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ABSTRACT

Erectile dysfunction (ED) is one of the most common conditions affecting the sexual lives of middle-
aged and older men. The pathophysiology of penile erection is rather complex and concerns many
specialists, such as andrologists, urologists, endocrinologists, and cardiologists. Recently, there has
been a significant increase in our understanding of ED, detailed up to the gene and molecular
level. Therefore, treatments for this disease are also more advanced and comprise numerous novel
medications and therapies such as oral medications with phosphodiesterase type 5 inhibitor and
modern penile prosthesis implantation. However, these therapeutic approaches have an impact
in relieving the symptoms of ED and have not thoroughly resolved their reasons. Regenerative
therapeutics including intracavernosal injection with platelet-rich plasma and stem cell therapy
have gained considerable attention because of their ability to generate new penile tissue as well
as reverse ED. The use of these novel ED treatments is emerging due to their safety and long-term
efficacy based on substantial preclinical evidence. However, only a few clinical trials have been con-
ducted and demonstrate promising outcomes. This article will briefly review the scientific evidence
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on these regenerative therapeutics for ED.
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INTRODUCTION

The four sequential phases in the sexual response cy-
cle consist of desire, arousal, orgasm, and resolution.
Erectile dysfunction (ED) is a disorder of the arousal
phase and can be defined as the “inability to attain
and/or maintain an erection sufficient for satisfactory
sexual intercourse”!. An estimated 152 million men
were affected by ED worldwide in 1995, and this fig-
ure is expected to increase to 322 million men by
20252, According to the Massachusetts Male Aging
Study (MMAYS), the prevalence of ED was 52% in non-
institutionalized men aged 40 — 703. The prevalence
of ED increases as men age, and about 20-30% of
adult men have at least one episode of sexual dys-
function®®. Almost two-thirds of married men re-
ported experiencing symptoms of ED, and one-third
reported having a low quality of life due to ED®.

The etiology of ED is quite complicated. Chronic co-
morbidities, vascular and metabolic syndromes, con-
ditions of the nervous system, hormonal issues, med-
ication use, psychological disorders, substance abuse,
and certain sociodemographic factors are commonly
associated with ED?. Diabetes, cardiovascular dis-
ease, and hypertension are all linked to an increased
risk of ED and, as a result, a reduction in libido. The
number of patients undergoing radical prostatectomy

(RP) due to localized prostate cancer has also been
gradually increasing, leading to an escalating propor-
tion of patients with postoperative ED. Additionally,
several localized diseases may have a relation to ED,
such as Peyronie’s disease (PD), which is character-
ized by plaque formation in the tunica albuginea!°.
Based on etiology, ED can be classified into organic,
psychogenic, and mixed ED ! (Table 1). Erection is
a neurovascular event that simultaneously involves
neural integrity, a functional vascular system as well
as healthy cavernosal tissues. An erection is estab-
lished by three synergistic and synchronized phenom-
ena: sinusoidal relaxation, arterial dilation, and ve-
nous compression. The corpora cavernosa, which
consists of sinusoids covered by a layer of endothelial
cells (ECs), a multilayer of cavernous smooth mus-
cle cells (CSMCs), and the cavernous nerves (CNs),
plays an integral role therein. ECs actively regu-
late basal vascular tone and vascular reactivity, re-
sponding to stimuli by releasing numerous relaxing
and contracting factors that are inherently in equi-
librium in the normal state. The contractile systems
(RhoA/Rho-kinase, «a-adrenergic, endothelin, an-
giotensin, and thromboxane A2) oppose the vasodila-
tory second-messenger systems (adenylate cyclase-
cyclic AMP and guanylate cyclase-cyclic GMP) and
participate in controlling cavernosal smooth muscle
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Table 1: Classification of erectile dysfunction?

Organic

Vasculogenic

Arteriogenic

Cavernosal

Mixed

Neurogenic

Anatomic

Endocrinologic

Psychogenic

Generalized

Generalized unresponsiveness

Primary lack of sexual arousability
Aging-related decline in sexual arousability
Generalized inhibition

Chronic disorder of sexual intimacy
Situational

Partner related

Lack of arousability in specific relationship

Lack of arousability owing to sexual object preference

High central inhibition owing to partner conflict or threat

Performance related

Associated with other sexual dysfunction/s (eg, rapid ejaculation)

Situational performance anxiety
(eg, fear of failure)
Psychologic distress related or adjustment related

Associated with negative mood state (eg, depression) or major life stress (eg, death of partner)
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Figure 1: cGMPpathway for relaxation of smooth muscle®. NO from nerves and endothelial cells infiltrates
into smooth muscle cells then binds to guanylyl cyclase that catalyzes the formation of 3'-5'-cyclic guanosine
monophosphate (cGMP) from guanosine 5'-triphosphate (GTP). cGMP activating cGMP-dependent protein kinase
(PKG) that leads to phosphorylate several proteins. These reactions reduce intracellular calcium levels and result

in the relaxation of arterial and smooth muscles. https://doi.org/10.6084/m9.figshare.16863451.v1
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Nitric oxide (NO), the principal medi-
ator of relaxation systems, is released from nona-
drenergic/ noncholinergic (NANC) neurons and the
endothelium. Two forms of NO synthase (NOS),
nNOS and eNOS, are derived from the nervous sys-
tem and endothelial cells, respectively. While nNOS
is responsible for the initiation of corporal smooth
muscle relaxation, eNOS drives the maintenance of
smooth muscle relaxation and penile erection. Sex-
ual stimulus provokes neural pathways, causing NO
When NO

interacts with guanylyl cyclase, the enzyme under-

to be released straight into the penis.

