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Abstract

Previous studies have shown that the injection of adipose stem cells and stromal vascular fraction(SVF) into the tunica
albuginea (TA) during the inflammatory phase in a rat model of Peyronie’s disease(PD) prevented the development of TA
fibrosis. Our aim was to investigate whether local injection of SVF can reduce established fibrosis in a rat model of chronic
phase of PD. Eighteen-male 12-wk-old Sprague-Dawley rats were divided in three equal groups: sham, PD without
treatment (PD) and PD treated with SVF(PD-SVF). Sham rats underwent 2 injections of vehicle into the TA one month
apart. PD rats underwent TGF-p1 injection and injection of vehicle one month later. PD-SVF rats underwent TGF-p1
injection followed by SVF (1-million cells) one month later. One month after the last reatment, the animals, n = 6 rats per
group, underwent measurement of intracorporal and mean arterial pressure during electrostimulation of the cavernous nerve.
Following euthanasia, penises were harvested for in-vitro study. Erectile function was not statistically significantly different
between groups. PD animals developed subtunical areas of fibrosis and elastosis with upregulation of collagen III protein.
These fibrotic changes were reversed after injection of SVF. We provide evidence that local injection of SVF reverses TA

fibrosis in a rat model of chronic phase of PD.

Introduction

Fibrosis is defined by an excessive accumulation of extra-
cellular connective tissue proteins (extracellular matrix
(ECM)) such as collagen, elastin and fibronectin [1]. Typi-
cally, ECM aggregation is an indispensable and reversible
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phase of the wound healing process [2]. It can, however,
progress into long-lasting fibrotic response if the wound-
healing process itself becomes deregulated [3]. Fibrosis
represents the final, usual pathological result of many chronic
inflammatory conditions [1, 4]. Peyronie’s Disease (PD) is an
acquired fibrotic disorder involving the tunica albuginea (TA)

Division of Drug Research, Department of Medical and Health
Sciences, Linkdping University, Linképing, Sweden

Division of Oncology/Unit of Urology, Urclogical Research
Institute, IRCCS Ospedale San Raftaele, Milan, Italy

The James Buchanan Brady Urological Institute, Department of
Urology, Johns Hopkins Medical Institutions, Baltimore, MD,
USA

The Institute of Urology, University College of London Hospital
(UCLH), London, UK

Division of Surgery and Interventional Science and NIHR
Biomedical Research Centre University College London Hospital,
London, UK

SPRINGER NATURE




L. Hakim et al.

of the penis and leading to the formation of fibrous plaques,
penile curvature, pain and rarely erectile dysfunction [5].

Commonly, PD is classified into an acute (or inflammatory)
phase and a chronic (or stable) phase. During the former, there
may be penile pain and a penile deformity may become visible
during erection. Penile pain resolves spontaneously within
12-18 months of PD onset in most patients [5]. During the
chronic phase pain is absent and the curvature is stabilized [6].

In the last decade, several preclinical studies have suggested
a possible ole of adipose stem cell (ADSC) in preventing
penile tunica albuginea fibrosis in a rat model of acute PD [1].
On the other hand there is a void in the existing literature on
whether ADSC treatment is efficacious in reversing fibrosis
once a plaque has been established [7]. This aspect is of
utmost importance for the translational point of view as the
majority of patients presents with an established plaque [5]. In
addition, it is worth to remember that there are several issues
tied to the use of culture-expanded ADSC such as potential
contamination, genetic instability and oncogenesis [8].

Adipose SVF is isolated as part of the aqueous fraction
derived from enzymatic digestion of fat tissue [9]. SVF is a
heterogeneous cell fraction including endothelial cells,
smooth muscle cells, macrophages, regulatory T-cells, fibro-
blasts, and a large population of stem cells [10]. Several
studies have explored the efficacy of adipose SVF in fibrotic
diseases with positive outcome [11-13]. Interestingly, in
animal models of erectile dysfunction [14] and incontinence
[15], SVF treatment showed positive results and efficacy
comparable to culture-expanded ADSC. More important,
unlike ADSC, SVF is autologous, much more easily acquired,
without the need for any cell separation or culturing condi-
tions, and can be performed within a 1.5h time-frame in a
closed system thus limiting the risk of contamination and
making it relatively safe [16].

