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Purpose: Internal organ regeneration holds promise for changing medical technology and decreasing organ shortages.
Current medical treatment for internal organ failure is largely limited to organ transplantation. A construct composed of
synthetic biopolymer with autologous cells has shown long-term clinical benefit in patients undergoing augmentation
cystoplasty. However, to our knowledge early cellular and stromal events during bladder regeneration have not been
elucidated.

Materials and Methods: In situ cellular responses to 2 biopolymer implants, including a poly(lactic-co-glycolic acid)
(Sigma-Aldrich™) based biodegradable mesh scaffold with autologous urothelial and smooth muscle cells (construct) and a
poly(lactic-co-glycolic acid) based biodegradable mesh scaffold alone without cells (scaffold), were compared in a canine model
of augmentation cystoplasty. Healing events were correlated with urodynamic assessments.

Results: Construct implants regenerated baseline urodynamics as early as 4 months after implantation. Urodynamics
following scaffold implantation failed to return to baseline by study termination at 9 months. Functional differences elicited
by construct and scaffold implants correlated with structural differences in the neotissues. Construct stroma had greater
vascularization with gently folded, interwoven connective tissue elements. Scaffold stroma was dense, haphazardly organized
connective tissue. Urothelium regenerated in response to construct and scaffold implantation. However, only construct had
normal stroma, well developed detrusor and abundant a-smooth muscle actin (Vector Laboratories, Burlingame, California)
cell staining at early time points, leading to a structurally and functionally complete regenerated bladder wall at 9 months.
Conclusions: Early cellular and stromal events distinguish healing processes that lead to bladder wall regeneration or
repair. Construct implants containing cells elicit early healing processes that culminate with the regeneration of complete
mucosal and muscular components, whereas the response to scaffold implantation is consistent with reparative healing, that
is with mucosal growth but incomplete tissue layer development.
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maintenance or restoration of the original structure

and function of a tissue or organ.! However, injury
that exceeds the regenerative capacity of a tissue triggers
another mechanism, that is healing by repair and fibrosis,
which covers a wound with dense fibrous or scar tissue and
structural elements that are different from the original ele-
ments.! The response of the body to injury is the sum of
several factors, including age, injury site and the urgency of
restoring homeostasis.»? Many tissues or even organs may
be prompted to regenerate if assisted by emerging technol-
ogies using some tissue engineering methods to develop
regenerative medical products.’

The goal of regenerative medicine is to identify optimal
products that consistently trigger regenerative healing, and
effectively restore function and structure to damaged tissue
and whole organs. It is hoped that regenerative medicine

The process of regeneration is associated with the

Submitted for publication September 27, 2007.

Study was performed in accordance with institutional, state and
federal regulations.

* Correspondence: Tengion, Inc., 3929 Westpoint Blvd., Winston-
Salem, North Carolina 27103 (telephone: 336-201-0152; FAX: 336-
722-2426; e-mail: tim.bertram@tengion.com).

0022-5347/08/1801-0392/0
THE JOURNAL OF UROLOGY®
Copyright © 2008 by AMERICAN UROLOGICAL ASSOCIATION

will lead to superior patient outcomes. Regenerative medi-
cine approaches have been applied clinically to neurogenic
bladder disease that is refractory to medical treatment.®
Neurogenic bladder affects the bladder wall and causes blad-
der noncompliance and increased intravesical pressure.
When anticholinergic medications and clean intermittent
catheterization are ineffective, the patient is at risk for
hydronephrosis and/or end stage renal disease. Augmenta-
tion enterocystoplasty is used to surgically increase bladder
size with a segment of bowel tissue but this procedure can be
associated with significant morbidity and metabolic compli-
cations.*

Tissue engineering approaches to repair large bladder
defects began in the early 1900s. Avoiding or overcoming
dominant signals that lead to repair by fibrosis has been a
challenge.®~” A regeneration milestone was achieved for the
bladder in dogs® and humans® using a synthetic, biocompat-
ible scaffold material seeded with autologous UCs and SMCs
that demonstrated the clinical usefulness, feasibility and
long-term durability of this technology for eliciting regener-
ative healing without evidence of adverse repair by fibrosis.