goes a conformational shift, resulting in the catalytic
synthesis of 3’-5’ cyclic guanosine monophosphate
(cGMP) from guanosine 5’ triphosphate. cGMP trig-
gers penile erection by activating cGMP-dependent
protein kinase (PKG), which in turn phosphorylates
several proteins. The cascade of reactions causes a
decrease in intracellular calcium levels and the con-
sequent relaxation of arterial and trabecular smooth
muscle, leading to arterial dilatation, venous constric-
tion, and the rigidity of penile erection. Phosphodi-
esterase type 5 inhibitors (PDE5i) impact this path-
way $919.20(Figure 1).

Currently, several therapeutic approaches have
demonstrated their efficacy and are recommended in
guidelines, categorized into three lines of treatment
(Figure 2): lifestyle modifications, oral medications
with PDE5i, intracavernosal injection (ICI), vacuum
device, and penile prosthesis implant!?. Although
the majority of ED patients can be treated with these
medications and devices, approximately 20% of ED
cases respond poorly to treatment?2.  Alternative
therapies have been studied recently; low-intensity
extracorporeal shock wave therapy (LiSWT) was also
conditionally recommended in the recent guide-
lines of both the American Urological Association
(AUA) and the European Association of Urology
(EAU) 1123 Besides this, the AUA and Sexual
Medicine Society of North America (SMSNA) have
mentioned intracavernosal stem cell therapy (SCT)
and autologous platelet-rich plasma (APRP) therapy,
which are novel regenerative therapeutic approaches
for the management of ED2324  However, these
therapies continue to be investigational due to limited
evidence.

Generally, regenerative therapeutics used for the
treatment of ED and a significant number of other
diseases are based on the concept of functional and
structural restoration of damaged tissues and cells by
replacement with or regeneration of new cells. In-
tracavernosal SCT and APRP therapy have gained at-
tention in research, with both preclinical and clinical

studies being conducted. Therefore, this article aims
to review the current advances in these regenerative
therapeutics for ED.

APRP FOR THE TREATMENT OF ED

Platelet-rich plasma (PRP) is an autologous product
obtained from whole blood that contains around 1
million platelets/uL in 5 mL of plasma26. Platelet re-
leasates, which include adhesion proteins, angiogenic
factors, chemokines, clotting factors and inhibitors,
integral membrane proteins, immunological media-
tors, and other active molecules, play a fundamen-
tal role in homeostasis, tissue regeneration, vascular-
ization, and wound healing. Growth factors within
platelet o-granules include platelet-derived growth
factor (PDGF), insulin-like growth factor (IGF), vas-
cular endothelial growth factor (VEGF), platelet-
derived angiogenic factor (PDAF), and transforming
growth factor-beta (TGF-f3) (Table 2) 27 Numerous
substances such as thrombin, calcium chloride, or
collagen can activate platelets, causing the release of
these growth factors. Cryopreservation and freeze-
drying are excellent methods for storing PRP with
a stable baseline level of growth factors and biologi-
cal activities for long periods. Besides, as a platelet-
derived biomaterial, platelet-rich fibrin (PRF) pro-
duces a more solid-like gel structure with the fibrin
network and was proven to be effective in some con-
ditions?8.

PRP is a product derived from hematology and was
first applied in the 1970s to concentrate platelets
for transfusion to treat thrombocytopenia patients?®.
Ten years later, PRP began to be used in maxillofacial
surgery as a PRF product. PRP’ anti-inflammatory
effects boosted cell proliferation, and fibrin had the
potential for adhesion and homeostatic capabilities.
In the musculoskeletal field, PRP therapy has mostly
been used to treat sports injuries. As a result of its
use in professional athletes, it has received substan-
tial media attention and is widely used in this field.
Other medical fields also utilize PRP therapy based on
a variety of in vivo/in vitro studies, including cardio-
thoracic surgery, pediatric surgery, plastic surgery,
neurosurgery, gynecology, urology, and ophthalmol-
ogy. Lately, the use of PRP in dermatology has gained
more interest due to its capacity for tissue restoration,
wound healing, scar revision, skin rejuvenation, and
alopecia treatment 28,

Regarding urology, scientists have started to evaluate
the effect of PRP on many clinical conditions such as
ED, stress urinary incontinence (SUI), and PD. The
initial outcomes of this therapy indicated feasibility
and safety. Matz et al. examined the efficacy and
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Figure 2: Algorithm of managing ED '°. Patients with a chief complaint of ED are under-investigated medical
history, physical examination (psychosexual factors and cardiovascular disease evaluation), and laboratory tests.
The first-line therapy includes lifestyle modification, oral therapy with PDE5i, and testosterone supplementation if
the hormone is deficient. Intraurethral or intracavernosal alprostadil and vacuum erection devices are considered
as the second-line treatment if patients respond poorly to the first-line. The final treatment for refractory ED is
penile prosthesis implantation — the third-line therapy.

