitro bladder carcinoma model.

HBEP: Human bladder epithelial progenitor cells; CK: cytokeratin; SEM: scanning electron microscopy; TEM: transmission electron microscopy;
SIS: decellularized porcine small intestine submucosa.



cancer organoids by merging carcinoma cell spheroids with
300-450 μm de-epithelialized normal bladder fragments (48).
Burgués et al. described an approach to obtain organoids
from primary bladder tumors in which they placed
fragmented tumor from biopsies comprised of stroma and
malignant urothelium into culture flasks coated with agarose.
After 48 hours of incubation, some fragments were
completely covered with malignant urothelial cells (8).
Ingram et al. used a bioreactor with a slowly rotating
chamber (6 rpm), providing constant free-fall slow shearing,
to create organoids comprised of fibroblasts covered with
malignant urothelial cells (54).

Ringuette Goulet et al. established a bladder cancer model
by putting bladder cancer spheroids onto bladder wall organoids
(20). Firstly, they manufactured a 3D model of bladder wall by
seeding urothelial cells onto a fibroblast-collagen sheet stack
containing human umbilical vein endothelial cells (HUVECs).
After 21 days of the organoid production, the basement
membrane had formed in the interface of fibroblasts and
urothelium, and superficial cells of the multilayered urothelium
had developed tight-junctions. In addition, HUVECs organized
in a capillary-like network in the stromal compartment, that was
confirmed by staining for CD31. For bladder cancer modelling,
bladder carcinoma cell spheroids were implanted onto the
bladder wall model. After 21 days, RT4 spheroids grew
compactly, while T24 cells migrated through the basement
membrane and invaded the stroma.

Spheroids. The most abundant approach for producing
bladder cell spheroids is a semiliquid culture technique in
which cells were suspended at densities of between 25×103
and 1,000×103 cells/ml and seeded on pre-coated agarose
plates. Other techniques include cell cultures constantly
stirred in suspension, seeding cells into V-bottomed wells
coated with poly(2-hydroxyethyl methacrylate), non-adherent
techniques, hanging drop, and cultivation of cells on a plate
with a micro-square pattern (Table III). 

Spheroid diameter is dependent on incubation time. Xiao
et al. showed that spheroids developed via cultivation of
MGHU3 cells in stirred suspension gradually grew to 

300 μm in diameter after 8-10 days of culture, and achieved
a maximum diameter of 600 μm on day 25 (55). In the same
study, it was shown that the spheroids exhibited hypoxia and
necrosis in the core when their sizes exceeded 500 μm.
These findings are consistent with results obtained in another
study where spheroids of 400-600 μm in diameter had
central necrotic regions (56). A semi-solid technique was
used to establish spheroids from normal human urothelium
cells (15-19). Roelants et al. showed that cells in normal
human urothelial spheroids do not express CK20; thus,
urothelial cells in these spheroids do not correspond to fully
differentiated superficial umbrella cells (17). 

A non-adherent technique was shown to be a feasible
method to establish spheroids from primary malignant tumor
urothelial cells (10). Interestingly, the spheroid formation
success rate was shown to depend on tumor stage. Cells from
non-invasive tumors established spheroids with a success
rate of 76.2%, whereas cells from invasive tumors showed
only a 42.1% success rate (1). Four studies used co-culture
of spheroids in an in vitro bladder cancer model; these were
comprised of fibroblasts and bladder carcinoma cells (24-
27). They were fabricated via co-cultivation of spheroids
made from the two cell types in semisolid culture. When
cultivated together, fibroblast spheroids were completely
embedded in the cancer cell spheroids.

Amaral et al. compared properties of spheroids generated
from RT4 cell line using ultra-low attachment and hanging-
drop methods (57). Briefly, spheroids generated using the
hanging-drop technique were more sphere-shaped and were
smaller in diameter than spheroids generated with ultra-low
attachment technique at the same seeding density.
Interestingly, for the ultra-low attachment technique, the
diameter of spheroids was more variable at low seeding
density, while for the hanging-drop technique, the opposite
trend was observed. In the same study, spheroid properties
were compared to those of conventional 2D culture. The
proliferative rate of cells in spheroid culture was about 
4-times less compared to that in 2D culture. Additionally,
according to lactate consumption, the metabolic activity of
cells in spheroid culture was reduced. Thus, spheroid culture
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Table III. Techniques used for bladder cell-based spheroid fabrication.