Regenerative healing occurs through a temporal se-
quence of cellular infiltration, blood vessel ingrowth, and
site specific in situ differentiation of complete mucosal, stro-
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mal and parenchymal tissue layers.! Augmentation cysto-
plasty with an implant composed of biopolymer with autol-
ogous UCs and SMCs elicited functional bladder
regeneration®® but cell-free implants did not.”® Limited
structural and functional characteristics elicited by biopoly-
mer implants alone suggested that healing occurred by re-
pair and not by regeneration. Similarly bladder reduction by
cystectomy without augmentation yielded no bladder regen-
eration.®

We compared early cellular and stromal events in regen-
erative healing with those occurring during reparative heal-
ing of a hollow organ. In an established canine model of
augmentation cystoplasty® we evaluated the healing elicited
by a PLGA based biodegradable mesh scaffold with autolo-
gous urothelial and smooth muscle cells (construct) or a
PLGA based biodegradable mesh scaffold alone (scaffold) as
regenerative and reparative healing, respectively. The pres-
ence of cells in the implant was the independent variable.
Our hypothesis was that early cellular and stromal re-
sponses would differ, and may correlate with the longer term
functional outcomes elicited by each implant.

MATERIALS AND METHODS

Animals, Study Design and Surgery

Mongrel dogs were used, and all animal procedures were
performed in accordance with institutional, state and fed-
eral regulations.'® Male and female mongrel dogs (12 ani-
mals per gender) were randomly assigned to the construct
group (16) or the scaffold group (8) (table 1). Cystectomy was
done to remove greater than 75% of the native bladder
tissue, sparing the trigone. Implants were attached with
resorbable sutures and wrapped with omentum. The ani-
mals were anesthetized with isoflurane inhalant anesthetic
during surgery. Before closure implants were tested for
leaks using a Foley catheter. After surgery the animals
received analgesic therapy with buprenorphine (0.01 mg/kg)
subcutaneously in doses given 8 to 12 hours apart for up to
3 days. They voided spontaneously upon Foley/suprapubic
catheter removal and regained continence within the first 2
weeks. One, 3, 6 and 9 months after implantation the ani-

TABLE 1. Study design and postoperative course

Construct Scaffold
No. animals 16 8*
No. planned/actual animals
at necropsy:
1 Mo 4(4) 2 (2
3 Mos 4(4) 2 (2
6 Mos 4(4) 2 (1%
9 Mos 4(4) 2 (2)
Catheter removal (days):
Urethral Foley Within 7
Suprapubic indwelling Within 21
Postop decreased appetite + Within 14

lethargy resolution (days)
Clinical pathology
(urinalysis + hematology)

Hematuria + inflammatory
response consistent with
surgery + acute phase
response to implant,
normalized by 30 days

Animals were younger than 1 year at implantation.
*One animal was sacrificed at 2.5 months due to bladder wall per-
foration/rupture.

mals were clinically evaluated and sacrificed for histologi-
cal/in situ neotissue evaluations.

Three-dimensional bladder-shaped scaffolds were formed
from nonwoven PGA felts (Biomedical Structures, Warwick,
Rhode Island) and PLGA, packaged, sterilized with ethylene
oxide and stored in a desiccator until implant preparation.

Cell Harvest and Expansion

Bladder tissue was harvested from the 16 animals in the
construct group by transmural bladder biopsy. SMCs and
UCs were isolated, characterized and expanded separately
until cell seeding according to previously published proto-
cols.'*"*? SMCs were cultured in Dulbecco’s modified Eagle’s
medium with fetal calf serum (Invitrogen™). UCs were cul-
tured in serum-free keratinocyte growth medium with epi-
dermal growth factor and bovine pituitary extract (Invitro-
gen).

Implant Preparation

Sterile scaffolds were hydrated in culture medium and used
alone (scaffolds) or seeded with autologous UCs and SMCs
(constructs) 7 days or less before implantation.

Urodynamics

Bladder capacity and intravesical pressure were measured
in dual lumen catheterized animals following the removal of
residual urine. One line was connected to a pressure moni-
toring device and sterile saline at approximately 37C was
infused at 20 ml per minute until fluid leakage was observed
around the catheter (leak point). The volume in ml of in-
stilled saline (capacity) and intravesical pressure in cm H,0O
was recorded at leak point. Compliance values were calcu-
lated by dividing the change in bladder capacity by the
change in bladder pressure.

