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Abstract

Replacement of urinary bladder tissue with functional equivalents remains one of the most challenging problems of reconstructive
urology over the last several decades. The gold standard treatment for urinary diversion after radical cystectomy is the ileal conduit
or neobladder; however, this technique is associated with numerous complications including electrolyte imbalances, mucus
production, and the potential for malignant transformation. Tissue engineering techniques provide the impetus to construct
functional bladder substitutes de novo. Within this review, we have thoroughly perused the literature utilizing PubMed in order
to identify clinical studies involving bladder reconstruction utilizing tissue engineering methodologies. The idea of urinary bladder
regeneration through tissue engineering dates back to the 1950s. Many natural and synthetic biomaterials such as plastic mold,
gelatin sponge, Japanese paper, preserved dog bladder, lyophilized human dura, bovine pericardium, small intestinal submucosa,
bladder acellular matrix, or composite of collagen and polyglycolic acid were used for urinary bladder regeneration with a wide
range of outcomes. Recent progress in the tissue engineering field suggest that in vitro engineered bladder wall substitutes may
have expanded clinical applicability in near future but preclinical investigations on large animal models with defective bladders are
necessary to optimize the methods of bladder reconstruction by tissue engineering in humans.
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Introduction Urinary diversion can be categorized into two groups as
either continent or incontinent. Non-continent ureteroileo-
cutaneostomy is the most frequently used type of diversion.
In this method, the ileal conduit is made from approxi-
mately 15 to 25cm of pre-terminal ileum as urine is col-
lected in an external pouching system. A second option
utilizes the continent cutaneous pouch. The continent urin-
ary reservoir is constructed from a detubularized bowel
segment in which patients empty the reservoir by self-cathe-
terization. The most common physiological method of the
urine diversion following cystectomy is creation of the
orthotopic neobladder. The neobladder is constructed
from a portion of the patient’s bowel and anastomosed to
the patient’s native urethra and ureters.®” In order to con-
struct the continent urinary reservoir or orthotopic neoblad-
der, approximately 40-80 cm of pre-terminal ileum is used.®
However, the use of a patient’s own gastrointestinal tissue
comes with severe complications, including bowel

Urinary diversion or augmentation cystoplasty are required
for different clinical indications in adult and pediatric
patients. The most frequent indication for urinary diversion
is bladder cancer requiring cystectomy.! However, the most
common underlying causes of bladder dysfunction that
may require augmentation cystoplasty include small con-
tracted bladder due to tuberculosis, radiation induced cyst-
itis, or interstitial cystitis.” Detrusor hyperreflexia due to
supra sacral spinal lesion, refractory detrusor instability,
and poor bladder compliance are other bladder dysfunc-
tions where augmentation cystoplasty may be indicated.
Additionally, congenital or traumatic conditions may
demand augmentation cystoplasty or urinary diversion.>*
The preferred modalities of treatment include (1) the pres-
ervation of the upper urinary tract; (2) urinary continence;
and (3) adequate reservoir emptying with the simultaneous
reduction of urinary tract infections.”
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anastomosis leakage at the site where part of the bowel was
resected, sepsis, infections, mucus production, stone forma-
tion at the site of the neobladder, and metabolic abnormal-
ities (acidosis). These complications are associated with
severe morbidity and mortality.’

Augmentation cystoplasty is the surgical enlargement of
the existing bladder using approximately 20 cm segment of
the small bowel, large bowel, or less often stomach.'®

Principles of tissue engineering

Tissue engineering is an interdisciplinary field that melds
the principles of bioengineering and life sciences to create
the biologic substitutes that restore, maintain, or improve
tissue or organ function following insult."’ There are two
major approaches of organ or tissue reconstruction by tissue
engineering. The first approach involves either natural or
synthetic biomaterials that encourages the in vivo regenera-
tive process by serving as a solid support matrix (scaffold)
for the in-growth of native cells. The second approach
involves biomaterials with a cell seeded approach that util-
izes autologous sources of patient cells. The creation of this
newly created “neo-tissue” is subsequently grafted back to
the host for the completion of the regeneration process. The
use of autologous cells reduces the fears of immune rejec-
tion as encountered when using allogeneic cell sources.

The ultimate goal of bladder tissue engineering is to
identify scaffolding material as well as cell sources that
would be able to recapitulate bladder wall components
and provide greater physiological output than insulted
native tissue. The ideal biomaterial for this purpose
should be biocompatible, non-immunogenic, and bio-
degradable. Moreover, it should exhibit the appropriate
mechanical parameters (elasticity, tensile strength) and
maintain properties that allow it to function as a proper
barrier against urine and infection.

Methods

Within this review, we have thoroughly perused the litera-
ture using PubMed in order to identify clinical studies
involving bladder reconstruction utilizing tissue engineer-
ing methodologies.

Results
Lessons from the past

The initial clinical experiments that can be considered as
prototypes of research utilizing tissue engineering strate-
gies for the regenerating bladder were conducted in the
1950s. The materials used for bladder reconstruction were
intended to initiate spontaneous regeneration.'*'?

