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Abstract

Introduction: Due to the complications associated with the use of
non-native biomaterials and the lack of local tissues, bioengineered
tissues are required for surgical reconstruction of complex urinary
tract diseases, including those of the urinary bladder. The self-
assembly method of matrix formation using autologous stromal
cells obviates the need for exogenous biomaterials. We aimed
at creating novel ex-vivo multilayer urinary tissue from a single
bladder biopsy.

Methods: After isolating urothelial, bladder stromal and smooth
muscle cells from bladder biopsies, we produced 2 models of
urinary equivalents: (1) the original one with dermal fibroblasts
and (2) the new one with bladder stromal cells. Dermal fibroblasts
and bladder stromal cells were stimulated to form an extracellular
matrix, followed by sequential seeding of smooth muscle cells
and urothelial cells. Stratification and cellular differentiation
were assessed by histology, immunostaining and electron
microscopy. Barrier function was checked with the permeability
test. Biomechanical properties were assessed with uniaxinal tensile
strength, elastic modulus, and failure strain.

Results: Both urinary equivalents could be handled easily and did
not contract. Stratified epithelium, intact basement membrane,
fused matrix, and prominent muscle layer were detected in both
urinary equivalents. Bladder stromal cell-based constructs had
terminally differentiated urothelium and more elasticity than
dermal fibroblasts-based equivalents. Permeation studies showed
that both equivalents were comparable to native tissues.
Conclusions: Organ-specific stromal cells produced urinary
tissues with more terminally differentiated urothelium and
better biomechanical characteristics than non-specific stromal
cells. Smooth muscle cells could be incorporated into the self-
assembled tissues effectively. This multi-layer tissue can be used
as a urethral graft or as a bladder model for disease modelling and
pharmacotherapeutic testing.

Introduction

Studying the development and differentiation of the
urothelium is important to understand many bladder
pathologies, urothelium healing, and regenerative processes.
Although there are many animal and ex vivo models to study
the urinary bladder, none of them allow proper investigation
of the normal development and differentiation of the human
urothelium. Due to slow turnover of the umbrella cells, post-
injury inflammation and hyperplasia, ethical drawbacks and
animal cost, the in vivo study of urothelial differentiation
and development is difficult.” The investigation of pre-
or postnatal differentiation in rodents does not follow the
same pathways in human.® In vitro studies can avoid these
obstacles; however, these studies have limitations. The
monolayer models lack the complex three-dimensional
(3D) structure, the variety of cell types, and differentiation
state present in 3D environment. Although tissue explants
models have been created,®” they have certain deficiencies,
including limited availability, insufficient viability of thawn
tissues and potential transfer of infectious agents. The current
3D cell culture models®® lack the structural architecture of
functional tissue and use only one cell type. Also, the use
of exogenous matrices would alter the signaling pathways
and the process of differentiation and leads to inflammatory
response and fibrosis if grafted.

To avoid these problems, we have previously created an
in vitro model of urinary bladder with dermal fibroblasts
(DF) and urothelial cells (UCs)."12 As smooth muscle cells
(SMCs) are responsible for urine transport and evacuation,
their inclusion in any tissue-engineered graft for urinary tract
is required." Therefore, we aimed in this study to produce
a more biomimetic urinary tissue that closely simulated
urinary tissue by using organ-specific stromal cells to
produce urinary ECM and incorporating SMCs.
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Fig. 1. The study plan. In the upper panel, each cell type is extracted from a different portion within the same single bladder biopsy where urothelial cells (UCs)
were extracted from mucosa, bladder stroma cells (BSCs) mainly from submucosa and smooth muscles (SMCs) from detrusor muscle. The main steps of urinary
equivalent formation with time scale for each step is shown in middle panel. lllustrations for the steps of equivalent production with self-assembly technique are

seen in the lower panel.

Methods

The Ethical Research Committee of our research centre
approved this study. Two different types of urinary
equivalents were constructed and evaluated: one using
dermal fibroblasts (originally published) and the other new
model using bladder stromal cells (BSCs). In both models,
UCs and SMCs were seeded.