Spheroid type                                   Spheroid fabrication technique (Ref)

Single-cell type                                Cell culture in stirred suspension (50, 55, 56)
                                                          Seeding cells into V-bottomed wells coated with poly(2-hydroxyethyl methacrylate) (60, 66)
                                                          Semisolid overlay technique (15-19, 28-34, 36, 43, 44, 47, 64, 69, 70) 
                                                          Non-adherent technique (1, 9-11, 38, 40, 57, 59, 63, 65, 71)
                                                          Hanging-drop (20, 39, 41, 57)
Co-culture spheroids                        Semisolid overlay technique followed by merging of spheroids from different cell types (24-26, 69)
                                                          Cell co-culture on NanoCulture plate with a micro-square pattern (42)



better recapitulates native tissue compare to 2D culture in
terms of cell activity.

Ringuette Goulet et al. compared properties of spheroids
generated from urothelial carcinoma cell lines of different
grades (20). It is known that change in cadherin expression
from epithelial type to neural type is one of the processes
occurring during epithelial–mesenchymal transition (58). As
expected, the lower grade carcinoma cell line RT4 expressed
E-cadherin in spheroids, while T24 grade 3 bladder
carcinoma cell spheroids expressed neural (N)-cadherin
instead. Invasiveness of cells in spheroids was assessed by
putting them into collagen I gel. T24 cells showed much
higher invasiveness compared to RT4 cells (20).

Applications

Tumor characterization. Booth et al. used normal and
cancerous bladder wall organoids to characterize expression
of tenascin-C, an extracellular matrix glycoprotein, and
transforming growth factor-β1 in the urothelium, basement
membrane, subepithelial vessels, and lamina propria. These
markers were associated with tissue remodeling and
invasion, with low transforming growth factor-β1 expression
in higher-grade tumors and increasing tenascin-C expression
at the site of stromal invasion (12). Yoshida et al. showed a
notable role of ΔNp63α in cancer cell implantation,
adhesion, motility, and invasiveness. Cells in spheroids from
bladder carcinoma cell lines and primary bladder tumors
adhered to the collagen-coated surface of culture flasks and
started to form a monolayer culture. This process was
accompanied by decrease of ΔNp63α expression and
cadherin change from epithelial (E-cadherin) to
mesenchymal type (N-cadherin). Sandquist et al.
characterized processes occurring in normal urothelial cells
after exposure to carcinogens arsenite (As+3) and cadmium
(Cd+2). Transformed cells expressed higher levels of N-
cadherin than parental normal urothelial cells, indicating
epithelial–mesenchymal transition. However, N-cadherin
expression decreased when the transformed cells were
cultured as spheroids (46). These results suggest spheroid
cultures support the epithelial phenotype of bladder cancer
cells. In another study, spheroid cultures from primary
bladder tumors were used to investigate the role of the
WNT/β-catenin pathway in tumor growth. Within a specific
dose range, the WNT/β-catenin pathway activator, CHIR,
induced cell proliferation in spheroids. The role of the β-
catenin pathway in CHIR-mediated induction of spheroid
growth was confirmed when the researchers observed the
reverse effect after inhibition of β-catenin with siRNA or
pharmaceutic (59).