In 1957, Bohne et al. used plastic molds for bladder recon-
struction in seven patients following subtotal cystectomy.
Indications for the cystectomy included severe, chronic
interstitial cystitis (1=2), diffuse bladder carcinoma
(n=4), or small contracted bladder in a patient as a conse-
quence of exposure to tuberculosis (1 =1). The plastic mold
was constructed in the shape of the bladder and was
implanted orthotopically for several weeks and then subse-
quently removed. The generated “pseudo-bladder”
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consisted mainly of fibrotic tissue and underwent contrac-
tion over time. Other complications associated with the use
of plastic molds were vesicoureteral reflux, dilatation of the
upper urinary tract, recurrent urinary tract infections, and
eventual deterioration of renal function. This experiment
failed in all cases.'” Other clinical experiments using plastic
implants as a temporary bladder substitute after cystec-
tomy were reported in 1958 and 1964."*'* Since these
trials were also associated with a number of postoperative
complications and high mortality, this technique was even-
tually abandoned. A noteworthy observation arising from
these early research studies is that the urothelium has the
propensity to regenerate completely, even migrating from
the ureters following radical cystectomy. This is the result of
the high proliferative potential of epithelial cells and their
capacity for self-renewal. There was no evidence of bladder
smooth muscle regeneration in any of the 36 patients trea-
ted with this method (Table 1).

An alternative material used for bladder reconstruction
was a gelatin sponge treated with an alcohol or a synthetic
resin (nobecutane). Nobecutane sprayed on a wound
formed a plastic film which served as a dressing material.
It contains specially modified acrylic resin in an organic
solvent (ethyl acetate) and TMTD (tetramethylthiuram
disulphide) which is strongly bactericidal and fungicidal.'?
Nobecutane spray was used as a temporary dressing of skin
grafts or surgical wounds.’>""” Gelatin sponge treated with
an alcohol or nobecutane was used for both augmentation
cystoplasty and bladder replacement following subtotal
cystectomy. Gelatin sponge provided a temporary scaffold
for tissue growth, underwent remodeling and degradation
over time. Tsuji et al. used gelatin sponges for bladder
reconstruction in four patients after total or subtotal cystec-
tomy (n=2 in each case) due to bladder cancer. Although
new bladders with a capacity of 80-100 cc were obtained as
early as 1-2 months, every patient in this study had mod-
erate to severe urinary incontinence. Other complications
related to this method were urine leakage, vesicoureteral
reflux, and defective ureteral orifices. Furthermore, the
new bladders decreased capacity progressively and even-
tually succumbed to contractability issues. Consequently,
urinary re-diversion became necessary in all cases.'®

Better results were obtained if gelatin sponges that were
sprayed with nobecutane or rezifilm (a plastic dressing
spray for surgical wounds) were utilized for bladder aug-
mentation. This experiment was carried out on a group of
five patients: four tuberculosis contracted bladders and one
congenital hour-glass bladder. The procedure was success-
ful in four cases and failed in one case. One patient
increased bladder capacity from 50cc to 250cc after
1 month and 350 cc after 8 months. Cystography showed
a normal-shaped bladder and no reflux. Biopsy of the new
bladder wall showed a complete epithelial covering and
excellent muscle regeneration without inflammatory reac-
tion. The patient was completely relieved of urinary com-
plications and voided without residual urine. According to
the authors, failure in one patient was associated with sig-
nificant fibrosis, and thereby losing regenerative capacity."
Despite the more than satisfactory results, the fact that the
gelatin sponge was not used in further clinical trials



266 Experimental Biology and Medicine Volume 239 March 2014

(penuuo9)

(1=u

a|qeuonsand) suoljeo|dwod oN elep oN VN VN L e|n}sly [eISOA0I9IUT gzWnipseolied suinog
(e1900BuUIUBWIOBAW
‘ewnely euids) 5z8Inp
(01 = u) poon suoneoldwod oN Blep oN (reah 1) oM a19|/dwo) oL Jappe|q oluaboinaN uewny pazijiydoA
(G=u Jooued
umoudun (s1eah Joppelg (sisAo uone
(0L =u) pajred 9-¢) uoneioushel -Ipeldl ‘siisAo [ennsiel) »2BANP
(61 = u) poon uoneioped elep oN  9joshwi jo ubis oN a19|dwo) 7€  Joppe|q peloeJjuod |[ews uewny pazijiydoA
Xn|yai ‘Jappe|q
|eJ9}2IN0JISAN ‘S991) PS1OBIUOD B BWEDS]
(6=uU) pajeq -1l0 [eJajain 9AlR09ep 0} Ajlaaissaiboud Ajoedeo g1 4oPPEIq
(L =u) poon ‘9duauUOdUl AJeUl Ul 9SB8.08p Joppe|q MON VN VN oL Jaoued Joppe|g Bop panesaid ulewlo4
(} =u) J00d (sisojnasagny) zz/oppelq
(L =u) poon XN|}dJ [BJ918IN0JISBN\ ejep oN VN VN Z  Jeppe|q pajoesiuod |[ews Bop panesaid ulewio4
Jooued
(1 =u) pajeq XN|}8J |BJ8}2IN0DISOA Ayoedeo u) esealosp Jappelg (sisojnalagny) ,z@UEINO8gOU + Joded
(¢ = u) poon abeyes| Areunn J9ppPE|q PalonIIsuoday VN VN ¥ Jeppe|q pajoeJiuod ||lews osauedep
(snnsko
(2=u) pajeq (syyuow ) (syyuow 1SJ91Ul ‘sisojnoiagni) 0z®UEINOagoU + Jaded
(1} = u) poon Blep oN Blep oN 919|dwoo 1sow|y G—¢) @9|dwon €l  J9ppe|q paloeljuod |[ews asauedep
Joppe|q sse|b-inoy
(L =u) pajey obeyes| Areunn (1 =u) (syuow (1 =u) (syuow [eyuabuod (sisojnoiagny) 5, @UEINOB00U +
( = u) poon sisoJydauoJalainopAH Bejep oN g) Aiojoeysiies g) a19|dwon G Jeppe|q pajoeJu09 ||lBWS abuods upelen
XN|yo4 Jeppe|q
|eJ9}8IN0DISAA ‘SN0 P81OBIIUOD B BWEDS]
[eJ91aIn BAl108)ep Mau 0} Ajaaissalboid Ayoeded
(y=u) pojreq ‘9ouauuooul Aleunn Ul 9sea408p Joppe|g VN VN 7 J9oued Jsppe|g g, 80uods unejen
sinjed
|eua. ayy jo Buiuepim (erep
s|qeuonsanp XN|§o4 [B19}2IN0JISO ejep oN (eyep ou) oN ou) ae|dwo) 82 J9oued Joppe|g » Plow oiseld
(se0m
s|qeuonsand ejep oN ejep oN (sy@am Q) oN 9) a19|dwo) L J9oUBD Joppe|g ¢ PlOW onseld
sisoJydauoipAyoAd
-sn|nojeo
‘walsAs Ateunn Jaddn (sisojnatagny)
8y} Jo UoNEele|Ip ‘XN|jel awin Jappe|q pajoeiu0d
|BJ918JN0DISAA BIWSD JOAO UMOP Pa}oeJuod (L=u) (L =u) (skep |lewS Jooueo Jeppe|g
pajre4 -ides ‘siuydsuojeid loppe|q pajessusboy (skep gg) oN €g) sisjoiny )2 SisAd [ennsieu| z Plow onse|d
awoonQ suoneoidwo) abejuLys ajosniy wnijayoan saseo uoI}oNIISU0D3I J3ppe|q anssn [eloe
|eaiuld ‘oN 10j uopesIpuj /leua1ewolg
(seseo

