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Repair of Injured Urethras with Silk Fibroin Scaffolds in a Rabbit
Model of Onlay Urethroplasty

Khalid Algarrahi®P, Saif Affas®P, Bryan S. Sack®P, Xuehui Yang?, Kyle Costa?, Catherine
Seager?2P, Carlos R. Estrada Jr.2°, and Joshua R. Mauney?2P.

aUrological Diseases Research Center, Boston Children’s Hospital, Boston, MA 02115, USA

bDepartment of Surgery, Harvard Medical School, Boston, MA 02115, USA

Abstract

Background—->Preclinical validation of scaffold-based technologies in animal models of urethral
disease is desired to assess wound healing efficacy in scenarios which mimic the target patient
population. This study investigates the feasibility of bi-layer silk fibroin (BLSF) scaffolds for the
repair of previously damaged urethras in a rabbit model of onlay urethroplasty.

Materials and methods—A focal, partial thickness urethral injury was created in adult male
rabbits (N=12) via electrocoagulation and then onlay urethroplasty with 50 mm? BLSF grafts was
carried out 2 weeks post-injury. Animals were randomly divided into three experimental groups
and harvested at 2 weeks post-electrocoagulation (N=3), 1 (N=3) or 3 (N=6) months following
scaffold implantation. Outcome analyses were performed pre-operatively and at 2 weeks post-
injury in all groups as well as at 1 or 3 months after scaffold grafting and included urethroscopy,
retrograde urethrography (RUG), histological and immunohistochemical (IHC) analyses.

Results—At 2 weeks post-electrocoagulation, urethroscopic and RUG evaluations confirmed
urethral stricture formation in 92% (N=11/12) of rabbits. Gross tissue assessments at 1 (N=3) and
3 (N=6) months following onlay urethroplasty revealed host tissue ingrowth covering the entire
implant site. At 3 months post-op, RUG analyses of repaired urethral segments demonstrated a
39% reduction in urethral stenosis detected following electrocoagulation injury. Histological and
IHC analyses revealed the formation of innervated, vascularized neotissues with a-smooth muscle
actin+ and SM22a.+ smooth muscle bundles and pan-cytokeratin+ epithelium at graft sites.

Conclusions—These results demonstrate the feasibility of BLSF matrices to support the repair
of previously damaged urethral tissues.
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Introduction

Pediatric and adult disorders of the urethra including hypospadias, trauma, and stricture
disease represent significant health care burdens which require surgical intervention to
replace developmentally absent or damaged tissue in order to preserve urinary tract function.
1.2 Autologous tissue grafts derived from extragenital skin flaps or buccal mucosa are
primarily utilized to restore urethral continuity in cases where end-to-end anastomosis is not
feasible.3# However, these approaches have been associated with adverse side effects
including stricture recurrence, diverticulae and fistula formation with total complication
rates of 5-54%.5-8 Moreover, the harvesting of autologous tissues requires secondary
surgical procedures, is associated with morbidity at the donor site, and donor tissue volume
is often limited for reconstructive procedures.? These issues highlight the critical need for
the development of alternative strategies for urethral repair.

Bi-layer silk fibroin (BLSF) matrices represent emerging, biodegradable platforms for
urethroplasty. The multi-functional graft configuration facilitates initial defect consolidation
and maintenance of urethral integrity via a fluid-tight film layer, whereas host tissue
integration is promoted via a porous foam compartment.1911 A previous study from our
laboratory has demonstrated the feasibility of these grafts for onlay urethroplasty in a
nondiseased, rabbit model of acute trauma wherein urethral reconstruction was performed
immediately following creation of a full thickness defect.! In this setting, BLSF scaffolds
promoted constructive remodeling of urethral defects with neotissues capable of supporting
micturition and normal urethral continuity. Parallel evaluations with conventional small
intestinal submucosa (SIS) scaffolds revealed BLSF matrices displayed superior
biocompatibility with significantly less chronic inflammatory reactions at implantation sites.