Miyake et al. used a NanoCulture plate with a micro-
square pattern to investigate mechanisms modulating the
interaction of bladder tumor cells with tumor-associated

macrophages (TAMs) and cancer associated fibroblasts
(CAFs). Due to the nano-scale square pattern, cells do not
attach strongly to the base and start migrating, contact and
adhere to each other forming spheroids. Using this culture
system, it was shown that CXC chemokine ligand type 1
(CXCL1) mediated adhesion and population of bladder
tumor spheroids by TAMs/CAFs. The spheroids had a
higher ratio of bladder cancer cells to TAMs/CAFs when
they were later infected with lentiviruses harboring CXCL1
expression vectors compared to empty vectors. Moreover,
the addition of CXCL1-neutralizing antibody to the culture
almost entirely inhibited formation of spheroids containing
bladder cancer cells and TAMs/CAFs (42). Gottfried et al.
cultured bladder carcinoma spheroids with monocytes in
medium containing dendritic cell differentiation factors
interleukin-4 and granulocyte-macrophage colony-
stimulating factor. After 5 to 7 days of cultivation, the
spheroids were infiltrated by CD45+ dendritic cells. It was
shown that CD1a expression by tumor-associated dendritic
cells was down-regulated after co-cultivation with the
spheroids compared to control dendritic cells (44). The
results show that the tumor environment had an inhibitory
effect on dendritic cell phenotype.

Tumor genetics. Dangles et al. measured the quantitative
differences in gene expression between three bladder cancer
tissues, one from an adenocarcinoma and two from
transitional cell carcinomas taken from cystectomy
specimens. They quantified expression of 28 genes known to
be involved in malignant growth and compared the
expression of the in vivo profile to either a 1D single-cell
suspension, 2D monolayer, or 3D multicellular spheroids.
While all in vitro models differed in gene expression from
the tumor specimen, the 3D model most resembled the in
vivo condition (60).

Tumor microenvironment (Hypoxia, Redox, pH). pH and
hypoxia at the site of bladder cancer offers another avenue
for characterization and treatment. Swietach et al. showed a
pH gradient in cancer spheroids (34). Shin et al. developed
an in vitro metastasis model with 253J-BV bladder cancer,
and found a relationship between increased hypoxia,
enhanced tumor migration, and matrix metalloproteinase-1
(MMP1), a matrix protein promoting angiogenesis, invasion
and metastasis in muscle-invasive disease. Treatment of
hypoxic spheroids with both an antioxidant (N-
acetylcysteine) and an MMP inhibitor significantly reduced
metastatic spread (49), indicating that redox regulation of
MMP could provide an important pathway for promoting
bladder cancer metastasis.

Cancer stem cells. Several studies used spheroid culture to
propagate bladder cancer stem cells. It was previously
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shown that cancer stem cells, which are assumed to initiate
tumor growth and are responsible for metastasis formation,
form spheres in in vitro culture (61). Thus, researchers used
spheroids to propagate and investigate cancer stem cells in
vitro. Bentivegna et al. isolated bladder cancer cells from
patient samples using culture conditions allowing spheroid
formation and characterized the cells from spheroids for
stem cell markers: CD133, POU class 5 homeobox 1 (Oct-
3/4) and nestin. They showed positive staining for the stem
cell markers (9). Peek et al. successfully produced
spheroids from bladder carcinoma cells and showed that
cells in spheroids expressed higher levels of stem cell
markers CD44 and CD49 (47). Wu et al. investigated the
effects of the anticancer chemical silibinin, which disrupts
the WNT/β-catenin pathway. Treatment of bladder
carcinoma cells with silibinin reduced expression of
mesenchymal and stem cell markers and inhibited spheroid
formation in dose-dependent manner. Further analysis
confirmed that the effect was directly connected with the
disruption of Wnt/β-catenin pathway. Specifically, silibinin
suppressed expression of zinc finger E-box binding
homeobox 1 (ZEB1) gene, which is downstream of β-
catenin (62).