‘ou) (owmn) oaib6ap uonersuabay

(seseo |¢|) BuuesuiBus anssi Joppe|q Uewny Jo} pesn sanssii [eloljiUe pue sjelslewolg | ajgeL



Pokrywczynska et al. Human urinary bladder regeneration 267

° . indicates that some doubts persisted regarding the reli-
@ fﬁ\ g % ability of the presented results. “Great” muscle regener-
Eles S = ation that was observed by the authors appeared unlikely
g S 8 i § due to the poor regenerative capacity of muscle tissue.
°©la O©= © Cellularization of the 9 x 9 x 10cm graft by muscle cells
migrating from the surrounding native bladder tissue
was unlikely, especially in the case of contracted bladder,
o o » in which the number of muscle fibers is significantly
) _§ _§ é reduced. Moreover, later studies showed that during
2|18 8 ) the healing process, the spongy material disintegrated
Sle ¢ g into small pieces and fell off. However, small portions
g8 38 8 of the material adhered to the granulated tissue and
8|2 2 2 incorporated into the reconstructing bladder wall. The
nobecutane-treated gelatin was no longer gelatin but
acted like synthetic resin and did not degrade even
after two years. This lead to calculi formation and other
undesirable side-effects.”
Japanese paper sprayed with nobecutane was also
) © © used for bladder augmentation in 13 patients with
% 8 g g small, contracted bladders due to various pathologic con-
E[5 3 8 ditions. Dome-shaped implants of ~8-10cm in largest
Bz < < . . . .
diameter and 3cm in height were made by using
S Japanese paper produced from the rice paper plant
£ _ - (Tetrapanax papyrifer) sterilized and sprayed with nobecu-
0 9? % % tane. This material provided a temporary scaffold for
-§._ 2 % 229 g tissue growth and was completely removed transureth-
o g1 £5 55 EE rally after 1 month. Favorable results were obtained in 11
2 2|aEOE O E patients with tuberculosis-stricken contracted bladders.
3 These patients regained normal bladder capacity and
c w voiding functions through the urethra. The bladder cap-
2 ce|le & o acity increased from ~3-70ml prior to implantation to
5 _ 2| 8585 £ % ~200-300ml in 1-5 years following reconstruction. Five
§,§ £| 2% 2% gs months postoperatively, the bladder appeared to be
£ 8 5/ 3888 8 g approaching normal morphology. There was no improve-
ment in two patients suffering from interstitial cystitis.?
Another clinical experiment using Japanese paper for
bladder reconstruction was performed in 1978 by Fujita
et al.** Urinary bladder reconstruction was performed in
_ four patients with either tuberculosis (n=2) or bladder
3 cancer (n=2). Japanese paper (20cm?® in diameter)
S 2 sprayed with nobecutane was used for bladder recon-
s & struction. Satisfactory results were obtained in three
S B ® patients. One patient with long standing history of con-
c tracted bladder failed to acquire an adequate capacity.”!
-% L R However, it should be noted that the short-term three-
2. 23 33 month follow-up of this study does not allow for evalu-
5 g ‘§ g § % § ation of treatment effects and to draw clinically relevant
T8|% <t o€ conclusions. Despite these preliminary, encouraging
-‘% g ; §, % E’, g results, no further clinical studies have been performed.
2 § § % 3 % 3 Tsuji et al. used formalin preserved dog bladder for
£Es|m =z & z & bladder reconstruction in 10 patients with bladder
cancer after sub-total or radical cystectomy.”” The forma-
5 X _ o _ lin preserved bladder was used as a temporary scaffold
g g % 25 8 % o for tissue growth and was removed 2-3 weeks after the
c fcog8 L1050 .
= 9|5 & ég‘ 25 s é Proced.ure. One.patlent whose lower half of I?Iadder
83 32|£% % é £8 S3cc including posterior urethra was reconstructed with pre-
- s % £8 858% % ;Z ERS served bladder maintained a good general condition with
% gg % 2 § § :,E,gm §.+§ égm satisfactory bladder function, except for slight stress
S 2E |  F3 8828338827 incontinence. Th.e final results of the bladder reconstruc-
tion in other patients after subtotal cystectomy were not
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so good and consequently urinary diversion was carried
out 6-8 months later. The results of bladder reconstruction
following total cystectomy were disappointing as well.
Although a new “pseudo-bladder” was obtained in rela-
tively short time, it decreased in capacity thereafter.
Furthermore, stricture of the new ureteral orifices, urinary
incontinence, and vesicoureteral reflux occurred
frequently.”