Cell isolation
Bladder biopsies were cut into small pieces and incubated

overnightat 4 °C in solution containing 500 mg/mL thermolysin
(Sigma). The urothelial layer was then gently scraped off the

rest of the biopsy to isolate UCs with trypsinization. The
remaining part of the biopsy included the bladder submucosa
(white colour) and SMCs (pink colour). The submucosa was
dissected away from the SMC layer with sharp scissors; they
were separately processed to isolate BSCs and SMCs with
collagenase H solution (0.125 U/mL; Boehringer Mannheim,
Laval, QC) as previously described.''* The medium used to
grow and expand UCs was DHc (composed of DMEM-Ham
[Dulbecco modified Eagle medium-Ham 12] containing
10% fetal bovine serum [FBS, Invitrogen], 5 mg/mL insulin
[Sigmal, 0.4 mg/mL hydrocortisone [Calbiochem, San Diego,
CAl, 10-10 M cholera toxin [ICN, St-Laurent, QC], 10 mg/
mL epidermal growth factor [Austral Biologicals, San Ramon,
CAl), and antibiotics (100 U/mL penicillin and 25 mg/mL
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gentamicin [Sigmal). The culture medium used for culture
of BSCs and SMCs was DMEM, containing 10% FBS and
antibiotics. The phenotype of the isolated cells was checked
with phase contract microscopy and immunofluorescence
(pancytokeratins [AE] 1/AE3 for UCs and smooth muscle
actin [SMA] and calponin for BSCs and SMCs).

DF were isolated from human skin biopsies as previously
described using 0.2 U/mL collagenase H and cultured
in DMEM medium supplemented with 10% FBS and
antibiotics."

Construction of urinary equivalents

DF and BSCs were seeded separately in 6 well-cultured
plates using DH medium with 10% FBS, antibiotics, and
50 pg/mL ascorbate for 21 days to form a collagen sheet.
Three stromal sheets were superimposed to form one sheet.
SMCs were then seeded on top of stromal sheets for 7 days.
The construct was flipped and UCs were seeded on the
other stromal side using differentiating medium (DHc,
and keratinocyte serum free medium with bovine pituitary
extract and epidermal growth factor [Gibco/Life Technology,
Ontario] using a ratio of 60%:40%) plus 50 ug/mL ascorbate
for 21 days at the air-liquid interface (Fig. 1).

Histological evaluation

Samples were fixed in 3.7% neutral buffered formaldehyde
solution and embedded in paraffin. Histological sections
(5 pm) were cut and stained using Masson’s trichrome (MT)
and Hematoxylin and eosin (H&E).

Samples were embedded in frozen tissue medium (OCT
compound). The primary antibodies used are described in
Table 1. Secondary antibodies were coupled with Alexa
594 or Alexa 488 fluorochrome. For controls, the primary
antibody was omitted. The specimens were then examined
with a Nikon eclipse E600 epifluorescence microscope
(Nikon, Tokyo, Japan) and images were processed with
AxioVs 40 V4.8.2.0 (Carl Zeiss Microlmaging GmbH).

Functional studies

Tissue permeability was evaluated using Franz cells and
radioactively labelled urea™ C at multiple time points for
a maximum of 8 hours, as previously described.’®'® Both
urinary equivalents were compared to native bladders.

Mechanical testing

Using a mechanical tester tester (Tytron 250, MTS Systems
Corporation, MN), we measured the mechanical properties
of both urinary equivalents by uniaxial tensile testing (UTS),
elastic modulus, and failure strain. Sample thickness was