Validation of biomaterial technologies in diseased animal models which mimic underlying
patient pathology is necessary to accurately evaluate graft potential prior to clinical
translation. Alterations in the regenerative capacity of host tissues can occur as a function of
disease or past injury and can ultimately influence implant functional performance.12-14 In
particular, onlay urethroplasty of damaged rabbit urethras with SIS grafts showed delayed
epithelialization and abnormal distribution of smooth muscle tissue in comparison to the
results achieved in healthy cohorts.13 In addition, patients who have undergone two or more
failed urethroplasties and have comorbidities associated with urethral stricture disease
present with an increased risk of repeat urethroplasty failure.1> Therefore, the purpose of this
study was to evaluate the ability of BLSF scaffolds to mediate tissue regeneration in urethras
previously subjected to surgical injury in a rabbit model of onlay urethroplasty.
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Materials and Methods

Biomaterials

BLSF grafts were fabricated from aqueous silk fibroin solutions derived from Bombyx mori
silkworm cocoons using a solvent-casting/salt-leaching protocol in combination with silk
fibroin film casting as previously described.10 The structural and tensile properties of the
scaffold have been reported in published reports.19 Biomaterials were autoclaved sterilized
prior to surgical manipulations.

Surgical Procedures

All animal studies followed guidelines prescribed by the National Institutes of Health’s
Guidelines for the Care and Use of Laboratory Animals and were approved by the Boston
Children’s Hospital Animal Care and Use Committee prior to experimentation and
performed under protocol 15-06-2966R.

A focal, partial thickness urethral defect was induced in adult male New Zealand white
rabbits (N=12, ~3-3.5 kg, Millbrook Breeding Labs, Amherst MA) using a previously
described electrocoagulation injury model.16 Adult male rabbits were utilized in these
studies since their anatomy permits transurethral instrumentation with a standard
urethroscope.1’ In addition, the urethra of male rabbits histologically resembles the human
male with a stratified epithelium supported by vascularized spongious tissue.l” Female
rabbits were excluded from these investigations due to their short urethral length for
reconstructive procedures. Under isoflurane inhalation and following intramuscular injection
of 0.04 mg/kg glycopyrrolate, animals were placed in the supine position and genitalia were
scrubbed with a povidine-iodine solution. Rabbits were kept under mechanical ventilation
for the duration of the operative procedures. Animals were first subjected to imaging
evaluations (retrograde urethrography and urethroscopy) to confirm normal anatomy. Next, a
2-3 mm wide electrocoagulation injury (1 cm in length) in the anterior urethral spongiosum
was performed from the 3-9 o’clock position ~2 cm proximal to the external meatus using
an electrosurgical loop from a pediatric resectoscope under direct visualization with a
urethroscope. Following urethral injury, free urine drainage via catheterization was
maintained for 1 week post-op with an 8 French Zaontz urethral stent, afterwards animals
were allowed to voluntary void. Two weeks post-injury, imaging evaluations were carried
out and rabbits were either euthanized for baseline histological and immunohistochemical
(IHC) analyses (N=3) or subjected to BLSF scaffold implantation (N=9). A nonsurgical
control (NSC) group of 3 rabbits was evaluated in parallel for all outcome analyses.

Ventral onlay urethroplasty with BLSF scaffolds was performed as previously described.11
Following urethral catheterization, the penile urethra was sterilely exposed through a ventral
midline penile skin incision and mobilized from the underlying corpora cavernosa under
isoflurane anesthesia. A 5 x 10 mm (length x width) elliptical defect was created at the
original injury site via excision of ventral urethral tissue with the penis on partial stretch. A
BLSF graft of equal size was anastomosed to the defect using interrupted 6-0 polyglactin
sutures. Nonabsorbable 6-0 polypropylene sutures were positioned at the proximal, distal,
and lateral boundaries of the implant perimeter for identification of graft borders. Running
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sutures were utilized to close skin incisions. Rabbits were administered prophylactic
antibiotics (5 mg/kg/d Baytril®) for 3 days post-op and catheterization with an 8 French
Zaontz urethral stent was maintained for a 7 day period after which voluntary voiding was
permitted. Animals were harvested at 1 (N=3) or 3 (N=6) months post-repair for study
endpoint evaluations.