Another biomaterial used for bladder reconstruction was
lyophilized human dura.”® In 1975, Kelami et al. described
cystoplasty using dura mater in 34 patients with good
results. There were two main indications for bladder recon-
struction-contracted bladder (1 = 6) and bladder wall resec-
tion due to bladder carcinoma (1 = 28). Lyophilized human
dura 6 x 14 cm in size served mainly as a matrix for tissue
growth. Dura was completely absorbed after 10-12 weeks
and follow-up ranges were from 2 to 6 years. Preoperative
contracted bladder capacities ranged between 60 and 80 ml.
Postoperatively, all six patients had a capacity 2-3 times
larger than before. One patient had a preoperative capacity
of 30ml which increased to 180-220ml postoperatively
while nine patients (26.5%) had a cancer recurrence
during the first postoperative year. Lastly, one patient
died on the 14th postoperative day. During postoperative
cystoscopy, the dura was perforated, resulting in peritonitis.
Five patients were lost to follow-up during the third post-
operative year but they had no previous signs of recurrence.
Thirteen patients (46.4%) had no recurrence 2-6 years after
surgery. They maintained large bladder capacities and emp-
tied them without residual urine. Cystoscopically, there
were no differences in the appearance between regenerated
and native epithelium. The reconstructed bladders were
well vascularized and there were no signs of contraction.
However, there were no signs of smooth muscle regener-
ation at autopsy of patient who died during follow-up.**

In 1995, Arikan et al. described augmentation cystoplasty
using dura in neurogenic bladder dysfunction. The etiology
of bladder dysfunction was spinal trauma (1 =7) or myelo-
meningocele (n=3). Human skull dehydrated dura mater
6 x 14 cm in size was used for the cystoplasty. Ten patients
suffering from neurogenic bladder dysfunction underwent
a modified Bramble-Clam augmentation. The follow-up
period was 28 months in which 7 of 10 patients were com-
pletely continent. The urodynamic parameters such as
cystometric capacity and intravesical pressure were
improved. The histological examination of the punch biop-
sies revealed normal transitional epithelium. However,
again only weak smooth muscle regeneration was evident
in the form of irregularly shaped muscle bundles.”

Moon et al. reported a case of enterovesical fistula repair
using bovine pericardium. The patient involved in this
study had a history of radiation, several laparotomies,
and maintenance of a chronic indwelling urethral catheter.
The defect after resection of the fistula site was large; there-
fore, it was impossible to close the bladder without aug-
mentation. Cystoplasty using the intestine was
contraindicated due to the poor condition of the intestine
because of previous radiation therapy. The bladder wall
defect was repaired using Supple Peri-Guard® (Synovis)
prepared from bovine pericardium.”® The results were

questioned since the reconstructed area was very small
(2.4cm x 2cm) and the authors provided no data for blad-
der capacity and compliance. Further studies are needed to
identify the safety and effectiveness of bovine pericardium
as a graft material for bladder augmentation.*

These failures of human bladder regeneration studies
stems from the limited capacity for regeneration of adult
mammalian tissues. Reconstruction of the urinary bladder
requires smooth muscle regeneration because its function
as a urine reservoir depends mainly on compliance and
contractility of detrusor muscle. Independent observations
of adult healing following injury have shown that in the
majority of organs, explanted epithelial tissues and base-
ment membranes regenerate spontaneously following exci-
sion while some elements of stroma does not*’ The
aforementioned clinical trials confirmed that urothelium
regenerates spontaneously, while the smooth muscle com-
partment heals via repair through scar formation.
Numerous experimental studies indicated that smooth
muscle regeneration in adult mammals can be induced,
but requires tissue-engineering techniques.”>