The rat is most commonly animal model for PD due to the
analogous morphological and biological penile characteristics
with humans. In addition, this animal model presents with low
costs for purchase and maintenance. More important, Biva-
lacqua et al. showed that injection of the TGFb1 in penile rat
induced PD-like changes including erectile dysfunction [17].

In our recent study we showed that SVF are able to
prevent TA fibrosis formation in a rat model of early
phase of PD [18]. In the current study, we investigated the
antifibrotic effects of a local injection of SVF after
establishment of TA fibrosis in a validated rat PD model.

Methods
Ethical approval

All experiments on animal tissues were approved by
the ethics committee of University of Leuven (P 272/2014).
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We calculated a sample size of 18 considering 3 groups (6
animals for each group), a statistical power of 0.9, effect
size d: 2, alpha level 0.05 (G*Power 3.1).

Animals

Male Sprague-Dawley rats (n = 18; 12 wk. old; 300-350
g Charles River Laboratories, Wilmington, MA, USA)
were used. Rats were housed in pairs under 12-h reversed
cycle lighting with ad libitum access to food and water.
Intraperitoneal ketamine (75 mg/kg) and xylazine (50
mg/kg) were used for anaesthesia for the surgical pro-
cedure. Amoxicillin (50 mg/kg intraperitoneally) was
administered 1h prior to the surgical procedures as
prophylaxis. Rats were euthanized using carbon dioxide
asphyxia.

Isolation of SVF

Animals underwent resection of the para-testicular adi-
pose tissue through abdominal midline incision as pre-
viously described [19]. The adipose tissue was rinsed
with PBS, minced into small pieces, and then incubated
in a solution containing 0.075% collagenase type IA
(Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 37°C
with vigorous shake for 15 s in 20-min intervals. The top
lipid layer was removed, and the remaining liquid portion
was centrifuged at 1000 x ¢ for 10min at room tem-
perature. The cells were then washed, centrifuged, and
the pellet was resuspended in saline. The nucleated cells
from the pellet were counted and diluted to 5000 cells per
pl in saline, of which 200 pul were kept on ice until
injection [19].

Study design

Rats were not-randomly divided into 3 equal groups.
The sham group (n=6) underwent injection of 50-ul
vehicle (citrate buffer) in the dorsomedial aspect of
the right midshaft TA with a microliter syringe after
opening the Buck’s fascia as previously described.
The remaining 12 animals were injected with recombinant
0.5 pg of transforming growth factor (TGF)- Bl in 50-pl
vehicle [20]. After 1 month, all rats underwent to
resection of the para-testicular adipose tissue and received a
second identical TA injection with either phosphate
buffered saline (PBS; sham and PD group) or autologous
SVF in PBS (1 million cells in 200 pl) (PD-SVF group).
after the treatment, 6 rats per
group underwent in vivo erectile function evaluation
after which the animals were euthanized, and the penises
harvested for histological analysis and for protein

Four weeks second

extraction.
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Fig. 1 Erectile function measurement: Summarized data comparing
erectile function measurements in sham PD rats and rats treated with
PD-SVF at various voltages during cavernous nerve electrostimula-
tion. a Intracavernous pressure (ICP). b ICP normalized over mean

Erectile function measurement

Intracavernous pressure (ICP) response to electrostimula-
tion of the cavernous nerve (CN) was used to evaluate
erectile function [20]. Briefly, under anaesthesia, the right
CN was exposed and the right crus of the corpus caverno-
sum was identified and cannulated with a heparinized (200
U/ml) 25-G needle connected to a pressure transducer. The
CN was activated (2.5, 5, and 7.5 V) by platinum electrodes
connected to a stimulator at 20 Hz for 60 s. The nerve was
stimulated once per voltage, and a resting period of 2 min
was allowed for nerve recovery between stimulations. Mean
arterial pressure (MAP) was recorded by carotid artery
cannulation.