Current self-assembled urinary bladder model

Table 1. Primary antibodies used in the study

Component Antibody Dilution Source
Epithelium AE 13 1:400 Chemicl\jl’/’;'l CTITEER
CK20 1:100 Abcam '1;1;, Sgr:bndge,
CK14 1:100 S e
K5 1:200 Abcam I{;;;, Lngrl:brldge,
Ki-67 1/500 Abcam '1;1;, l(J:gr}:bridge,
UPIII 1:50 Santa CCrqu,,SSaRta Cruz,
Remlnrn I e ,{;I‘; Sg’:b”dge'
Occludin 1:500 Mgizigsf)gz% SSAan
ia:;?g:e LamininV  1:500 Chemi‘f\‘/l’z" (L:J"’Srzb”dge'
Collagen v 1:800  APcam ,{;I‘; Sg’:b”dge'
Matrix Collagen lll 1:200 Cedercl)z;l\lrteéf:;gggton,
Fibronectin 1:100 ATCC, Msngsas, VA,
Laminin 1200 Abcam ,{;I‘; Sg’:b”dge'
Elastin 1400 SN (L Sana Cruz
Calponin 1:500 Santa CCrqu’,ngta Cruz,
Smoothelin 1:500 Afgzltgvslgg?agse;ts’
Desmin 1:500 Abcam Inc., Cambridge,

MA, USA

measured on histological cuts using the Image ] software
(NIH, Bethesda, MD). Data were analyzed using Minitab
(Minitab, State College, PA). Statistical comparison of
the mechanical properties of both urinary equivalents
was done using Student’s t-test. Results are presented as
mean = standard error (SE), with p < 0.05 considered
statistically significant.

Electron microscopy

Samples of BSCs-SMCs equivalents were fixed with 2.5%
glutaraldehyde in cacodylate buffer at 4 °C, rinsed with
cacodylate buffer and post-fixed in 1% osmium tetroxide.
Biopsies were dehydrated, dried, and sprayed with gold to
be viewed with a Jeol JSM-63060LV (Tokyo, Japan).
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100x | Calponin

Characterization of equivalents by immunoflourescence
staining

Both equivalents showed positive staining for
the main ECM proteins: collagen | &llI, laminin,
fibronectin and elastin, with greater expression
of the last 3 for the BSCs equivalents (Fig. 3, part
A). The expression of SMCs markers was evident
with different distribution in both equivalents
(Fig. 3, part B). Both equivalents presented UCs
with positive staining to AET/AE3. However,
with regards to terminal differentiation, there
was a remarkable difference in favour of the
organ-specific BSCs equivalents, which showed
minimal expression of CK14 and obvious
expression of CK20, while DF-SMCs equivalents
revealed remarkable expression of CK14, mainly
in the basal cells with no expression of CK20.
Both equivalents demonstrated positive staining

Fig. 2. Phenotype characterization of 3 cell types extracted from bladder biopsy with
immunofluorescence. Urothelial cells (UCs) had the characteristic appearance under phase
contrast microscopy and their phenotype with phase contrast microscopy, expressed epithelial

for laminin V and collagen IV, matrix proteins
of the basement membrane. Uroplakin Il and
E-cadherin were also detected (Fig. 4).

markers (AE1/AE3) with immunofluorescence. Smooth muscle cells (SMCs) exhibited SMCs

markers; smooth muscle actin and calponin. Bladder stromal cells (BSCs) manifested weak

expression for SMA and no expression for calponin.

Results

Cell isolation

The 3 vesical cell types were successfully isolated and
exhibited their characteristic phenotypes. Polygonal UCs
expressed AE1/3 and KI-67 indicating high proliferative
capacity. SMCs showed the typical spindle shape appearance
with positive staining for SMCs markers. BSCs and DF showed
different morphology with phase contrast microscopy, weak
expression of SMA, and lack of expression for calponin (Fig.
2).

Structure and architecture of urinary equivalent formation

Both equivalents did not shrink and could be handled easily.
On MT and H&E, the sections demonstrated architecture
similar to the urinary tract tissue composed of multi-
layer, well-stratified epithelium overlying a well-defined
basement membrane, thick stroma, and a muscle layer
(Fig. 3). The epithelial layer had normal cell polarization
with the columnar cells forming the basal layer, the flat cells
forming the superficial layer and rounded or polyhedral cells
in-between. SMCs were aligned on the outer surface of the
equivalent.