New concepts for bladder regeneration

The rapidly emerging field of tissue engineering holds great
promise for the generation of functional tissue substitutes
which could be used in reconstructive urology. The first
clinical trial for tissue engineering in urology using cell
seeded grafts was published in 2006. It involved the engin-
eering of human bladder wall for young patients with mye-
lomeningocele and end-stage bladder disease.”’ Seven
patients with a mean age 11 years, with high pressure,
poor bladder compliance due to myelomeningocele partici-
pated in this trial. The bladder wall substitute was created
in vitro from collagen or a composite of collagen and poly-
glycolic acid (PGA) and autologous urothelial and smooth
muscle cells. Bladder biopsy sample (1-2 cm?) was obtained
from the bladder dome of each patient. Urothelial and
smooth muscle cells were isolated and cultured through
7-8 weeks. Cells were seeded at density of 50 x 10° per
cm® on the bladder mold and ranged from 70cm® to
150 cm? and was created from collagen and PGA (1 =3) or
decellularized bladder submucosa (1 =4). The tissue engin-
eered bladder construct was implanted either with or with-
out an omental wrap. The mean follow-up was 46 months
(22-61 months). This study indicated that the use of com-
posite scaffold made of collagen and PGA led to better blad-
der wall regeneration compared to collagen scaffold alone.
Also, omental wrapping showed to be beneficial. Omentum
enhanced vascularization of grafts due to its rich blood
supply. The two patients in which bladders were recon-
structed with PGA-collagen cell seeded scaffolds with
omental coverage showed increased compliance, decreased
end-filling pressure, increased capacities, and longer dry
periods over time. The bladder biopsy revealed proper
morphology and architecture of the reconstructed bladder
wall. The line between tissue engineered and native bladder
wall was grossly, indistinguishable.?" It should be empha-
sized that satisfactory results were obtained only in two
patients (28.6%). The majority of patients did not achieve



good bladder capacity and compliance. It means that recon-
structed bladder wall consisted of fibrous tissue. Due to
this, patients were forced to perform clean intermittent
catheterization. This small pilot study indicated that engin-
eered tissues can be implanted safely; however, further
experimental and clinical studies are required especially
to achieve functional bladder.

Recently, collagen acellular matrix was used for bladder
augmentation in five extrophic patients with mean age 10.4
years.*? The patients enrolled in this study presented poor
bladder capacity and compliance after complete extrophy
repair. Small intestinal submucosa membrane (SIS,
Surgisis®, Cook Urological Spencer), 5 x 4cm in size was
fashioned into diamond shape and grafted to the bladder.
The suture line was sprayed with fibrin glue and aug-
mented bladder was covered by soft perivesical tissue or
by an omentum flap. Bladder capacity and compliance fol-
lowing cystoplasty increased slightly at 6 months and
remained stable 18 months after surgery. Bladder biopsy
performed six months after augmentation indicated
normal transitional mucosa and sero-muscular layer con-
taining sparse smooth muscle fibers, small nerve trunks,
and vessels. SIS was absent at this period in time.
Summarizing, the bladder regeneration was feasible in
these patients, but bladder capacity and compliance was
poorly increased to obtain significant clinical benefit.*?
It is interesting that such trial was conducted despite that
the experiments on animal models demonstrated no
increase in capacity following cystoplasty with acellular
collagen.>*3334,

Future perspectives

Advances in the tissue engineering hold great promise for
reconstructive urology. Over the last two decades, several
bladder wall substitutes have been introduced. Numerous
experimental studies confirm that presence of cells is neces-
sary to obtain adequate tissue structure and function of the
reconstructed bladder. Cells implanted together with the
scaffold play various functions: strengthen mechanical
properties of the scaffold; acting as an impermeable barrier
to urine; and stimulate scaffold remodeling while secreting
trophic factors which enhance the process of regeneration.

Autologous bladder cells can be harvested, expanded
ex vivo, and seeded into the scaffold and transplanted
back into the host. It was demonstrated that urothelial
and smooth muscle cells from patients with the neurogenic
bladder can be effectively expanded ex vivo and used for
bladder augmentation,® but in the light of previously pub-
lished experimental works it seems questionable. However,
it was also indicated that smooth muscle cells isolated from
neuropathic bladders have shown abnormal growth, less
contractile ability, and inferior adherence compared to
normal controls.”® Moreover, the profile of gene expression
in neuropathic bladder smooth muscle cells is altered.
Hence, smooth muscle cells derived from diseased bladders
may not be appropriate for tissue engineering purposes.
Autologous urothelial cells from patients with interstitial
cystitis or other form of chronic cystitis, neuropathic
bladder, posterior urethral valves, epispadias, and
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non-neurogenic bladder dysfunction have reduced capaci-
ties for proliferation and differentiation in vitro.>’~° Muscle
invasive bladder cancer is a separate category of disease in
which autologous bladder cells cannot be used for bladder
reconstruction. It must be emphasized that this is the largest
group of urological patients requiring the lower urinary
tract reconstruction.* Also for elderly patients, a bladder
biopsy may not yield enough normal cells for expansion
and transplantation. These findings clearly indicate a
need to identify alternative cell sources for bladder tissue
engineering.

Stem cells offer great promise when autologous bladder
cells cannot be used. Potential sources of autologous stem
cells for bladder tissue engineering are bone marrow, adi-
pose tissue, skin, and hair follicles. 1422843 Mesenchymal
stem cells are capable of differentiating into multiple cell
types, among them smooth muscle cells, urothelium, endo-
thelial cells, and neurons.**-4°

There are two methods commonly employed in bladder
tissue engineering: implantation of stem cells in vivo with-
out pre-differentiation or induction of stem cell differenti-
ation toward the specific target cells in vitro followed by
implantation in vivo.** It is believed that the host tissue
environment directs the fate of the stem cells to bladder
cells. This method is usually used when a half of the blad-
der is reconstructed or bladder wall is augmented with the
stem cell seeded graft. Mesenchymal stem cells influenced
by trophic factors secreted by smooth muscles or urothe-
lium from surrounding bladder tissue differentiate into the
smooth muscles cells or urothelial cells. However, when the
tissues are affected with disease, the implanted non-
induced stem cells may fail to differentiate to the wanted
target cells. The second approach utilizes the concept of
whole bladder construction de novo or reconstruction of
large defects requiring the differentiation of stem cells
into smooth muscle phenotype in vitro. The question
remains whether the induced cells can fully differentiate
into the specific cell type in vitro.