Bladder Wall Sample Collection

At necropsy ureters and urethra of retrieved neobladders
were clamped, and the neobladders were distended by intra-
vesical instillation of 10% buffered formalin to achieve the
same volume and pressure as measured by urodynamics
before necropsy. Physiologically distended bladders were im-
mersed in 10% buffered neutral formalin. Neobladders were
sampled in standard fashion by dividing the organ into 4
quadrants (dorsal/ventral and right/left). Three full-thick-
ness samples were collected per quadrant, including 2 from
the anastomotic interface and 1 from the point most cranial
to the surgical interface. A total of 12 samples per neoblad-
der were collected. Native canine bladder was fixed and
processed in an identical manner.

Histological Evaluation

Sections from bladder wall samples were stained with he-
matoxylin and eosin, and Masson’s trichrome and VVG
stain.'® PLGA scaffold was visualized with polarized light
microscopy.

Blinded morphometric analysis of tissue layer composi-
tion and wall thickness was done in all samples from each
bladder quadrant using a standard method. Bladder wall
samples from animals at 9 months were evaluated micro-
scopically using an ocular reticle calibrated with a stage
micrometer. Total bladder wall, mucosa and detrusor muscle
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thickness were each measured using a calibrated micro-
scopic reticle.

Two observers performed blinded scoring of all histolog-
ical samples using hematoxylin and eosin, and VVG and
immunohistochemical stains with a 5-point Likert scale,
including 0—not present, 1—minimal, 2—mild, 3—moder-
ate and 4—marked. Raw scores were segregated into 2
groups of low (0 to 2) and increased (3 to 4) presence for
Pearson’s chi-square analyses.

Immunohistochemistry

Antibodies used were aSMA, ED-A fibronectin (Abcam®)
and collagen I (Santa Cruz Biotechnology, Santa Cruz, Cal-
ifornia). Primary antibody incubation and colorimetric de-
tection were performed according to manufacturer protocols.

Statistical Analysis

The mean, SD and regression analysis were calculated with
Microsoft® Excel®. The 95% CI and Pearson’s chi-square
were calculated with JMP®.

RESULTS

We investigated and compared cellular and stromal events 1
month after implantation of a PLGA based biodegradable
mesh scaffold with autologous UCs and SMCs (construct) or
a cell-free PLGA based biodegradable mesh scaffold. These
implant technologies were chosen because they have been
shown previously to elicit 2 different long-term functional
outcomes of bladder healing. Functional parameter assess-
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ment confirmed previous studies suggesting that 2 different
processes of healing were occurring in the 2 groups of ani-
mals.

Implantation of Constructs and Scaffolds

Table 1 shows the study design, group characteristics, nec-
ropsy schedule and postoperative course. In vitro constructs
and scaffolds were not watertight. At implantation omen-
tum was used to approximate a vascular source to the im-
plant and form a leak-free barrier. Absent leakage was con-
firmed in all animals before closing the abdominal incision
and skin.

Time Course of Bladder Healing

Following Construct and Scaffold Implantation
Urodynamic assessment of construct and scaffold neo-
organs. The time course of functional status following blad-
der augmentation with construct and scaffold implants was
assessed with urodynamic studies 1, 3, 6 and 9 months after
implantation (fig. 1). Urodynamic functional differences be-
tween construct and scaffold implants became evident at 6
and 9 months. Observed changes in capacity and compliance
were consistent with the results reported by Oberpenning
et al.® Regression analysis confirmed that the 2 implant
technologies elicited distinct capacity and compliance pro-
files (fig. 1, C and D), suggesting that 2 distinct biological
processes are involved in healing.

Microscopic time course of healing. Stromal changes oc-
curring during the healing process with construct and scaf-
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FI1G. 1. Mean bladder capacity (A and C) and compliance (B and D) at 0 months in all 23 animals, at 1 month in construct in 16 and scaffold
in 7, at 3 months in construct in 12 and scaffold in 4, at 6 months in construct in 8 and scaffold in 3, and at 9 months in construct in 4 and

scaffold in 2.
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fold implants were shown by trichrome staining, which dem-
onstrated muscle and collagenous components as red-pink
and blue areas, respectively (fig. 2). At 1 month in each
group stromal and cellular responses were distinguishable
by blinded evaluation. At 3 months there were differences in
the muscle organization and distribution of collagen stain-
ing (fig. 2). By 6 and 9 months the muscle organization and
overall thickness of bladder walls were distinguishable since
construct neobladder muscle layers were organized into bun-
dles of detrusor muscle-like layers that accounted for most
bladder wall thickness, whereas scaffold neotissue muscle
layers were thin and disorganized (fig. 2).