Retrograde urethrography (RUG) and urethroscopy

RUG and urethroscopic analyses were carried out in nonsurgical controls and experimental
animals prior to injury, 2 weeks post-injury, as well as 1 and 3 months following scaffold
implantation to assess organ continuity and the presence of urethral abnormalities. For RUG
evaluations, a 14G angiocatheter connected to an IV extension was inserted into the urethral
meatus under isoflurane anesthesia and 170 mg/ml ioversol (Optiray 320, Liebel-Flarsheim
Company LLC, Cincinnati, OH) contrast was infused in a retrograde fashion into the urinary
tract while X-rays were acquired in supine and lateral positions. The degree of urethral
stenosis in experimental groups was determined by calculating the percentage of the luminal
urethral diameter at injured/repaired positions relative to a distal non-injured internal control
region located ~1 cm from the urethral meatus. In addition, pre-operative assessments were
performed similarly on corresponding urethra locations and served as baseline controls. The
length of urethra strictures was also quantified from RUG photomicrographs. Urethroscopic
surveillance was carried out by advancing a urethroscope into the urethral meatus to the
injured/repaired site where the entire mucosal circumference was inspected. Images were
acquired using an Olympus® video processor (Olympus® CV-100 video processor, Tokyo,
Japan).

Histological, IHC, and histomorphometric analyses

Following animal harvest, penile tissue segments from NSC as well as experimental groups
containing the original electrocoagulation injury region or implant site were excised for
routine histological processing. Specimens were then fixed in 10% neutral-buffered
formalin, dehydrated in graded alcohols, and embedded in paraffin. Sections (5 pm) were cut
and stained with Masson’s trichrome (MTS) using standard methods. Parallel sections were
subjected to IHC analyses utilizing primary antibodies to select antigens including a-smooth
muscle actin (SMA) [Sigma-Aldrich, St. Louis, MO, 1:200 dilution], SM22a. [Abcam,
Cambridge, MA, 1:200 dilution], pan-cytokeratin (CK) [Dako, Carpinteria, CA, 1:150
dilution], and neurofilament 200 (NF200) (Sigma-Aldrich, 1:250 dilution]. Samples were
then incubated with species-matched, Cy3-conjugated secondary antibodies (Millipore,
Billerica, MA) while 4”, 6-diamidino-2-phenyllindole (DAPI) was used as a nuclear
counterstain. An Axioplan-2 microscope (Carl Zeiss Microlmaging, Thornwood, NY) was
employed for sample visualization and representative fields were acquired with Axiovision
software (version 4.8). Histomorphometric evaluations (N=3-6 rabbits per group) were
performed on at least 6 independent microscopic fields equally dispersed along the entire
graft or injury site as well as NSC using published procedures.!! Image thresholding and
area measurements were executed with ImageJ software (version 1.47). For a-SMA and
pan-CK assessments, the percentage of tissue area stained per total field area examined was
calculated. For NF200 evaluations, the total number of NF200+ nerve trunks per total field
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area analyzed was determined. For all markers, relative immunoreactivity per field was
computed by normalizing levels in experimental groups to NSC values.

Statistical Evaluations

Results

Quantitative measurements for the degree of urethral stenosis and histomorphometric
parameters were as follows: multi-group comparisons were performed using a one-way
analysis of variance (ANOVA) test. In two group comparisons, a two-tailed Students t-test
was utilized. Statistical evaluations were performed with Microsoft Excel software.
Statistically significant values were defined as p<0.05.