Numerous studies have shown that using unseeded
grafts for urinary bladder reconstruction leads to fibrosis
and shrinkage, while addition of cells prevents this compli-
cation. In our previous study, we have found that MSCs
change the profile of cytokine expression in reconstructed
urinary bladders. MSCs activated within the environment
of the injured urinary bladder have been shown to
up-regulate anti-inflammatory cytokines, prevent fibrosis,
and enhance smooth muscle regeneration.*?

Although partial or complete regeneration of smooth
muscles is usually observed in cell-seeded grafts, their
morphology and function are not completely equivalent
to native bladder smooth muscles.*” Perhaps the applica-
tion of electrical stimulation in cell culture in vitro will
induce proper smooth muscle fibers arrangement and func-
tion in vivo. However, even if regenerated SMCs are physio-
logically compromised as compared to their native SMC
counterparts, they may be still sufficient to provide urinary
bladder wall compliance. This is in contrast to ileal neo-
bladders which do not generate coordinated contraction
but provide adequate low-pressure storage capacity.
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One of the most challenging issues of functional bladder
regeneration is innervation.”® The storage function of the
urinary bladder depends entirely on the autonomic nervous
system. Thus, the poorly regenerated neuronal network
within the artificial urinary bladder wall can lead to urinary
bladder dysfunction after such a surgery. It was indicated
that Schwann cell seeding or the application of exogenous
neurotrophic factors may induce bladder innervation.**
The ultimate goal of bladder tissue engineering is the con-
struction of physiologically functional bladder tissue
de novo. However, it should be noted that even the construc-
tion of a passive reservoir for urine utilizing tissue engin-
eering techniques instead ileal segments carries significant
benefits. In this setting, the innervation of reconstructed
bladder is not necessary, as long as the reconstructed blad-
der retains the shape and position that could allow for ade-
quate emptying.

One of the major barriers for survival of a large graft is
vascularization. It was reported that omental coverage,
endothelial cell seeding or application of exogenous angio-
genic factors enhance capillaries ingrowth to the graft, but
still may be insufficient to provide robust vascular supply
to sustain a large graf’c.30"r’1‘54

Another major problem is that all preclinical animal stu-
dies concerning bladder regeneration are typically per-
formed in healthy bladders. In such a research model,
compensative expansion of the native bladder can occur
even when the growth of regenerated bladder tissue is
insufficient.>® Consequently, if total bladder function is set
as the final outcome, it cannot be concluded if it is a result of
compensative expansion or bladder augmentation.®®
Furthermore, in numerous experimental studies the recon-
structed defect is too small, follow-up is too short or experi-
mental group too small to draw meaningful
conclusions.”®

Recent progress in the tissue engineering field suggest
that in vitro engineered bladder wall substitutes may have
expanded clinical applicability in near future but preclinical
investigations on large animal models with defective blad-
ders are necessary to optimize the methods of bladder
reconstruction by tissue engineering in humans.

Author contributions: MP and JA contributed equally to
this work. MP designed the article concept, analyzed data,
and wrote the paper. JA collected data and wrote the paper.
AKS and TD were responsible for the critical revision of the
article and final approval of article.

REFERENCES

1. Stein JP, Lieskovsky G, Cote R, Groshen S, Feng AC, Boyd S, Skinner E,
Bochner B, Thangathurai D, Mikhail M, Raghavan D, Skinner DG.
Radical cystectomy in the treatment of invasive bladder cancer: long-
term results in 1,054 patients. | Clin Oncol 2001;19:666-75

2. Aleman MA, Abdelmalak JB, Rackley RR. Augmentation cystoplasty.
In: Klien EA (ed.) Current clinical urology. Cleveland, OH: Humana Press,
2007, pp.251-9

3. Adams MC, Joseph DB. Urinary tract reconstruction in children. In: Wein
AJ, Kavoussi LR, Novick AC, Partin AW, Peters CA (eds) Campbell-Walsh
urology (9th ed.); Philadelphia: Saunders/Elsevier, 2007, pp.3656-702

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Metcalfe PD, Cain MP. Incontinent and continent urinary diversion. In:

Gearhart JG, Rink RC, Mouriquand PDE (eds) Pediatric urology (2nd
ed.); Philadelphia: Saunders/Elsevier, 2010, pp.737-47

. Westney OL. The neurogenic bladder and incontinent urinary diver-

sion. Urol Clin N Am 2010;37:581-92

. Studer UE, Burkhard FC, Schumacher M, Kessler TM, Thoeny H,

Fleischmann A, Thalmann GN. Twenty years experience with an ileal
orthotopic low pressure bladder substitute— lessons to be learned.
J Urol 2006;,176:161-6

. Hautmann RE, Miller K, Steiner U, Wenderoth U. The ileal neobladder:

6 Years of experience with more than 200 patients. | Urol 1993;150:40-5

. Ong K, Herdiman O, Johnson L, Lawrentschuk N. Orthotopic bladder

substitution (neobladder): part I: indications, patient selection, pre-
operative education, and counseling. | Wound Ostomy Continence Nurs
2013;40:73-82

. Van der Aa F, Joniau S, Van Den Branden M, Van Poppel H. Metabolic

changes after urinary diversion. Adv Urol 2011;2011:764325

Stein R, Kamal MM, Rubenwolf P, Ziesel C, Schroder A, Thiiroff JW.
Bladder augmentation using bowel segments (enterocystoplasty).