PEx: Physical examinaton, CVD: coronary vascular disease. https://doi.org/10.6084/m9.figshare.16863454.v1

Table 2: Summary of the regenerative functions of some growth factors contained in APRP 2125

APRP growth factor Functions

Vascular endothelial growth factor  Angiogenesis, cell proliferation and migration of endothelial and stem cells
(VEGF)

Basic fibroblast growth factor (bFGF) ~ Myogenesis, VEGF system regulation, activation of endothelial cells prolifera-

tion, vessel maturation

Insulin-like growth factor (IGF) Neurite growth, restoration of smooth muscle cells integrity; migration and pro-
liferation of endothelial cell progenitors

Platelet-derived ~ growth  factors  Angiogenesis, proliferation and migration perivascular cells
(PDGF)

Interleukins (IL): IL-2 and IL-8 Immunomodulation and recovery in muscle and wound injury
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Figure 3: Mechanism of SCT for the treatment of ED 2’

. Stem cells (SC) including adipose-derived stem cells

(ADSC), bone marrow-derived stem cells (BMSC), urine-derived stem cells (UDSC), induced pluripotent stem cells
(iPSC) were studied for the treatment of ED. These SC had immuno-modulatory and anti-apoptotic impact to repair
and regenerate the injury of penile nerves or muscle. Growth factors enriched from SC such as vascular endothelial
growth factor (VEGF) and brain-derived neurotrophic factor (BDNF) promoted angiogenesis and nerve fibes regen-
eration. The upregulation of NO synthetase effect reduced fibrosis and increased smooth muscle cells in corpus
cavernosum. Regulating through stromal-cell derived factor (SDF)/CXCR4 chemokine receptor complex mediated
pathway enhanced SC mobilization, proliferation and differentiation into nerves and endothelial cells. These ef-
fects improved even penile structure and function (increase mean maximal intracavernosal pressure/mean arterial
pressure — ICP/MAP). https://doi.org/10.6084/m9.figshare.16863457.v1

safety of PRP therapy in the form of a platelet-rich
fibrin matrix product in 17 patients with ED, PD, ED
+ PD, or SUL Four men with ED were given ICI, 11
underwent injection directly in PD plaques under ul-
trasound guidance, and one female with SUI was sub-
mucosally injected through cystoscopy. No major ad-
verse events were reported. While efficacy was ob-
served, including a reduction in subjective curvature
in four out of five men with PD and a minor im-
provement in the ED questionnaire, the sample was
too small to enable meaningful statistical analysis or
conclusions®?. For SUT, Nikolopoulos et al. hypothe-
sized that the biological “adhesive, healing and hemo-
static” effects of PRP might resolve the pubourethral
ligament defects that lead to SUL Several pilot stud-
ies trialed the local injection of autologous PRP for
treating SUI, injecting into the anterior vaginal mu-
cosa around the patients mid-urethra or the exter-
nal sphincter. The findings revealed a satisfactory re-
sponse post treatment, with improvements in symp-
tom scores and urodynamic parameters as well as

bladder function post treatment>!.

For the treatment of PD, an acquired penile disorder
characterized by benign changes primarily to the tu-
nica albuginea, a single study recently reported ro-
bust evidence, using a combination of APRP and
hyaluronic acid for the treatment of 90 patients with
PD. Both penile deformation and the thickening of
the tunica albuginea significantly decreased after four
treatment sessions with the combination of PRP and
hyaluronic acid injection into the tunica albuginea.
The authors strongly recommended this fully natural
treatment as a first-line treatment for PD32. Mean-
while, there is substantial evidence demonstrating the
link between PD and ED.

The most robust data from the ED literature comes
from research using animal models?’. Studies were
performed in rodents with ED-associated diabetes
mellitus, bilateral CN injury, and hyperlipidemia.
Emerging evidence suggests that neuropilin ligands
and growth factors, such as insulin growth factor-
1 (IGF-1), PDGE and VEGF have a positive effect
on neural regeneration and the upregulation of neu-
ronal NO synthetase as well as the recovery of erec-
tile function after CN injury33-36. A study showed