All animals survived primary urethral damage and subsequent onlay urethroplasty
procedures and were capable of voluntary voiding throughout the study period following 1
week phases of catheterization immediately after each surgical manipulation. At 2 weeks
post-electrocoagulation injury, urethroscopic and RUG evaluations demonstrated urethral
stricture formation in 92% (N=11/12) of rabbits with a 57£23% mean degree of urethral
stenosis relative to uninjured regions in animals presenting strictures (Figure 1A-C). The
mean length of urethral strictures observed was 0.81+0.37 cm (N=11). In contrast, no
urethral abnormalities were present in these rabbits prior to primary surgical injury (Figure
1B, C). Gross tissue assessments at 1 and 3 months following onlay urethroplasty revealed
host tissue ingrowth covering the entire implant site with negligible contraction evident
between the proximal/distal or lateral marking sutures (Figure 1A). Longitudinal RUG
analyses of repaired urethral segments demonstrated no evidence of contrast extravasation or
fistulas across study endpoints (Figure 1B). In addition, the mean degree of urethral stenosis
in reconstructed tissues was significantly attenuated by 39% at 3 months post-grafting in
comparison to levels observed at 2 weeks following electrocoagulation (Figure 1C). Normal
urethral anatomy was also confirmed with urethroscopic evaluations. These data provide
evidence that BLSF matrices can restore urethral continuity and mitigating urethral stenosis
in injured urethras.

Histological (MTS) evaluations (Figure 2) were performed on damaged and repaired urethral
segments to respectively characterize the initial host response to primary injury as well as
assess the extent of constructive remodeling at scaffold implantation sites. At 2 weeks post-
op, wounded tissues displayed extensive spongiofibrosis obstructing the ventral urethral wall
with disruption of smooth muscle bundles and infiltration of mononuclear inflammatory
cells evident in the submucosa. These results are consistent with histopathological features
commonly observed in patients afflicted with urethral strictures.1® By 1 month post-repair,
cross-sectional organization of de novo urethral tissues revealed a pseudostratified columnar
epithelium covering an extracellular matrix (ECM)-rich, vascularized lamina propria.
Smooth muscle bundles were concentrated at the periphery of neotissues and fibrotic tissue
remodeling was apparent within the interior of the original implant site. Residual fragments
of the BLSF matrix were detected in the regenerating tissue and were surrounded by focal
areas of putative macrophage phagocytosis. Subepithelial mononuclear inflammatory cells
were also found throughout the graft region. Following 3 months post-implantation, 50% of
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neotissues exhibited smooth muscle formation within the center of the graft site, however the
overall density of smooth muscle bundles was relatively underdeveloped in comparison to
the NSC group. In addition, the structure of the neoepithelium at this timepoint was similar
to the 1 month timepoint and NSC replicates. Areas of mild fibrosis were still detected in the
interior of de novo urethral tissues at this stage of regeneration, while mononuclear
inflammatory cells were also localized to the suburothelial compartment. BLSF scaffold
fragments were undetectable in the majority of reconstructed urethras.

Reconstructed and control tissues were evaluated by IHC (Figure 3A) and
histomorphometric (Figure 3B) analyses to assess the phases of wound healing and
determine the degree of maturation achieved over the course of the study. At 2 weeks
following primary urethral damage, substantial reductions in a-SMA and SM22a
immunoreactivity were detected relative to the NSC group. A similar pattern was observed
with NF200+ axon profiles which were evident in NSC, but undetectable at mucosal injury
sites. In contrast, pan-CK immunoreactivity was comparable in both the epithelia of NSC
and damaged groups. Neotissues at 1 and 3 months following BLSF scaffold implantation
contained a-SMA+ and SM22a+ smooth muscle bundles as well as blood vessels.
Histomorphometric analyses showed that the degree of a-SMA immunoreactivity in de novo
urethral tissues at these timepoints was significantly higher relative to damaged specimens,
however these levels only achieved ~30% of NSC. Innervation of neotissues was confirmed
at 1 and 3 months postop by the presence of NF200+ axons. In addition, the extent of NF200
immunoreactivity was significantly higher in both these groups in comparison to baseline
injury values as well as comparable to NSC levels. Pan-CK+ neoepithelium was found in
neotissues at 1 and 3 months following urethral repair with no significant differences
detected in respect to NSC and injured groups. These results demonstrate that BLSF grafts
promote the formation of innervated, vascularized urethral tissues at sites of previous tissue
damage.