Permeability function of the urinary equivalents

Both the BSCs-based and DF-based equivalents
revealed permeability comparable to native bladders, with
no major difference after 8 hours (Fig. 5).

Mechanical properties of urinary equivalents

Delamination was observed in all DF-SMCs equivalents.
DF-SMCs had significantly higher elastic modulus, while
BCSs-SMCs had significantly higher stromal thickness.
There was no significant difference between both urinary
equivalents regarding failure strain and UTS (Fig. 6).

Electron microscopy

In 3D, electron microscopy defined the multilayered
structure of BSCs-based equivalents. SMCs were clearly
aligned. The cut section through the epithelium was well-
stratified, with the most upper layer being flat, covered with
urothelial plaques formed of uroplakins. Multiple microvillus
cells were scattered among the UCs. Cell boundaries and
tight junctions were identified (Fig. 7).

Discussion

Tissue engineering (TE) approaches include either the use
of acellular matrices or the use of cell-seeded matrices.!” In
the genitourinary field, most of the strategies for TE require
cell-seeded matrices.' Clinical trials have been initiated for
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JCollagen llI

DF [Laminin

DF |Calponin

Calponin

ibronectin - Elastin

DF | Fibronectin Elastin

BSCsf Smoothelin

DF | Smoothelin DF | Desmin

Fig. 3. Showing the tissue architecture with histochemical staining, different extracellular matrix (ECM) proteins (3A) and smooth muscle cells (SMCs) content
and phenotype (3B) for both urinary constructs; bladder stroma cells (BSCs)-based and DF-based equivalents with immunofluorescence. Masson Trichrome (MT)
and hematoxylin and eosin (H&E) revealed that both equivalents are tri-layered with multiple layers of urothelial cells, well fused stroma and smooth muscle layer.
Although the different ECM proteins were detected in both equivalents but they were more expressed in BSCs=based equivalents. SMCs cells displayed different
markers of SMCs maturation including those of terminal differentiation (SMA, calponin, smoothelin and desmin).

a number of diseases with varying degrees of success.'??*
To avoid the use of non-autologous tissues incorporated in
these studies, a tissue-engineered construct was developed
using UCs and DF, applying the principle of self-assembly.?+2>
Consequently, as the lamina propria (LP) of the bladder is
composed of ECM containing several types of cells, mainly
fibroblasts,?® stimulating the stromal cells from LP would give
rise to ECM with many characteristics similar to native urinary
tissues. In one experiment, when stromal cells from LP were
cocultured with UCs or SMCs, BSCs sped up the growth of
both cells.?” In our results, sufficient BSCs could be easily
isolated and they could maintain high proliferation capacity
over passages. This makes them available for reconstructing
urethral long segments and large vesical patches and makes
them suitable for large-scale diagnostic experiments. ECMs
were similar in both equivalents; they were thicker, better
and more comparable to those of the bladder with BSCs
equivalents.”

Our results showed that both equivalents had a well-
stratified urothelium. However, terminal differentiation of
urothelium was obtained only with BSCs-based equivalents,

CUAJ @ September-October 2015  Volume 9, Issues 9-10

as CK20 is specific for umbrella cells in normal bladder
and the marker of final differentiation for superficial
cells. CK14 does not stain on normal urothelium and
signifies vulnerability of the bladder to future disease.?"
It is detected in pathologic bladders, denoting squamoid
phenotype change of urothelium. It is observed before
morphologic squamoid differentiation and is considered a
reactive response to urothelial stress or injury. This pattern of
CK expression for DF-based equivalents simulates reactive
urothelium with tendency towards squamous metaplasia.
As the culture conditions were the same for both types of
equivalents, the difference in urothelial differentiation can
be attributed to the effects of organ-specific stromal cells
on urothelium development and terminal differentiation.
The fibroblasts are diverse in their phenotype due to the
multiple embryonic origins and the epigenetic program
that reflects their location.??? In skin equivalents, DF of
human palmoplantar skin induced the formation of an
epidermis with a palmoplantar phenotype even when non-
palmoplantar epidermal cells were used.** This indicates
that site-specific differentiation of fibroblasts empowers the
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Fig. 4. Showing the expression of different epithelial and basement membrane markers among the 2 equivalents (bladder stroma
cells [BSCs]-based and DF-based equivalents). Although both equivalents revealed expression of general epithelial markers (AE
1,3), uroplakin Il (UPIII) and tight junctions E-cadherin, however they had different expression of cytokeratin 20 and 14. BSCs-
based equivalents had terminally differentiated urothelium with evident expression of CK 20 and minimal expression of CK14, while
DF-based equivalents showed the opposite. There was well-defined intact basement membrane as shown by positive staining for
Laminin V and Collagen IV.