4624



Biomedical Research and Therapy, 2021; 8(10):4620-4633

that the high level of PDGF in PRP aided the recov-
ery of erectile function when injected directly into
the corpus cavernosum of a rat with bilateral cav-
ernous injury. Moreover, the concentration gradi-
ents of TGF and PDGF primarily elevated the pro-
cess of wound healing and induced the release of
other growth factors as well as the production of ex-
tracellular matrix. Collagen synthesis, angiogenesis,
chemotaxis, and collagen breakdown protection were
all boosted by PDGF and TGE, resulting in tissue re-
generation. Ingman et al. suggested that a TGF beta
1 null mutation may induce ED through its role in al-
tering the structural integrity of the penile skin and
impairing tissue. IGF-1 enhances neurite outgrowth
and VEGF promotes angiogenesis, which could be
the mechanism underlying the effect of PRP in the
treatment of ED. Scientists reported that the animal
group with CN injury treated with PRP had a signif-
icant improvement in mean maximal intracavernosal
pressure (ICP) and maximal ICP/mean arterial pres-
sure (MAP) compared with the controls. In terms
of the histology of penile tissue, more myelinated ax-
ons in the CN and more nicotinamide adenine dinu-
cleotide phosphate-positive nerve fibers were seen in
the group that received PRP injection 3.

Despite good evidence regarding PRP therapy in an-
imal models, sample sizes are limited and it is ac-
knowledged that clinical effects may vary depending
on dose, preparation method, and administration 37,
A clinical study investigated the action of growth fac-
tors in APRP used for ED treatment and revealed that
the mechanism of erectile function recovery is based
on the active substances in APRP, i.e., FGF-basic,
PDF-AA, PDF-BB, VEGF, VEGF-D, and FGF-acid *®.
Another study found that PRF matrix (PRFM) injec-
tion is well-tolerated and feasible for the treatment of
common urologic conditions including ED, PD, and
SUI30. The results showed an improvement in the
International Index of Erectile Function (IIEF) score
of an average of 4.14 points after PREM injection.
Ruffo et al. reported that the patient group treated
with a combination of LISWT and autologous PRP for
ED had improved IIEF scores and peak systolic ve-
locity (PSV) of the cavernosal artery compared with
the group treated with only LISWT after 12 weeks of
follow-up3®. Another prospective study on treatment
with intracavernous PRP in 31 patients reported a sig-
nificant improvement in IIEF-Erectile Function do-
main values (18 vs. 20, p < 0.01) and sexual satisfac-
tion scores (6 vs. 8, p=0.02) compared with the previ-
ous procedure 40 The results of the first single-center,
double-blind, randomized controlled trial evaluating
the efficacy and safety of autologous PRP injection in
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patients with mild and moderate ED were recently
published. Sixty sexually active patients were ran-
domly divided into two groups. Group 1 (n = 30)
was assigned two sessions, 1 month apart, of 10 ml
PRP and Group 2 (n = 30) received placebo. At the
6-month follow-up, a higher number of patients in
the group receiving PRP were satisfied compared with
those receiving placebo. Additionally, the proportion
of patients achieving the minimal clinically impor-
tant difference in the ITEF-Erectile Function domain
score from baseline was higher in the group treated
with PRP than in the placebo group (69% vs 27%, p
< 0.001). Furthermore, no significant adverse events
were reported 4!, The positive initial outcomes of this
trial revealed the scientific foundation of the applica-
tion of PRP for ED; nonetheless, these findings are
based on only a single center with a specific PRP sep-
aration system. Therefore, it is crucial to design mul-
ticenter studies with a large number of samples to ad-
equately demonstrate the efficacy of PRP therapy for
ED.

Numerous factors contribute to the pathophysiology
of ED, and a significant proportion of cases results
from endothelial dysfunction secondary to inflam-
mation*2. Thus, the most common mechanism un-
derlying ED treatments aims to improve endothelial
function through the augmentation of the NO path-
way43. The target of PRP therapy is to regulate the
inflammatory response and promote tissue regener-
ation. Of note, it has been acknowledged that the
biological properties of PRP may vary depending on
dose, preparation method, and administration.
Although APRP is not FDA-approved, it can be legally
used off-label by clinics in the USA for musculoskele-
tal indications as well as other indications including
ED. Currently, a variety of commercial products are
available for PRP separation, such as JP200 (BS Med-
ical Co, South Korea), GLO PRP (Glofinn America
LLC, USA), Magellan Autologous Platelet Separator
System (Isto Biologics, USA), and SELPHYL (Factor
Medical LLC, USA). These commercialized PRP ther-
apies are marketed as the Priapus shot or “P-shot” and
are widely used for the treatment of ED by numerous
clinics worldwide. The treatment of ED with APRP
is currently registered with the US Patent and Trade-
mark Office as a “service mark’, delineating a specific
protocol for application in this setting. According to
Scott et al., PRP therapy is already in use in 19 coun-
tries, with 683 providers. Despite limited clinical ev-
idence, numerous clinicians worldwide have adver-
tised the dramatic effects of PRP therapy in improving
erectile function via social media and web-based plat-
forms for commercial purposes; however, these can-

not be considered trustworthy sources>”.
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Table 3: Summary of clinical trials of SCT for ED