Discussion

Tissue engineering strategies for urethral reconstruction have primarily deployed scaffold
configurations constructed from decellularized tissues such as SIS or bladder acellular
matrix as well as synthetic polyesters including poly-glycolic acid polymers.19:20 These
biomaterials have been investigated as either acellular scaffolds or those seeded with ex vivo
expanded, autologous cell sources in predominantly healthy animal models with normal
urethras wherein graft anastomosis is performed following primary defect creation.?1-25
Positive regenerative and functional outcomes have been widely reported with the use of
these constructs in nondiseased settings of urethral defect consolidation.19-25 However,
these wound microenvironments fail to simulate the fibrotic urethral bed frequently
encountered in patients who are in need of urethroplasty such as those with a history of
stricture disease, lichen sclerosis, or with prior failed procedures.?6 Therefore, it is not
surprising that small-scale, short-term clinical trials of these modalities have reported
deleterious side-effects including fibrosis, graft contracture, fistula formation, and
incomplete tissue regeneration,2’-30 thus raising doubts about their potential to translate into
routine clinical practice.
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Protein-based, BLSF matrices possess unique properties for urethral tissue engineering
including high structural strength and elasticity, diverse processing flexibility, adjustable
biodegradability, and low immunogenicity.3! In contrast, the physical attributes of ECM-
derived scaffolds are dependent upon the characteristics of the source tissue and the
mechanical processing methods required for decellularization, hence the options for
manipulating the structural, mechanical, and degradative properties necessary to optimize
the constructive remodeling response during urethral repair are restricted.® In addition,
chronic inflammatory reactions elicited by the metabolites of synthetic polyesters have the
potential to impede regenerative responses and encourage fibrosis in neotissues.32-3% Recent
reports from our laboratory have demonstrated the ability of acellular BLSF grafts to
mediate functional tissue regeneration in various disease models of hollow organ
reconstruction including patch esophagoplasty of esophageal strictures'* as well as
augmentation cystoplasty of neurogenic bladders.34 Therefore, in the current study we
investigated the ability of BLSF grafts to facilitate repair of previously damaged urethral
tissues in a rabbit model of onlay urethroplasty.

Prior to scaffold implantation, primary urethral damage was induced by electrocoagulation
to generate a focal, partial thickness defect. This approach was utilized to encourage scar
tissue formation while minimizing the risk of fistula formation from a full thickness injury.
By 2 weeks postop, spontaneous wound healing of the urethral wall was limited with
significant reductions in smooth muscle and innervation markers observed in comparison to
NSC. In contrast, re-epithelialization of the original defect region had occurred at this
timepoint presumably to restore the blood-urine barrier and prevent further urinary
extravasation. Consistent with previously published observations,16 stricture formation was
present in the majority of study replicates 2 weeks following injury due to putative
fibroproliferative tissue remodeling.

Reconstruction of diseased urethras with BLSF grafts demonstrated that these biomaterials
can promote constructive remodeling as well as mitigation of urethral stenosis in an
environment of tissue damage and fibrosis. Similar to our past study in a nondiseased
urethroplasty model,11 BLSF matrices supported the formation of innervated, vascularized
neotissues at defect sites without significant induction of chronic inflammatory reactions
characterized by mobilized follicular aggregates of mononuclear cell infiltrates frequently
observed with SIS matrix implantation. However, BLSF grafts failed to achieve complete
smooth muscle regeneration relative to NSC as was seen during primary urethral defect
repairl! suggesting that prior urethral damage attenuates this aspect of the wound healing
process following reconstruction. These findings are consistent with the results of Villoldo
and colleagues wherein smooth muscle formation at SIS graft sites was attenuated in
diseased urethras.13