differentiation of overlying epithelial cells. Consequently,  response and enhanced smooth muscle regeneration and
our BSCs-equivalent can act as the correct or suitable  neovascularization.” The electron microscopy observations
microenvironment for urothelial growth and differentiation
for progenitor or stem cells. Permeability test
BSCs-SMCs equivalents were more elastic than DF-SMCs o
with no significant difference in strength. The elasticity of
BSCs-SMCs tissues is a favourable feature as these tissues
should be able to distend during urine filling or expulsion,
without a major increase in their intraluminal pressure. BSCs-
based constructs showed mechanical characteristics similar
to one-layer small intestinal submucosa, bladder acellular
matrix graft (BAMG), and normal urethra.** In engineered
tissues, there is a tradeoff between improved mechanical
strength and decreased extensibility, which can affect their 0% S
effectiveness and how well they match the mechanical oo e
properties of native tissue. 0 1 2 4 6 8
In both types of equivalent, SMCs attached, proliferated Time inhours
and kept their phenotype after seeding them on collagen

90%
80%
70%

60% [
~DF-SMCs
0, 1
5% | =~ i BSCs-SMCs
40% — } Native bladder

permeated (%)

30%

20%

Cumulative percentage of 1C urea

sheets. This denotes the applicability of adding SMCs to Fig. 5. Permeability test using 14C-urea. Both equivalents were comparable to
our self-assembled constructs. SMCs reduced inflammatory native tissues after 8 hours with no significant difference among them.
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Fig. 6. Biomechanical characteristics of the urinary equivalents in regard to uniaxial tensile strength (UTS), elastic modulus and failure strain. Bladder stroma cells-
based equivalents had thicker tissue and less elastic modulus No significant difference between UTS and failure strain was detected between the 2 equivalents.
Each column represents mean + standard error, with p < 0.05 indicating significance: *p < 0.05.

are consistent with healthy adult urothelium.>® The presence
of microvilous cells enlarges the surface area and affects the
bacterial attachment and fluid movement across the cell
membrane.?’

Although both self-assembled urinary tissues were similar
in many aspects, including permeability function, BSCs-
SMCs had more ideal biomimetic urinary tissue because
they were fully organ-specific, including stromal cells and
matrix, and had thicker and elastic tissue with terminally
differentiated epithelium. The limitations to our study include
the long duration of equivalent formation and the lack of in
vivo implantation. The replacement of urinary tract tissues
is an elective procedure that does not require emergency
reconstructive surgery. In vivo implantation is our next step.

Conclusions

Urinary tract specific stromal cells can give rise to ECMs
using the self-assembly technique, with better physiological
and mechanical characteristics than non-specific stromal
cells. Our urinary equivalent is suitable as urethral graft or
as bladder model for disease modelling and drug testing.
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the different layers and thee thick stroma. B: SMC surface with aligned smooth muscle cells. The box in the upper right corner emphasizing the spindle shaped
appearance of SMCs. C: The upper surface of the stroma with tightly packed collagen. D: Cut section though the urotheium with multiple layers resting on basement
membrane (BM). E: the apical surface of urothelium formed of umbrella cells with well-defined borders and scattered microvillous cells (magnified picture in the
upper right corner). F: the apical membrane of umbrella cells with uroplakins particles (magnified picture in the upper right corner).
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