Histological analysis of tissue

The penile midshaft at the level of the injection site was
harvested, fixed, and further processed for histology. Hae-
matoxylin and eosin and Masson’s trichrome staining pro-
cedures were performed according to a standard protocol
previously described [21].

Western blot analysis

Western blot was performed as previously described [21-
23] for the detection of collagen I, collagen III, and elastin
proteins at the level of the penile midshaft.
Glyceraldehyde-3-phosphate  dehydrogenase or Beta-
Actin were used as an internal standard. Primary anti-
bodies were Rb Anti-Collagen III (Abcam Inc., Cam-
bridge, MA, USA), Ms Anti-Elastin (1:500, Abcam Inc.,
Cambridge, MA, USA) and Rb controls against Beta-actin
(B-actin) (1: 1000 Abcam Inc., Cambridge, MA, USA),
Rb Anti-Collagen I (1:500; Abcam Inc., Cambridge, MA,
USA) [22].
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arterial pressure (MAP). +p < (.05 versus both SHAM and PD-SVF in
analysis of variance with post hoc Student-Newman-Keuls analysis

Statistical analysis

The results were analysed using Prism v.4 (GraphPad
Software, San Diego, CA, USA) and expressed as mean
standard deviation of the mean. Multiple groups were
compared using one-way analysis of variance followed by
the Student-Newman-Keuls test for posthoc comparisons.
Statistical significance was set at p <0.05.

Results

No animals died during the experiment. No Major com-
plication happened.

Erectile function

No significant difference was noted in ICP and ICP/MAP
values between the three groups at 2.5, 5 and 7.5 volts (p >

0.05 for all voltages) 4 weeks after vehicle or SVF injection
(Fg. 1).

Histological and western blot analysis

Rats injected with TGF- Bl (PD group) displayed a
minimal deposition of amorphic matrix and a haphazard
organization of collagen fibers in the TA which did not
extend into the subtunical corpus cavernosum (Fig. 2).
These morphologic results were corroborated by quanti-
tative Western blot analysis, which revealed an increased
protein content of collagen IIT and elastin compared to the
sham group (p < 0.05 for both) (Fig. 3). In the SVF group,
the overall structure of the TA and collagen III expression
of the penile shafts were comparable to those of sham rats
(Fig. 3). Collagen I/III ratio was higher in PD-SFV group
comparing with the PD group (p: 0.02) (Fig. 3). Penile
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Fig. 2 Histology: Representative photomicrographs of Masson’s tri-
chrome and hematoxylin and eosin (H & E) staining in midshaft
sections of rat penises at magnification x10, x20, and x40. a H & E
staining on sections from a Sham rat and (b) corresponding Masson’s
trichrome staining on an adjacent section from the same rat. ¢ H & E
on sections from a PD rat and (d) comesponding. Masson’s trichrome
staining on an adjacent section from the same rat. ¢ H & E sections
from PD-SVF rat and (f) corresponding Masson’s trichrome staining
on an adjacent section from the same rat. Note the open cavernous

shafts from SVF-treated rats showed no significant dif-
ferences in elastin expression compared to the sham and
PD (p=>0.05). No significant differences in collagen I
expression were noted between the three groups.

Discussion

The French Surgeon Francois de la Peyronie (1678-1747)
first described PD describing the a series of patients with
“rosary beads of scar tissue” [24]. PD is a relatively
unknown condition, although recent studies suggest that it
may occur in up to 9% of the male population [25]. Because
of its impact on male sexual health, it can result in severe
physical and psychological morbidity;[5] men may develop
penile pain and curvature that may preclude sexual inter-
course and reduce pleasure, with detrimental impacts on
partner relationships. The pathology of the PD plaque has
been investigated by several in vivo and in vitro studies.
According to the available information, it is clear that
fibrosis is the principal pathological component, combined
with fibrin accumulation and different of inflammation
degrees [1, 26-28].