BJU Int 2012;110:1078-94

Langer R, Vacanti JP. Tissue engineering. Science 1993;260:920-6

Bohne AW, Urwiller KL. Experience with urinary bladder regeneration.
J Urol 1957;77:725-32

Portilla Sanchez R, Blanco FL, Santamarina A, Casals RJ, Mata J,
Kaufman A. Vesical regeneration in the human after total cystectomy
and implantation of a plastic mould. Br | Urol 1958;30:180-8
Tsulukidze A, Murvanidze D, Dvali R, Ivaschenko G. Formation of a
bladder by a plastic shell after total cystectomy. Br | Urol 1964;36:102-5
Brodovsky S, Dagan R, Ben-Bassatt M. Nobecutane spray as a tempor-
ary dressing of skin graft donor sites. | Dermatol Surg Oncol
1986;12:386-8

Loépez Soto RM. Abdominal cure procedures. Adequate use of nobecutan
spray. Rev Enferm 2009;32: 42-6

Rubio AM, Trigoso CS, Hernandez NM. Patient’s comfort during cica-
trization and wound protection process due to the use of Nobecutan
plastic dressing administered by an aerosol. Rev Enferm 2009;32:16-20
Tsuji I, Kuroda K, Fujieda J, Shiraishi Y, Kunishima K. Clinical experi-
ences of bladder reconstruction using preserved bladder and gelatin
sponge bladder in the case of bladder cancer. | Urol 1967;98: 91-2
Orikasa S, Tsuji I. Enlargement of contracted bladder by use of gelatin
sponge bladder. ] Urol 1970;104:107-110

Taguchi H, Ishizuka E, Saito K. Cystoplasty by regeneration of the
bladder. ] Urol 1977;118: 752-6

Fujita K. The use of resin-sprayed thin paper for urinary bladder
regeneration. Invest Urol 1978;15:355-7

Tsuji I, Kuroda K, Fujieda J, Shiraishi Y, Kassai T, Shida H. A clinical and
experimental study on cystoplasty not using the intestine. | Urol
1963;89:214-25

Kelami A, Liidtke-Handjery A, Korb G, Rolle J, Schnell ], Danigel KH.
Alloplastic replacement of the urinary bladder wall with lyophilized
human dura. Eur Surg Res 1970,2:195-202

Kelami A. Duroplasty of the urinary bladder - results after two to six
years. Eur Urol 1975;1:178-81

Arikan N, Ozdiler E, Yaman O, Gogiis O. Augmentation duracysto-
plasty in neurogenic bladder dysfunction. Int | Urol 1995;2:172-5
Moon SJ, Kim DH, Jo JK, Chung JH, Lee JY, Park SY, Kim YT, Park HK,
Choi HY, Moon HS. Bladder reconstruction using bovine pericardium
in a case of enterovesical fistula. Korean | Urol 2011;52:150-3

Yannas IV. Similarities and differences between induced organ
regeneration in adults and early fetal regeneration. | R Soc Interf
2005;2:403-17

Sharma AK, Bury MI, Marks AJ, Fuller NJ, Meisner JW, Tapaskar N,
Halliday LC, Matoka DJ, Cheng EY. A nonhuman primate model for
urinary bladder regeneration using autologous sources of bone
marrow-derived mesenchymal stem cells. Stem Cells 2011;29:241-50
Drewa T, Joachimiak R, Kaznica A, Sarafian V, Pokrywczynska M. Hair
stem cells for bladder regeneration in rats: preliminary results.
Transplant Proc 2009;41:4345-51



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

. Oberpenning F, Meng J, Yoo JJ, Atala A. De novo reconstitution of a

functional mammalian urinary bladder by tissue engineering. Nat
Biotechnol 1999;17:149-55

Atala A, Bauer SB, Soker S, Yoo J], Retik AB. Tissue-engineered
autologous bladders for patients needing cystoplasty. Lancet
2006;367:1241-6

Caione P, Boldrini R, Salerno A, Nappo SG. Bladder augmentation
using acellular collagen biomatrix: a pilot experience in exstrophic
patients. Pediatr Surg Int 2012;28: 421-8

Paterson RF, Lifshitz DA, Beck SD, Siqueira TM Jr, Cheng L,
Lingeman JE, Shalhav AL. Multilayered small intestinal submucosa is
inferior to autologous bowel for laparoscopic bladder augmentation.

J Urol 2002;168:2253-7

Landman J, Olweny E, Sundaram CPF, Andreoni C, Collyer WC,
Rehman J, Jerde TJ, Lin HK, Lee DI, Nunlist EH, Humphrey PA,
Nakada SY, Clayman RV. Laparoscopic mid sagittal hemicystectomy
and bladder reconstruction with small intestinal submucosa and reim-
plantation of ureter into small intestinal submucosa: 1-year follow up.
J Urol 2004;171:2450-5

Lin HK, Cowan R, Moore P, Zhang Y, Yang Q, Peterson JA Jr, Tomasek JJ,
Kropp BP, Cheng E. Characterization of neuropathic bladder smooth
muscle cells in culture. | Urol 2004;171:1348-52

Dozmorov MG, Kropp BP, Hurst RE, Cheng EY, Lin HK. Differentially
expressed gene networks in cultured smooth muscle cells from normal
and neuropathic bladder. | Smooth Muscle Res 2007;cxz43:55-72