The limitations of the present study include the small cohort of rabbits used for each
experimental group and the relatively short-term implantation periods. In addition,
functional assessments of reconstructed tissues such as uroflowmetry as well as penile
curvature measurements to demonstrate adequate elasticity to sustain a penile erection are
needed in future investigations before consideration of clinical translation. Furthermore,
validation of the ability of BLSF grafts to repair strictures >2 cm in length is necessary since
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primary anastomotic urethroplasty is generally performed with high success rates for
stricture lengths described in this report.3® Finally, performance assessments of our scaffold
technology in a female model of urethral repair are required to identify any gender-specific
differences in wound healing potential. Nevertheless, our data suggest that BLSF matrices
may be a valuable clinical option for replacement of diseased urethral tissues.

In conclusion, our results demonstrate the potential of BLSF matrices to reconstruct
chronically damaged urethras in a rabbit model of onlay urethroplasty. These scaffolds
facilitate de novo tissue formation at graft sites and attenuate urethral stenosis following
primary injury. Future preclinical evaluations will focus on interrogating the capacity of
BLSF scaffolds to repair long urethral strictures while preserving voiding and sexual
function. In addition, direct comparisons of BLSF grafts with standard of care, autologous
tissue grafts in preclinical models of urethral reconstruction will be pursued.
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Figure 1. Surgical urethral procedures and imaging evaluations of injury and repair responses
[A] Top row: Urethroscopic evaluation of the electrocoagulation injury site during creation

(left panel) and 2 weeks post-injury (PI) (right panel). Bottom row: Vetral onlay
urethroplasty model with BLSF graft (left panel) and de novo tissue formation 3 months
post-repair (PR). Arrows denote marking sutures. [B] Longitudinal RUG analyses of two
representative animals at pre-op, 2 weeks following primary urethral damage, and over the
course of 3 months after BLSF scaffold implantation. Brackets denote urethral strictures.
Insets: Urethroscopic images of repaired urethras at 3 months post-op. (*) denotes original
graft region. [C] Quantitation of the degree of urethral stenosis calculated from RUG
analyses. Means = standard deviation. (#) = p<0.05 in comparison to NSC. (8) = p<0.05 in
comparison Pl (2 weeks). Data in panel C was acquired from N=5 animals across
longitudinal timepoints.
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Figure 2. Histological analyses of primary urethral damage and constructive remodeling
following urethroplasty

[A-B] 15t rows: Photomicrographs of MTS-stained, gross urethral cross-sections from NSC
and penile segments containing the original electrocoagulation site 2 weeks post-injury (PI)
as well as de novo tissues at 1 and 3 months post-repair (PR) with BLSF grafts. Boxed areas
encompass baseline NSC architecture or surgically manipulated areas in experimental
groups. Scale bars = 3 mm. 2" rows: Magnification of global tissue regeneration area (RA)
in damaged and repaired groups as well as controls boxed in top rows. Scale bars = 1.5 mm.
3" rows: Magnified boxed areas in 2" rows displaying mucosal regions in control and
experimental cohorts. Scale bars = 600 pm.
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Figure 3. IHC and histomorphometric assessments of urethral injury and repair responses
following BLSF scaffold implantation

[A] Photomicrographs of a-SMA, SM22a., pan-CK, and NF200 protein expression in
urethral mucosa from NSC, original electrocoagulation site 2 weeks post-injury (PI), and
regenerated tissues at 1 and 3 months post-repair (PR) with BLSF scaffolds. For all panels,
respective marker expression is displayed in red (Cy3 labeling) and blue denotes DAPI
nuclear counterstain. Scale bars for a-SMA and SM22a panels = 200 um and for pan-CK
and NF200 panels = 800 pum. [B] Histomorphometric analysis of stained elements displayed
in [A]. Means + standard deviation. (*) = p<0.05 in comparison to NSC. (#) = p<0.05 in
comparison PI (2 weeks). (8) = p>0.05 in comparison to NSC. Data in all panels was
acquired from N=3-5 animals per experimental group.
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