Tumor targeting. Sixteen articles focused on radiolabeling
and photodiagnosis as a novel non-invasive mechanism for
diagnosing bladder cancer, using markers that selectively
permeate tumors and emit detectable radioactive or
fluorescent signals.
Endogenous fluorophores: Endogenous fluorophores are

fluorescent molecules that already exist in cancer cells and
can potentially be used in diagnostics. Two such
fluorophores (NADH and flavins) were shown to have a
potential for diagnostics of bladder carcinoma invasion. The
researchers used organoids to study the invasion of cancer
cells to muscle layer. They measured ratios of fluorescence
for structural protein elastin against fluorescence of NADH
and flavins and showed progression decrease of the ratio
during the invasion process (53). These fluorophores allowed
for monitoring of adherence, epithelialization, invasion of
tissue, destruction of elastin, and other features of normal
bladder extracellular matrices.
Hypericin diagnostics: The most widely studied photo-

diagnostic marker for bladder cancer using organoids was
hypericin. Ten out of the 58 articles in our review described
the application of spheroids and organoids to the use of
hypericin or related fluorescent analogs.

Huygens et al. observed greater hypericin uptake and
lower E-cadherin expression in three transitional cell
carcinoma cell lines (J82, RT-4, and RT-112), but limited
uptake and high E-cadherin expression in normal human
urothelial cells, indicating an inverse relationship between
E-cadherin expression and hypericin permeation (30).

Vandepitte et al. used a polyvinyl-L-pyrrolidone complex
that de-aggregates hypericin and makes it water soluble and
showed its higher accumulation in T24 spheroids compared
to unmodified hypericin (18). Roelants et al. explored the
differential uptake of hypericin in the presence and absence
of human serum albumin (16), including a fluorescein
isothiocyanate-labelled variety, which allowed for deeper
penetration of hypericin into multicellular cancer spheroids
(17, 19). Crnolatac et al. used lipophilic hypericin acid
amide derivatives (AM6, AM8, AM12) associated with
either low-density lipoproteins, high-density lipoproteins, or
fetal bovine serum supplementation, and explored the impact
of increased lipophilicity on binding to serum proteins in 2D
and 3D cancer cell cultures (32).
Other photosensitizers: Three other articles described the

use of photosensitizers that are distinct from the methods
described above: iodine and Evans Blue. Roelants et al.
showed that Evans Blue, a diazo dye used in white-light
diagnosis, accumulated highly in J82 and T24 carcinoma
spheroids but very minimally in normal human urothelial
spheroids (19). Sjostrom et al. tested the accumulation of
multiple iodine derivatives (125I-labelled epidermal growth
factor-dextran conjugate (125I-EGF-dextran), 125I-EGF, or
125I) in human bladder cancer spheroids and showed higher
accumulation and cytotoxicity for 125I-EGF-dextran
conjugates compare to 125I-EGF (56). Xiao et al. compared
eight different photosensitizers on MGHU3 bladder cancer
spheroids to determine the best photosensitizer for use in
phototherapy (55). They reported hypocrellins and
benzoporphyrin derivative monoacid ring A to be better than
Photofrin, aluminum phthalocyanine chloride and
protoporphyrin-IX for bladder cancer phototherapy due to
their deeper penetration into the tumor tissue.

Tumor treatment. Chemotherapy: Burgués et al. used primary
tumor-derived organoids to study chemotherapeutic sensitivity.
The organoids were exposed to: epirubicin; epirubicin plus
verapamil; doxorubicin; thiotepa; mitomycin C; epirubicin plus
ciprofloxacin; and ciprofloxacin. The results showed that the
combination of epirubicin with ciprofloxacin was as effective
as epirubicin alone, while the combination of epirubicin with
verapamil significantly increased drug sensitivity compare to
epirubicin alone. Mitomycin C was the best single agent (mean
sensitivity: 50%) followed by thiotepa (37%), doxorubicin
(7%), and epirubicin (3%) (8). Yoshida et al. specifically
mapped intracellular changes in primary bladder carcinoma
spheroids after mitomycin C treatment. Tumor cells stayed
viable 2 hours after mitomycin C exposure, however, all cells
had died 48 hours after mitomycin C treatment, showing
decreased ATP levels and fragmented mitochondria. Despite cell
death being accompanied by the expression of apoptotic factor
caspase, cells were not rescued with caspase inhibitor Z-VAD-
FMK, suggesting mitomycin-induced death was independent of
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caspase-activated apoptosis (11). Gabig et al. used similar
spheroids for cytotoxicity testing of potential anticancer
chemical Clostridium perfringens enterotoxin, and showed cell
viability significantly decreased with time of treatment (63).
Amaral et al. exposed bladder cancer spheroids to different
concentrations of doxorubicin for 72 hours in culture to assess
the half-maximal inhibitory concentration (IC50) and compared
the results with those of 2D cultures. They reported higher IC50
for spheroids than for 2D cultures, suggesting several possible
factors describing the phenomenon, including low penetration
of drug to deeper layers of cells in the spheroids, reduced drug
uptake due to low pH at the spheroid center, and difference in
proliferative stage of cells in 2D and 3D cultures (57).
Decreased penetration of anticancer drugs in 3D environment
was the scope of some other studies. Speers et al. used
mitomycin C-resistant cancer spheroids for toxicity assessment
against epirubicin; a sharp gradient of epirubicin uptake in
spheroids was observed with confocal microscopy after
exposure to 20 μg/ml for 1 hour (33). Tannock et al. revealed
lower penetration of cancer drugs using a multilayered cancer
cell culture on Teflon membranes, compared with penetration
through the Teflon membrane alone (52). 