Keay S, Kleinberg M, Zhang CO, Hise MK, Warren JW. Bladder epi-
thelial cells from patients with interstitial cystitis produce an inhibitor
of heparin-binding epidermal growth factor-like growth factor pro-
duction. | Urol 2000;164:2112-8

Keay S, Zhang CO, Shoenfelt JL, Chai TC. Decreased in vitro prolifer-
ation of bladder epithelial cells from patients with interstitial cystitis.
Urology 2003;61:1278-84

Subramaniam R, Hinley J, Stahlschmidt J, Southgate J. Tissue engin-
eering potential of urothelial cells from diseased bladders. ] Urol
2011;186:2014-20

Drewa T, Adamowicz J, Sharma A. Tissue engineering for the oncologic
urinary bladder. Nat Rev Urol 2012;9:561-72

Drewa T. Using hair-follicle stem cells for urinary bladder-wall regen-
eration. Regen Med 2008;3:939-94

Pokrywczynska M, Jundzill A, Bodnar M, Adamowicz ], Tworkiewicz J,
Szylberg L, Debski R, Marszalek A, Drewa T. Do mesenchymal stem
cells modulate milieu of reconstructed bladder wall? Arch Immunol Ther
Exp 2013;6. DOI 10.1007 /s00005-013-0249-7

Zhu WD, Xu YM, Feng C, Fu Q, Song L], Cui L. Bladder reconstruction
with adipose-derived stem cell-seeded bladder acellular matrix grafts
improve morphology composition. World | Urol 2010,28:493-8

Tian H, Bharadwaj S, Liu Y, Ma PX, Atala A, Zhang Y. Differentiation of
human bone marrow mesenchymal stem cells into bladder cells:
potential for urological tissue engineering. Tissue Eng Part A
2010;16:1769-79

Oswald ], Boxberger S, Jorgensen B, Feldmann S, Ehninger G,
Bornhéduser M, Werner C. Mesenchymal stem cells can be differentiated
into endothelial cells in vitro. Stem Cells 2004;22:377-84

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Pokrywczynska et al. Human urinary bladder regeneration

. Montzka K, Lassonczyk N, Tschoke B, Neuss S, Fiihrmann T, Franzen R,

Smeets R, Brook GA, Woltje M. Neural differentiation potential of
human bone marrow-derived mesenchymal stromal cells: misleading
marker gene expression. BMC Neurosci 2009;10:16

Adamowicz ], Juszczak K, Bajek A, Tworkiewicz J, Nowacki M,
Marszalek A, Thor PJ, Chlosta P, Drewa T. Morphological and urody-
namic evaluation of urinary bladder wall regeneration: muscles guar-
antee contraction but not proper function-a rat model research study.
Transplant Proc 2012;44:1429-34

Adamowicz ], Kowalczyk T, Drewa T. Tissue engineering of urinary
bladder - current state of art and future perspectives. Cent Eur | Urol
2013;66:202-6

Adamowicz J, Drewa T, Tworkiewicz J, Kloskowski T, Nowacki M,
Pokrywczynska M. Schwann cells - a new hope in tissue engineered
urinary bladder innervation. A method of cell isolation. Cent Eur | Urol
2011;64:87-9

Kikuno N, Kawamoto K, Hirata H, Vejdani K, Kawakami K, Fandel T,
Nunes L, Urakami S, Shiina H, Igawa M, Tanagho E, Dahiya R. Nerve
growth factor combined with vascular endothelial growth factor
enhances regeneration of bladder acellular matrix graft in spinal cord
injury-induced neurogenic rat bladder. BJU Int 2009;10:1424-8
Kanematsu A, Yamamoto S, Noguchi T, Ozeki M, Tabata Y, Ogawa O.
Bladder regeneration by bladder acellular matrix combined with sus-
tained release of exogenous growth factor. | Urol 2003;170:1633-8
Youssif M, Shiina H, Urakami S, Gleason C, Nunes L, Igawa M,
Enokida H, Tanagho EA, Dahiya R. Effect of vascular endothelial
growth factor on regeneration of bladder acellular matrix graft: histo-
logic and functional evaluation. Urology 2005;66:201-7

Schultheiss D, Gabouev Al, Cebotari S, Tudorache I, Walles T, Schlote N,
Wefer ], Kaufmann PM, Haverich A, Jonas U, Stief CG, Mertsching H.
Biological vascularized matrix for bladder tissue engineering: matrix
preparation, reseeding technique and short-term implantation in a
porcine model. | Urol 2005;173:276-80

Loai Y, Yeger H, Coz C, Antoon R, Islam SS, Moore K, Farhat WA.
Bladder tissue engineering: tissue regeneration and neovascularization
of HA-VEGF-incorporated bladder acellular constructs in mouse and
porcine animal models. | Biomed Mater Res A 2010,94:1205-15
Goldstein AM, Gualtieri V, Getzoff PL. Expansion mechanisms of the
partially cystectomized bladder: an experimental study in rabbits. | Urol
1970;104:413-7

Kanematsu A, Yamamoto S, Ogawa O. Changing concepts of bladder
regeneration. Int | Urol 2007;14:673-8

Shukla D, Box GN, Edwards RA, Tyson DR. Bone marrow stem cells for
urologic tissue engineering. World | Urol 2008;26:341-9

Zhang Y, Lin HK, Frimberger D, Epstein RB, Kropp BP. Growth of bone
marrow stromal cells on small intestinal submucosa: an alternative cell
source for tissue engineered bladder. BJU Int 2005;96:1120-5

(Received August 19, 2013, Accepted October 28, 2013)