Study Population Source Time of Type of study Outcomes
(n) follow-up
Bahk et al. (2010)% Type 2 DM Umbillical cord-derived 9 mo Phase I single- 6/7 morning erection by the 3 mo and maintained for more than 6
(n=7) SC blind study mo
Haahr et al. (2016)%° Post-RP Adipose-derived 6 mo Open-Label Well-tolerated, minor adverse events
(n=17) regenerate cells Phase I, single- 8/17 recovered erectile function
arm study 8/11 continent men recovered erectile function
Median IIEF-5 score increased (7 to 17)
Haahr et al. (2018)%6  Post-RP Adipose-derived 12 mo Open-Label No serious adverse events
(n=21) Phase I, single- 8/15 continent patients (53%) improved erectile function
regenerate cells ] o .
arm study No improvements in incontinent group
Levy et al. Non-respondersto  Placental-derived SC 6 mo Phase I/II Increase in PSV after 3 mo, 6 mo
(2016)4” PDES5I No change in EDV, stretched penile length, penile width, and IIEF
(n=28) scores
Yiou et al. (2016)48 Vasculogenic post- BM-MSC 12 mo Phase I/11 No serious side effects
RP ED 6mo: improve intercourse satisfaction, erectile function, domains
(n=12) of the ITEF-15 and Erection Hardness Scale (EHS)
Improve PSV and % NO release test and sustained after 1 yr
Yiou et al. (2017)4° Post-RP BM-MSC Mean 62.1 Phase I/1I No serious side effects
(n=18) mo 6mo: improve IIEF-15 intercourse satisfaction vs. baseline and
erectile function domains
Mean follow-up 62.1 mo: erectile function scores were slightly
lower compared with the 1-y time point
Demour et al.(2018)°  Type 2 DM BM-MSC Safety 24 Phase I open No significant adverse effects
(n=4) mo label Improve IIEF-15 and EHS; erectile function, sexual desire, inter-
Efficacy: 12 course satisfaction, and overall satisfaction
mo

Continued on next page
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Table 3 continued

Study Population Source Time of Type of study Outcomes
(n) follow-up
You et al. (2019) 5, Post RP (n = 5), BM-MSC 12 mo Phase I open At 30 d, improve mean IIEF score post treatment vs baseline. No
DM ascociated ED label severe adverse events associated the treatment
(n=5)
Protogerou et al. OrganicED (n=8) Group A: ADSC and 3 mo Phase I open No severe adverse reactions
(2019)2 Platelet Lysate Plasma label, single Improved erectile function
Group B: Platelet Lysate center,pilotstudy  No significant difference between group A and B
Plasma alone All patients improved penile triplex and increased morning erec-
tions
Protogerou et al. Organic ED ADSC and Platelet 6 mo Phase I single Improve IIEF-5 scores, PSV in all patients, EDV was more variable
(2020)3 (n=5) Lysate Plasma center pilot study
Phasel No side effects
Bieri et al. (2020)%4 PDES5i- BM-MSC (Caverstem) 12 mo Minor adverse effects: short-term bruising
unrespossive Improve IIEF scores in group receiving Caverstem 1.0 low dose,
ED high dose and Caverstem 2.0 vs baseline that peaked by 3 mo and
(n = 40) maintained at 6 mo

No change in doppler ultrasound and cavernosmetry

Abbreviations: ADSC: Adipose-derived stem cells, BM-MSC: Bone marrow-derived stem cells, d: day, DM: Diabetes, EDV: End Diastolic Velocity, EHS: Erection Hardness Scale, IIEF: the International Index of Erectile Function,
Mo: month, PSV: Peak Systolic Velocity, RP: radical, y: year
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POTENTIAL OF SCT FOR IMPROVING
PENILE ERECTILE FUNCTION

SCT was first applied in the 1990s and gradually be-
came a prominent global research trend, being ap-
plied in numerous medical fields for the treatment of
conditions such as hematologic disease, malignancies,
cardiovascular disease, and neurologic disease due to
its anti-inflammatory, restorative, and immunomod-
ulatory effects 55, Stem cells (SC) are pluripotent cells
that can be derived from many sources within the
body. These cells are capable of dividing and differ-
entiating into any cell lineage . Based on the source,
SC can be classified into embryonic SC and adult SC;
embryonic SC comprise the inner cells of a blasto-
cyst and adult SC comprise diverse tissues of a devel-
oped or developing individual. Regarding differenti-
ation potential, embryonic SC are pluripotent, while
adult SC are multipotent. Adult SC can be classified
into hematopoietic, neural, epithelial, and mesenchy-
mal. Among these, mesenchymal SC are widely used
in ED research. These SC types are capable of differ-
entiating into mesenchymal tissues, such as bone, car-
tilage, and fat>’. SCT has tremendous potential for
a wide range of applications; tissue engineering with
SC-based technology has also gained significant inter-
est. SC can be utilized in regenerative medicine, im-
munotherapy, and gene therapy. Preclinical and clin-
ical studies of SC transplantation have shown encour-
aging results regarding the treatment of various con-
ditions such as immunohematologic disorders, type 1
diabetes mellitus, Parkinson’s disease, and heart fail-
ure. Adult SC collection typically consists of at least
three key stages: tissue biopsy to harvest the cells,
ex vivo SC expansion, and SC delivery. The three
different routes of SC administration are direct SC
transplantation, transplantation of differentiated SC
progeny, and tissue engineering®®. In direct deliv-
ery, SC are introduced either locally or systemically
into the body. SC delivery via regional injection re-
sults in their immediate distribution to the affected
area and differentiation into the appropriate cell type.
In contrast, SC homing technology is needed for the
systemic delivery of SC. In spite of this, only 1% of
SC administer through the intravenous route can ac-
tually immigrate to the target tissue. SC engraftment
occurs through paracrine effects and the triggering of
endogenous mechanisms of regeneration, enhancing
the propagation and differentiation of progenitor cells
that can promote the process of tissue recovery>>. Be-
sides, the immunomodulatory functions of SC can
modulate a variety of target cells in the immune sys-

tem”.