For a tumor-invasive model where bladder cancer
spheroids were seeded onto a urothelial layer of bladder wall
organoids, Ringuette Goulet et al. used mitomycin C to
inhibit carcinoma cell invasion (20). Mitomycin C at dose of
1 mg/ml reduced cancer cells invasion: there were only
34.4±1.8% invasive cells in the stromal compartment
compared to 42.7±1.8% for the negative control phosphate-
buffered saline. Kausch et al. observed RT-4 cancer spheroid
disaggregation after 12 days of treatment with 120 μM of
antisense oligodeoxyribonucleotide targeted against Ki-67
mRNA (64). Xiao measured the cytotoxic effect by
incubating cancer-spheroids with bovine α-lactalbumin and
oleic acid for 4 hours and reported a dose-dependent bLAC-
inducing apoptotic-like cell death (27). For paclitaxel, Vatne
et al. found cancer cell viability was maintained after 4 weeks
of incubation, but the ability to infiltrate benign bladder
fragments was inhibited (48). Al-Abd et al., using a
multilayered culture system, similarly found no effect of
paclitaxel treatment on viability in HT1376 cancer cells, but
saw reduced viability after paclitaxel exposure for the J-82
cell line (45). Braig et al. treated spheroids from T24 cell line
with anticancer drug pretubulysin with and without tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL).
The combination of the two drugs led to significantly higher
cell death compared to treatment with each of the drugs
separately (39). The same group treated T24 spheroids with
a potent glycogen synthase kinase 3 beta inhibitor 6-bromo-
indirubin-30-oxime for 3 days and found enhanced
cytotoxicity (41). Inhibiting growth pathways offers another
promising therapeutic role. Okuyama et al. found that
heregulin promoted growth of primary cancer tissue-derived

spheroids, but heregulin inhibitors (phosphatidylinositol-3
kinase and mammalian target of rapamycin) and tyrosine
kinase inhibiting drugs (lapatinib and erlotinib) might offer
therapeutic mechanisms (10). 

Fibroblast-based spheroids are useful comparative tools in
chemotherapeutic studies. Kilani et al. assessed the effects
of 10-4 M of gemcitabine for 1-21 days on co-cultured
fibroblasts and malignant urothelial cell spheroids. The time-
dependent profile of tumor cell death was determined, while
fibroblasts remained unaffected by the drug even after 21
days of exposure (24). Moibi et al. found that a combination
of gemcitabine (10 μM) and TRAIL (100 ng/ml) induced
greater apoptosis of tumor cells than didthe single agents,
while fibroblasts remained unaffected (26). Frandsen et al.
utilizing electroporation therapy with CaCl2 or bleomycin,
found reduced spheroid size and cell death in carcinoma cell
spheroids, but not fibroblasts spheroids, with a greater effect
of CaCl2 (65).
Hypericin treatment and its dependence on oxygenation:

Kamuhabwa et al. investigated the anticancer effect of
photodynamic therapy with hypericin. T24 spheroids were
treated with hypericin followed by light exposure. Cell
survival in spheroids was a function of dose and intensity of
light exposure, but generally was significantly higher than in
monolayer culture. Fluorescent imaging showed that the
spheroids had a negative hypericin gradient from the rim to
the core (28). Hypoxic spheroid-core conditions were
hypothesized to cause low hypericin sensitivity; this was
investigated in two follow-up studies. Spheroid cultures were
directly oxygenated or cultivated with perfluorodecalin
before irradiation with light. Survival after photodynamic
therapy was significantly lower for oxygenated and
perflurodecalin-exposed spheroids than for non-oxygenated
and non-exposed spheroids (30, 31).
Immunotherapy: Dangles et al. evaluated tumor-

infiltrating lymphocyte (TIL) activation using spheroids in
an in vitro tumor model. TIL activation was measured by
analysis of the concentration of TIL-released cytokines in
medium after co-culturing with spheroids or with a
conventional 2D culture. The TILs infiltrated the spheroids
after 6 hours of co-culture; however, the cytokine levels in
spheroid/TIL co-culture were significantly lower than levels
in 2D co-culture (66). The results suggest that the tumor
architecture influences TIL activation and thus allows tumor
cells to escape an immune response.
Oncolytic virus therapies: Kilani et al. used monocultured

bladder cancer and co-cultured cancer-fibroblast spheroids
treated with increasing doses of reovirus which infects cells
via activated epidermal growth factor receptor (EGFR)
pathway signaling for up to 14 days. Co-cultured spheroids
were treated with increasing doses of reovirus for up to 14
days. Time-lapse and live/dead imaging revealed
disaggregation and non-viability of bladder cancer spheroids,
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while fibroblast-based spheroids were not affected by the
virus treatment (25). Van Beusechem et al. constructed
adenoviruses expressing the targeting moiety that promotes
virus entry via EGFR, and effects were studied in bladder
cancer spheroids. Non-infected and infected cancer cells
were aggregated in 99:1 or 9:1 ratios. WST-1 conversion
assay for cell viability revealed that the 9:1 spheroids with
modified-virus infected cells had two-fold lower cell
viability compared to non-infected cells or non-modified
virus-infected cells (36).
Gene therapy: One study aimed to establish the anticancer

effect of gene therapy using spheroids as tumor models.
Fullerton et al. investigated the toxicity of (131I)meta-
iodobenzylguanidine [(131I)-MIBG] on cancer cells.
Noradrenaline transporter (NAT) enables active uptake of
(131I)-MIBG; thus, cells expressing this promoter are mostly
affected by (131I)-MIBG mediated radiotherapy. In this study,
bladder cancer cells transfected with the gene for NAT were
incubated with (131I)-MIBG. Cells in spheroids transfected
with the NAT gene demonstrated decreasing clonogenic
capacity after incubation with (131I)-MIBG for 2 hours (50).
UTI: Two articles included in our review focused on

infection. Smith et al. infected both monolayers and
spheroids from 5637 cells with a strain of uropathogenic
Escherichia coli, with or without a hemolysin gene mutation.
They found that monolayers were heavily affected by the
non-mutant E. coli strain. Organoids, however, retained some
of the in vivo infection response mechanisms, attenuating the
effect of infection for up to 3 hours. The hemolysin-mutant
E. coli had little effect on monolayers or spheroids (37),
indicating that hemolysin plays an important role in eliciting
damage to urothelium.

Horsley et al. showed histopathological changes occurring
in normal urothelium after UTI using organoids
recapitulating mature urothelial architecture. After 2 hours
of infection with Enterococcus faecalis, the apical cell layer
of the urothelium organoids was shed, leaving basal and
intermediate cells containing large intracellular bacterial
colonies. Observation of intracellular colonies was confirmed
after treatment of the organoids with 2,000 μg/ml of
gentamicin for 2 hours – the gentamicin treatment made the
supernatant above the organoid sterile, while the cell lysate
was contaminated (21).