The development of PD consists of an active and a
chronic phase [5]. Compromised balance of the inflamma-
tory factor production during the active phase causes
abnormal wound healing, which in the chronic phase of PD
results in collagen-elastin deposits and calcifications [1].

SPRINGER NATURE

sinusoids in the sham rats (*) and the surrounding pormal bilayered
structure of the tunica albuginea (#). In PD rats, there is deposition of
amorphic extracellular matrix material ($) with scattered high numbers
of cells (>), which are expected to be fibroblasts based on their spindle-
shaped morphology and relationship with the extracellular matrix. In
PD-SVF RAT, there is an increase in extracellular matrix deposition
(+); however, collagen fibers seem better organized and sinusoid
structure 1s largely preserved

Fibrosis has been considered an inactive process, pre-
cluding organ regeneration [1, 29]. However, in the last few
decades, this perception has changed. Today, it is clear that
fibrosis is not static nor iireversible, but instead the con-
sequence of an incessant remodelling that makes it subject
to therapeutic intervention [1]. The most important chal-
lenge in fibrosis is to halt fibrogenesis and reverse estab-
lished fibrosis without delaying wound healing process.
Consequently, our increased understanding of fibrosis, its
dynamics, and the potential of fibrotic microenvironments
to reverse holds promise for the development of highly
specific antifibrotic therapies. Stem cells (SCs) have been
well known for their ability to differentiate to several types
of cell populations [30, 31]. However, this ability is not the
only feature that makes these cells appealing for therapeutic
application. The secretions of a broad range of paracrine
factors by SCs includes growth factors, cytokines, chemo-
kines and even functional small RNAs via extracellular
vesicles, which allow these cells to influence and modify
their host environment, especially during, and early after
injury to the tissue [1, 30, 31]. In recognition of these
unique properties, there is an increasing body of evidence
for the role of SCs as potential treatment strategy to alle-
viate fibrosis [2, 4, 29, 32]. In particular, mesenchymal stem
cells (MSC) and SVF have been a popular SC type in this
context [1].

Although the exact MSC anti-fibrotic mechanisms
remain to be clanfied, the principal theory is that they act as
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Fig. 3 Western blot analysis for collagen III, Collagen I and elastin. a
Representative chemiluminescence images of blotted membranes
containing protein extracts of all three groups. Double bands are due to
binding of antibodies to glycosylated and nonglycosylated forms of
these molecules. b Collagen I and III expression ratio *p <(.05
versus both Sham and PD-SVF in analysis of vanance with post hoc
Student-Newman-Keuls analysis. ¢ Summarized protein expression

a “drug-store”, affecting several pro-fibrotic factors simul-
taneously [33]. Most preclinical studies showed that MSCs
act through immunomodulation [1]. Another postulated
mechanism is the induction of pro-fibrotic phenotypical
changes in host fibroblasts, myofibroblasts and smooth
muscle cells [34]. Nonetheless, definitive responses are not

Collagen Il / B-actin

levels for elastin *p < (.05 versus Sham in analysis of variance with
post hoc Student-Newman-Keuls analysis. d Summarized protein
expression levels for Collagen I versus both PD-SVF and Sham in
analysis of variance with post hoc Student-Newman-Keuls analysis. ¢
Summarized protein expression levels for Collagen III **p<0.05
versus both Sham and PD-SVF in analysis of variance with post hoc
Student-Newman-Keuls analysis