Neobladder wall morphometry. Thickness of the total
bladder wall, mucosal and detrusor muscle layers were mea-
sured in tissue sections derived from construct and scaffold
neotissues retrieved 9 months after implantation (fig. 3).
Mucosal thickness was the same in the 2 groups. However,
detrusor muscle layers and the overall wall thickness of
construct neobladders were significantly greater (table 2).

Early Cellular and Stromal Responses
to Construct and Scaffold Implantation
Elastin, collagen and smooth muscle were visualized in VVG
stained sections from neobladder samples taken at 1 month
(fig. 4). Marked cellular and tissue activity was observed in
each group. However, construct neobladders were organized
and composed of a smooth muscle-like parenchyma with
delicate fibrovascular tissue radiating around numerous mi-
crovessels that extended toward the luminal surface and
stromal elements with well developed blood vessels aligned
to the mucosal surface (fig. 4, A). In contrast, scaffold neo-
tissues had dense collagenous tissue with spindloid cell in-
filtrate, minimal vascularization and haphazardly orga-
nized, thick collagen fibers (fig. 4, B).
Immunohistochemistry sections from 1 month construct
and scaffold neobladders were blinded and scored for the
presence of spindloid/mesenchymal cells, aSMA positive
muscle precursor cells, ED-A fibronectin positive myofibro-
blasts and collagen I positive fibroblasts. Pearson’s chi-

Construct Scaffold
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9Months | e T .

Fic. 2. Digital images reveal histological sections at anastomotic
interface between native bladder and implant 1, 3, 6 and 9 months
after implantation. PLGA component thickness in construct and
scaffold implants was 2.5 mm at definitive surgery. Box indicates
implant side of anastomotic interface. Red-pink areas indicate
smooth muscle. Blue areas indicate collagenous tissue. Trichrome
stain. Bar represents 5 mm.
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Fic. 3. Bladder wall, mucosa and detrusor muscle thickness data
were collected as blinded measurements in tissue samples from
construct and scaffold neobladders 9 months after implantation.
obs, observations.

Construct
(N = 46 obs)

square analysis confirmed that construct neobladders had
more spindloid/mesenchymal cells and aSMA positive mus-
cle precursor cells than scaffold neotissues (p = 0.0143 and
0.0057, respectively). However, there were no significant
differences in ED-A fibronectin and collagen I positive cells.
Similarly no differences were noted in urothelial thickness,
the presence of nerve cells or macrophage characteristics.
In construct neobladders aSMA positive spindloid cells
were observed in neostromal tissues and around multiple
neovessels (arterioles) (fig. 5, A). In contrast, «SMA staining
was limited to microvessel walls in scaffold neo-neovascula-
ture and it was absent from stroma (fig. 5, C). Although
collagen I were scored as statistically equivalent on blinded
scoring, collagen I staining revealed a greater density of
spindloid cells radiating from vessels and foci of individual-
ized cells in scaffold tissues (fig. 5, D). Stromal matrix min-
eralization was commonly observed in scaffold neotissue
sections but not in construct neobladders (fig. 5, B and D).

DISCUSSION

We compared early cellular and stromal events in regener-
ative healing with those occurring during reparative healing
of a hollow organ. We used an established canine model of
augmentation cystoplasty with 2 technologies, including an
autologous dual cell seeded PGA scaffold (construct) and a
cell-free PGA scaffold (scaffold), to elicit a regenerative or a
reparative healing response.® The significant differences in
urodynamic parameters 6 and 9 months after implantation
confirmed the results of Oberpenning et al® and suggested
that 2 distinct healing processes had occurred. To our knowl-
edge this study provides new structural data to support and
confirm that the 2 implant technologies (construct and scaf-
fold) elicit 2 distinct healing outcomes. The histological time
course and morphometric analyses of bladder wall revealed
visible and statistically significant differences between con-
struct and scaffold neotissues at 9 months (figs. 3 and 4).
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TABLE 2. Bladder wall morphometric analysis

Mean = SD mm Implant Thickness (95% CI)

p Value (2-tailed t-test) 0.1017

No.
Animals Mucosa Detrusor Bladder Wall
Construct
46 0.115 *+ 0.061 (0.097-0.132) 1.133 = 0.491 (0.991-1.275) 1.248 = 0.543 (1.091-1.405)
Scaffold
24 0.093 = 0.020 (0.085-0.102) 0.709 *+ 0.299 (0.589-0.828) 0.802 *+ 0.308 (0.679-0.925)