Discussion

Cell lines have been broadly used in cancer research as in
vitro models for investigating anticancer therapy, providing
insights into cancer biology and genetics. Particularly for
bladder cancer, cell lines of all four bladder cancer grades
have been established. Moreover, it was shown that primary
bladder carcinoma cells of grades 1-3 can be obtained from
tumor biopsy samples (1, 67). These primary cell cultures

can provide specific per-patient information about tumor
genetics and tumor sensitivity to different anticancer
treatments. Cell cultures are usually maintained in vitro by
cultivating them on plastic in 2D. Although 2D cultures are
broadly used and, in general, can be easily handled, as in
vitro models, they are associated with multiple limitations
and in many cases, 3D culture systems are preferred for
research purposes.

Genetic Drift in 2D Cell Cultures

Each tumor has a unique mutational profile, while standard
cell lines can cover only limited genetic alterations that occur
in bladder cancer. Moreover, genomic and epigenomic
variations were observed between cancer cell subpopulations
within a single tumor. Thus, for personalized medicine,
bladder cancer sensitivity to anticancer agents should be
investigated in vitro with patient-derived bladder tumor cell
cultures. Patient-derived bladder cancer cells maintained in
2D cultures can currently only be cultured for a limited
period and may undergo additional clonal aberrations with
passaging. In contrast, cells in 3D organoid cultures maintain
their initial tumor genotype, can be kept for longer in culture,
and survive freeze/thaw cycles.

3D Cultures Possess In Vivo-like Properties

As can be shown from the systematic analysis provided in the
article, 3D organoid systems possess in vivo-like properties
which make them preferred models for deeper research of
benign and malignant urothelial behavior. Firstly, organoid and
spheroid cultures simulate three-dimensionality of natural
urothelium and urothelial carcinomas. 3D cultures allow for
better modelling of in vivo-like cell behaviors including cell-
cell interactions, pH gradients, extracellular matrix and different
profile of bioactive molecules. Secondly, malignant urothelial
multilayer organoids augmented with stromal components
provide an opportunity to study bladder tumor invasiveness. In
addition, spheroid cultures give the opportunity for cells of
different origin to mix with each other and interact in a 3D
environment. Using this property, researchers might be able to
show specific mechanisms responsible for bladder cancer cells
escaping the immune reaction.

3D Cultures Allow Expansion of Cancer Stem Cells

Many studies showed that spheroids are needed to enrich
cancer cell cultures with cancer stem cells from primary tumor
samples as well as from some standard bladder cancer cell
lines. These cancer stem cells are hypothesized to be
responsible for tumor growth and, due to their low proliferative
rate and high expression of drug efflux proteins, are resistant
to most anticancer drugs. To affect these cells when developing
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anticancer treatment strategies, spheroid cultures that allow for
in vitro cancer stem cell propagation are crucial.

Organoid Cultures of Urothelium Provide Insights 
into UrotheliaI Development and Regeneration

In particular, these organoids were used to describe the
specific events occurring during UTI and bladder tumor
invasion. As it was shown, a model of the urothelium can be
fully developed in vitro with mature urothelial organization
and cellular disposition without using a stromal component.
Thus, basal urothelial progenitor cells are sufficient to
establish the tissue. However, it was shown that while
stromal cells are not crucial in urothelial regeneration, they
can promote it via GIi1-mediated synthesis of WNT2, WNT4
and fibroblast growth factor 16, which induce proliferation
of sonic hedgehog-positive basal urothelial cells (68). Thus,
in vitro studies of natural urothelial responses to
uropathogenic infection and chemical injury may need an
organoid system with a stromal component. 

Development of organoids that more closely mimic the
normal bladder architecture in vivo would allow for more
complex studies to be performed. In addition, multi-organ
systems composed of organoids seeded in microfluidic
systems (organ-on-a-chip) can allow for greater complexity
of experimental models of the human body. In the future,
drug discovery may be simplified and made more cost-
effective through the use of organoids for candidate drug
screening and toxicity testing.
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