yet available, and further studies focusing on the mechan-
isms of action are ongoing.
Our results provide novel evidence that autologous adi-
pose SVF reduces collagen III in a rat model of chronic PD.
To date, 5 preclinical studies [18, 20, 35-37], using the
TGEF-p1 PD rat model, have evaluated the efficacy of locally
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TA ADSC injection. In two of our previous studies, we
showed that in the acute PD phase, local injection of human
ADSC (hADSC) or SVF prevents the collagen III and
Elastin TA accumulation [18, 20]. In these studies, we
injected the hADSC or autologous SVF 1day after the
TGF-p1 treatment aiming to mimic the early phase of the
disease [18, 20]. Our results were in line with the two
preclinical studies performed by Gokee et al [36, 37]. Both
these studies showed that TA injection of ADSCs was able
to prevent rat TA fibrosis induced by TGF-f1. Despite the
promising results of these studies [20, 36, 37], it 1s known
that only a small portion of PD patients present in the early
phase of the disease. For this reason, we explored, in
another our recent preclinical study, the efficacy of hADSC
in a rat model of chronic PD [35]. In this study [35], we
injected the hADSC 1 month from TGF-p1 injection. 6 days
following injection of TGF-p1, the PD rat showed on his-
tological analysis, less fibrosis than detected after 1 month
in the previous study [22]. Furthermore, there was no cor-
pora cavernosa fibrosis and erectile function impairment in
the PD group compared with the sham rats. hADSC therapy
was able to reduce the expression of TA collagen III but had
no effect on collagen I and elastin expression [35].

In the current study, we aimed to assess the efficacy of
SVF in the chronic phase of PD using the same animal
model and the same study design of our previous experi-
ment [35].

In chronic PD rat, no clear fibrotic plaques were detected
on histological analysis. This results were confirmed by our
previous study using the same animal model [35]. These
data demonstrate that the fibrotic plaques in the TA tend to
partially regress spontaneously after 60 days in the TGF-p1
rat model of PD, which clearly is a limitation of the used
animal model. Furthermore, in contrast to the previous
study using the acute model of PD [22], we did not detect
any significant corporal fibrosis. This may explain the lack
of erectile function impairment in the PD group compared
with the sham rats. These data were in contrast with the
results of Gokce et al [36, 37]. In these studies, the PD
animals showed erectile dysfunction and the presence of
clear TA fibrotic plaque after 45 days the injection of TGF-
B. In the present study, we show that late SVF therapy is
able to reduce the expression of collagen III but has no
effect on the collagen I and elastin expression with a sig-
nificant change in Collage I/1I ratio. Type III collagen is a
fibrillar collagen and it is secreted by fibroblasts and other
mesenchymal cell types. It is secreted mainly during the
wound healing process and it is one of the major players in
several inflammation-related diseases such as lung injury,
liver and renal fibrosis [4, 38, 39]. In the ECM, type III
collagen constitutes the major part of the interstitial matrix
together with type I collagen with a type I/III ratio of 2:1
[40]. During the early phase of wound healing, the type III
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collagen, act as a scaffold for fibroblast attachment. As
consequence, initial granulation tissue contains mostly type
Il collagen and only a minor quantity of collagen I [41].
As wound healing progresses, this ratio 1s changed, leading
to a type /I ratio of 1:2 [2, 4, 40]. The change in
immature type I collagen may result in loss of tensile
strength [40]. This shift is detected in many disorders such
hypertrophic scars due to an amplified expression of type
II pro-collagen mRNA [40]. Based on our study, SVF can
restore the normal Collagen I/III ratio in an established TA
fibrosis.

This study has inherent limitations including a lack of
characterization of the injected cell types. However, others
studies, using a similar isolation protocol, have examined
the exact composition of SVF [9, 42-45]. More impor-
tantly, the evidence that the fibrotic plaques of TA tend to
partially regress spontaneously after 60 days represents an
important limit of the animal model which has been
underreported in the literature.

Conclusion

Local injection of SVF in a rat model of chronic PD sig-
nificantly decreased collagen III concentration in the TA.
Further animal and clinical studies are needed to confirm the
promising translational potential of this treatment strategy.
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