0.0002 0.0004

Regeneration and repair are 2 broad categories of healing
responses that are distinguished by structural and func-
tional characteristics. Regeneration restores cellular compo-
nents, tissue organization and architecture, and function. In
repaired tissue restoration is incomplete or disordered with
excessive collagen deposition and in extreme cases scar tis-
sue formation.'* At the cellular level regenerating and re-
pairing tissues have different proportions of stromal (fibro-
blasts, vessels and nerves) and parenchymal (epithelial and
smooth muscle) components. Myocyte precursors are also
seen in regenerating but not in repairing tissue. None of
these differences has been shown to correlate with long-term
healing outcome, although these studies largely focused on a
skin healing model.**~7 Our results demonstrate that there
are significant cellular and stromal changes evident in early
stages of the healing process that result in divergent healing
outcomes. The presence of myogenic spindloid «SMA posi-
tive precursor cells observed 1 month following construct
implantation was associated with the structural and func-
tional regeneration of a complex internal organ, that is the
bladder.

Native urothelium has a low turnover rate. However,
mucosal defects or denudation rapidly activates adjacent
UCs to replicate, migrate and re-epithelialize the defect.'®1°
The detrusor muscle comprises greater than 75% of the
bladder wall. Unlike UCs, SMCs do not respond as rapidly to
injury. Our study would suggest that the myogenic spindloid
precursor cellular response facilitated regeneration of the
parenchyma in the construct group (fig. 5, A).

The cellular composition of pre-detrusor muscle (myofi-
broblastic) tissue differed between the 2 groups. In construct
neobladders «SMA positive cells predominated with mini-
mal fibroblastic collagen type I positive cells and fewer myo-

i R R e
FIG. 4. Sections demonstrate cellular and stromal neobladder tissue
elements 1 month after implantation, including anastomotic inter-
face between native bladder (V), and implant from construct (A) and
scaffold (B) neobladders. Urothelium (u) is also shown. Box indi-
cates anastomotic site. Arrow in box indicates well developed blood
vessels aligned to mucosal surface (A) and fibrovascular tissue (B).
Arrows indicate VVG stain. Bar represents 1,000 w.

fibroblastic ED-A fibronectin positive cells. These propor-
tions were reversed in scaffold neotissues with ED-A
fibronectin positive = collagen type I positive > aSMA pos-
itive cells. These findings suggest that scaffold neotissue
healed via reparative processes, in contrast to the construct,
which healed by a regenerative process. Histology at later
time points showed that scaffold neotissues were richer in
stromal connective tissue and devoid of key cellular ele-
ments (fig. 2), as reflected in decreased bladder functionality
at 9 months. In contrast, the early presence of myogenic
spindloid a-SMA positive precursor cells in construct neo-
bladders resulted in a functionally regenerated bladder with
greater detrusor muscle, less fibrous connective tissue and
native viscoelastic stromal composition.
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Fic. 5. aSMA (A and C) and collagen I (B and D) in tissue sections
from construct (A and B) and scaffold (C and D) neobladders 1
month after implantation. Note spindloid cells (+) and vessels (v)
with perivascular cells positive for «SMA (A and C), and collagen I
deposition (+) and stromal matrix mineralization (m) (B and D).
Immunohistochemical staining. Bar represents 100 .
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CONCLUSIONS

Using an established in vivo model of tissue healing we
detected early cellular and stromal events that lead to blad-
der regeneration. Regenerative healing occurred when au-
tologous UCs and SMCs were seeded onto the implant (con-
struct) and reparative healing occurred when the implant
remained cell free (scaffold). This study elucidates impor-
tant tissue compositional differences between regenerative
and reparative healing processes. Specifically the early pres-
ence of myogenic spindloid «SMA positive precursor cells
and appropriately permissive stromal elements was elicited
by construct implants and appeared to correlate with func-
tional organ regeneration. Future experiments will address
the origin of progenitor cells and the local or systemic
factors that influence their appearance, proliferation and
differentiation of these cells in the microenvironment of
regenerating tissue.

Abbreviations and Acronyms

aSMA = «a-smooth muscle actin

PGA = polyglycolic acid
PLGA = poly(lactic-co-glycolic acid)

SMC = smooth muscle cell

UC = wurothelial cell
VVG = Verhoeff-van Gieson
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