The field of urology would also benefit from utiliz-
ing this therapeutic approach for several acute and
chronic urologic conditions such as ED, PD, SUI,
bladder underactivity, bladder outlet obstruction, and
renal failure8. In particular, SCT with the develop-
ment of tissue engineering has also been studied in-
depth for regenerating the components of the geni-
tourinary system. Meanwhile, since ED is becoming
a global public health problem, scientists have begun
to focus on using SCT for this condition. In recent
decades, SCT has progressed significantly, with a large
number of preclinical studies as well as clinical tri-
als in the field of ED. The emerging mechanism for
ED treatment revolves around neuronal preservation
and cytoprotection by the inhibition of cellular apop-
tosis >, ICI of vasoactive agents was proven to be effi-
cacious and safe; therefore, it is the most popular and
appropriate route of SC delivery. SC delivery by in-
jection to the major pelvic ganglia, periprostatic in-
jection with or without intracorporal injection, and
intravenous injection has also been attempted but is
less feasible than ICI. SC regenerate penile tissue by
producing growth factors locally via paracrine effects
or immigration into the major pelvic ganglia; concur-
rently, SC can differentiate into smooth muscle, en-
dothelium, and neuronal tissues (Figure 3). However,
the precise mechanisms underlying SC effects in ED
are not clear so far21>7,

In 2004, Bochinski et al. conducted a pioneering
study on the use of SCT for the treatment of ED in
rodent models. They used embryonic SC for this
study, a very challenging task as establishing rat em-
bryonic SC in culture is difficult. Their research find-
ings revealed that out of the total of 26 male rats, the
group that was administered an ICI of neural em-
bryonic SC into the major pelvic ganglia and cor-
pora cavernosa had significantly higher ICP than the
control group. Observation of neurofilament stain-
ing and NOS-containing nerve fibers in this pio-
neering study also showed amelioration of neuro-
generation or nerve preservation compared with con-
trols®®. Nonetheless, due to the obstacles in estab-
lishing cell cultures and ethical concerns regarding
the use of embryos as a source of SC as well as the
emergence of mesenchymal SC, other sources of SC
have been used to demonstrate the efficacy and safety
of this therapy in preclinical and even clinical studies
of ED. These sources include adipose tissue-derived
SC (ADSC), bone marrow-derived SC and induced
pluripotent SC (iPSC).

ADSC are the most widely used SC type in ED
research given that they are easy to obtain from
abundant tissue sources®!. ADSC can be harvested
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through surgery and direct excision, liposuction in
the trunk and extremities as well as the Coleman tech-
nique for fat tissue transplantation and remodeling.
Therefore, these SC types have more advantages in
terms of harvest, isolation, and expansion. Studies
have been conducted in animal models with ED in-
duced by several conditions such as diabetes, CN in-
jury, and pelvic irradiation. Most studies utilized
ADSCs alone or in combination with other cells or
growth factors. The results demonstrated improve-
ments in erectile function after ICI with ADSC by in-
creasing smooth muscle, collagen, and endothelial as
well as NOS level in the dorsal penile nerve?!. Hou
et al. conducted a meta-analysis of ADSC injection
for ED in rats. The 20 studies analyzed included a to-
tal of 428 rats with ED associated with diabetes melli-
tus, CN injury, tunica albuginea injury, radiation, or
cigarette smoke. The results showed that ADSC ther-
apy aided the recovery of erectile function and regen-
erated cavernous structures in ED rats. These effects
were indicated by a considerable increase in the ratio
of ICP and MAP, levels of nNOS, cavernous smooth
muscle content (CSMC), the ratio of CSMC and col-
lagen, and the cGMP level following ADSC therapy
compared with control therapy. Subgroup analysis re-
vealed that ADSC modified by growth factors or neu-
rotrophic factors significantly improved erectile func-
tion compared with ADSC therapy alone (p < 0.001).
Furthermore, observation of substantial amelioration
in erectile function was reported in the subjects with
more cell transplantation. This study showed that
there was no statistically meaningful difference when
analyzing the sources of ADSC, methods of transplan-
tation, and the cause of ED %2,

Bone marrow-derived mesenchymal SC (BM-MSC)
are a type of pluripotent SC from the mesoderm that
can be another valuable source for developing regen-
erative therapies?!. BM-MSC can be isolated from
the mononuclear fraction harvested by bone marrow
aspiration. Studies on ICI with BM-MSC in diabetic
animals showed good results in terms of increased
content of endothelium and smooth muscle in the
corpus cavernosum and increased expression of the
neural marker nNOS and neurofilament in the dorsal
nerve. Cavernosal tissue with BM-MSC transplanta-
tion was observed to differentiate into endothelial and
smooth muscle-like cells in the corpus cavernosum in
adiabetes-induced ED rat model. Bivalacqua et al. re-
ported that BM-MSC persisted in the corporal tissue
for at least 21 days and did not trigger a noticeable
inflammatory reaction based on histological exami-
nation. BM-MSC have been shown to improve erec-
tile function in aged rats®3. Chen et al. compared the
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therapeutic effects of ADCS and BM-MSC in a dia-
betic ED rat model. The authors found that the group
with ADSC injection showed a more effective recov-
ery of erectile function than the group with BM-MSC
injection. They observed higher ICP and ICP/MAP
ratios and improvements in the expression of eNOS
in the penile tissue of the group with ADSC injection;
additionally, histological analysis showed that ADSC
treatment promoted revascularization of the corpus
cavernosum and reduced penile collagen compared
with the untreated group 4.

Other sources of SC such as iPSC, skeletal muscle-
derived SC (SM-DSC), fetal brain SC, endothelial pro-
genitor cells (EPC), and Wharton’s jelly-derived SC
have also been studied for the treatment of ED, with
encouraging outcomes. According to reports, ICI of
these SC types in a CN injury rat model enhanced
smooth muscle, ICP, and eNOS content, leading to
erectile function recovery?!.

Additionally, certain studies on SC modification have
been conducted wherein SC were transduced or trans-
fected with genes known to encode proteins positively
correlated with normal erectile function. Significant
benefits were only demonstrated through preclinical
data; thus, there is no clinical data on the imple-
mentation of transfected or transduced SC. These ap-
proaches include non-hematopoietic adult bone mar-
row stem/progenitor cells isolated by p75 NGF recep-
tor (p75dMSCs) used in rats with CN injury, AD-
SCs and nerve growth factor (NGF)-incorporated
hyaluronic acid-based hydrogels, and ADSCs and au-
tologous vein grafts, and the results showed that the
SC modification was more effective compared with
typical SCT .

In terms of clinical studies, we searched the United
States National Institute of Health and Pubmed
database using the search teams “stem cell” and “erec-
tile dysfunction” and found several small trials evalu-
ating the efficacy and safety of SCT in patients with
ED®. ICI was utilized to directly deliver SC in all
studies. SC were obtained from a variety of sources
(umbilical cord SC, BM-DMSC, placental-derived
SC, and ADSC), produced by different methods, and
given at different dosages. The research subjects
were typically patients with type 2 diabetes mellitus-
associated ED, post RP ED, or PDE5i-unresponsive
ED. All studies reported no serious side effects and
revealed significant improvements in questionnaire
scores (ITEF and Erection Hardness Score [EHS]) and
penile hemodynamics (PSV and end-diastolic veloc-
ity [EDV]) via ultrasound. Furthermore, no serious
complications associated with the SCT were recorded
(Table 3).
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In 2010, Bahk et al. reported the efficacy of a sin-
gle ICI of allogeneic human umbilical cord blood SC
(UCB-SC) in seven diabetic patients with ED. After
SCinfusion (1.5 x 107 cells), improvements were seen
in penile hemodynamic parameters, libido, and the
decrease of serum glucose without immune suppres-
sion. No significant adverse effects were observed.
Haahr et al. conducted phase I trials to evaluate the
effect of a single-dose ICI of adipose-derived regener-
ative cells (ADRC) in ED patients after RP at 6 and 12
months of follow-up. In both studies, improvements
in ITEF-5 scores were seen among continent men, but
no changes were observed among incontinent men.
Additionally, minor complications related to liposuc-
tion and cell injections were reported.

In 2016, another phase I trial was performed in
eight patients with PDE5i-unresponsive ED who were
treated with a single ICI of placental-derived SC.
Three out of eight patients experienced irritation at
the injection site that resolved after 48 hours. No pa-
tient went on to develop other serious adverse events.
At the 6-week follow-up, PSV ranged from 25.5 cm/s
to 56.5 cm/s; at 3 months, PSV ranged from 32.5 cm/s
to 66.7 cm/s. The increase in PSV was statistically sig-
nificant (p < 0.01)44.

Yiou et al. performed phase I and II studies to
trial BM-MSC for the treatment of post-RP ED (IN-
STIN: IntraCavernous Stem-Cell Injection clinical
trial). Theirs is the first phase II clinical trial of SCT
for ED. In the first phase, autologous BM-MSC were
administered by a single ICI in four escalating doses
(2 x 107,2 x 108, 1 x 10%, and 2 x 10° cells) to 12
ED patients. There were no significant adverse effects
after 6 months. The results showed improvements in
the Intercourse Pleasure (6.8 + 3.6, 3.9 £ 2.5, p <
0.05) and Erectile Function domains (17.2 £ 8.9, 7.3
=+ 4.5, p < 0.05) of IIEF-15 as well as the EHS (2.6 +
1.1, 1.3 £ 0.8, p < 0.05). Clinical benefits were asso-
ciated with improvements in PSV and the % penile
NO release test and maintained at 1 year of follow-up.
The higher doses significantly improved spontaneous
erection. Subsequently, six patients were additionally
recruited in the phase I trial and received a single in-
jected dose of 1 x 10° BM-MSC. No side effects were
recorded and erectile function recovered in a manner
similar to trial stage I. Following a mean follow-up of
62.1 & 11.7 months, ITEF scores decreased compared
with the 1-year time frame. The authors suggested a
need for repeat injections to optimize or maintain the
treatment effects over time 4847,

Additionally, Al Demour et al. studied the effect of
BM-MSC in four diabetes mellitus patients with re-
fractory ED. Two consecutive intracavernous autolo-

gous BM-MSC injections were administered at base-
line and 30 days later. After a follow-up of 12 months
for efficacy and 24 months for safety, none of the pa-
tients experienced significant adverse events. The re-
sults showed considerable improvements in IIEF-15
and EHS scores: IIEF-15 (p = 0.04), Erectile Func-
tion (p = 0.03), Sexual Desire (p = 0.04), Intercourse
Satisfaction (p = 0.04), and Overall Satisfaction (p =
0.04)°9.

In 2019, You et al. conducted a phase I clinical trial to
assess the effects of autologous BM-MSC for the treat-
ment of 10 patients with PDE5i-refractory ED (five
post RP and five with diabetes mellitus). No clini-
cal significance was reported that related to the treat-
ment. IIEF scores increased significantly at 30 days
of follow-up compared to baseline (24.9 vs. 18.1, p =
0.0222) 51,

Protogerou et al. trialed the combination of ADSC
and platelet lysate (PLP) to treat men with organic ED
in a phase I study in 2019. Eight men were enrolled
and divided into two groups. Five patients in Group
A received 38.9 £ 14.4 x 10° ADSC in combination
with 2.2 + 0.3 mL of PLP, while three patients in
Group B received 2.3 £ 0.4 mL PLP alone. After 1 and
3 months of follow-up, erectile function had recov-
ered following the application of the above treatments.
Results showed a statistically significant difference in
the IIEF-5 score before and after the treatments at
the first month (p < 0.05) and the third month (p <
0.05). However, there were no statistically significant
differences in the ITIEF-5 score between groups. All
patients recorded an improvement of penile triplex
and morning erection. No severe adverse reactions
were observed in any patient except minor pain at the
site of injection. In 2020, the authors conducted an-
other trial using the combination of ADSC and PLP
in ED patients. The participants were separated into
three groups (five men per group) treated with SC and
PLP (Group A), SC only (Group B), and PLP only
(Group C). Partial study results regarding Group A at
6 months post treatment were published. Five men
had recovered erectile function with the amelioration
of IIEF-5 scores and PSV, while EDV had a more vari-
able pattern 3.

Remarkably, Bieri et al. recently conducted a phase
I and registry study to assess autologous BM-MSC in
PDES5i-refractory ED patients. A total of 40 men were
enrolled in the clinical trial and given ICI of the con-
centrate from bone marrow aspiration (CaverStem
1.0; 30 mL and 60 mL bone marrow were concen-
trated into 3 mL for the low dose and 6 mL for the high
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dose, respectively); additionally, 100 men in the clin-
ical registry were treated by ICI of 20 mL bone mar-
row aspirate (CaverStem 2.0). There was an improve-
ment in the IIEF-5 scores in all three groups (Caver-
Stem 1.0 low dose and high dose and CaverStem 2.0).
The improvement peaked at 3 months and was main-
tained at 6 months of follow-up. No significant dif-
ferences were observed via Doppler ultrasound and
cavernosometry in the low-dose or high-dose groups.
No serious adverse events were noted >%.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Currently, there are several therapeutic approaches
for ED, including both non-surgical and surgical
treatments such as PDE5i, ICI therapy of vasoactive
substances, vacuum erection devices, and penile pros-
thesis implants; however, each treatment has associ-
ated benefits and risks/burdens, not to mention the
high proportion of men with ED who are unrespon-
sive to or dissatisfied with these typical treatments,
particularly patients with diabetes mellitus and CN
injury. Thus, recovery of erectile function in these
patients is still a challenge. Recent advances in our
knowledge of ED have led to progress in the develop-
ment of regenerative therapeutics that are proposed
to be highly efficacious and long-lasting treatment op-
tions due to their capacity to restore penile tissue and
CN. Both SCT and APRP therapy have been proven to
considerably improve penile erectile function in nu-
merous animal models, with only a small number of
clinical trials carried out thus far. Therefore, several
guidelines worldwide recommend these therapies, al-
beit with caution. We still have a long way to go in
demonstrating the feasibility and safety of these re-
generative therapeutics in ED patients with extensive,
multicenter, randomized, controlled clinical studies.
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