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KEY POINTS

� Stem cell therapy for erectile dysfunction has been effective in improving intracorporal pressure in
animal models; small human trials have pointed toward efficacy.

� Gene therapy for erectile dysfunction aims to increase high expression efficacy for upstream genes
in the erectogenic pathway and has promising results in models.

� Stem cell and gene therapy for erectile dysfunction are currently appropriate only within the context
of clinical trial and should be used with caution.
INTRODUCTION diabetes, hypertension, hypogonadism, and
om
The high prevalence of erectile dysfunction (ED) and
the associateddetriment toquality of life for affected
men and their partners underscores the need for
effective therapy for this troubling condition.1

Contemporary algorithms for ED management rely
on theon-demanduse of self-administeredmedica-
tions or surgical placement of a prosthetic device to
offset the disease process and allow for sexual ac-
tivity.2 Although the introduction of effective oral
and injectable agents for ED were revolutionary
breakthroughs, no contemporary treatment options
have been shown to restore the natural erectile
physiology. Additionally, medications may be con-
traindicated, intolerable, unaffordable, or ineffective
inmany instances.Mechanical replacement of func-
tion, either through external or internal devices, has
proven effective for many men, but remains gener-
ally less satisfactory than native function and carries
associated risk.3

Given the large number of factors deemed
contributory to development of ED, behavioral
modifications (eg, weight loss, exercise, tobacco
cessation) and optimization of conditions such as
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vascular disease are indicated.4 Even when pa-
tients are compliant and successful with such
measures, improvements in erectile function tend
to be modest and frequently insufficient to meet
the needs of most patients.

The desire for restorative, rather than palliative,
management strategies for ED has stimulated inter-
est in gene- and cell-based therapies. Herein, we
present a brief overview of the relevant physiology
and pathophysiology for these targeted therapies,
describe the existing data to support these novel
therapeutics, and highlight areas for future
research. Therapies such low intensity shock
wave therapy and platelet-rich plasma (PRP) are
also advertised as regenerative therapies for
ED.5–7 Readers interested in energy-based thera-
pies for ED are Raghav Pai and colleagues’ article,
“Energy-based Therapies for Erectile Dysfunction:
Current and Future Directions,” in this issue. We
do not address PRP in detail in this report because,
to our knowledge at the time of this writing, there is
a paucity of published peer-reviewed data on this
technology for management of ED.
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Matz & Terlecki2
INSIGHT FROM PHYSIOLOGY

This article is not designed to provide an exhaus-
tive overview of the complex cascade involved in
the male erection. However, several steps are rele-
vant to past and current research aimed at identi-
fication and further development of restorative
therapy. Because the etiology of ED (in the
absence of pure psychogenic dysfunction) can
involve hormonal, neuronal, or vascular pathology,
the targets of investigative research vary.8

In the cavernous arteries and spongy tissues of
the penile corpora cavernosa, neuronal nitric oxide
synthase (nNOS) and endothelial nitric oxide syn-
thase (eNOS) produce nitric oxide, which leads
to the production of cyclic guanosine monophos-
phate (cGMP). The downstream effects of cGMP
are mediated by a number of cellular pathways,
many of which involve calcium, and result in
smooth muscle relaxation, corporal dilation, and
subsequent venous occlusion, which ultimately
produces an erection.9 Penile flaccidity returns
as cGMP is hydrolyzed by phosphodiesterase
type 5 (PDE-5).
Penile innervation is principally supplied by the

cavernous nerve originating from the pelvic
ganglia and containing both sympathetic and
parasympathetic fibers.10 During pelvic surgery
(eg, radical prostatectomy), mechanical or thermal
nerve injury may produce changes at the periph-
eral nerve cell body and target organ, resulting in
ED.11 Fortunately, the peripheral nervous system
has a higher recovery potential relative to the cen-
tral nervous system, and neurotrophins have been
shown to result in erectile functional recovery in
animal models.12

A patient’s hormonal balance is also relevant to
erectile function. In addition to the physical devel-
opment of the penis and influence on libido, andro-
gens are also essential to maintaining erectile
physiology with an influence on the endothelium
as well as the smooth muscle and fibroelastic
properties of the corpora cavernosa.13 Animal
studies have demonstrated that decreases in
testosterone levels result in changes to adrenergic
and nonadrenergic receptor density and respon-
siveness, as well as alterations in nNOS activ-
ity.14,15 Clinical studies have shown the
association between testosterone replacement
and improved frequency and rigidity of erec-
tions.16 The conversion of testosterone to estradiol
also has complex ramifications to erectile function;
research on human tissue has shown that estro-
gen receptors are abundantly located throughout
the corpora and around the neurovascular
bundle.17 Negative feedback mediated by estra-
diol receptors at the level of the brain and pituitary
UCL1296_proof ■ 21 Augu
can result in indirect effects by lowering testos-
terone. However, direct effects are also possible,
because exogenous estrogen has also been
shown to lower smooth muscle within the corpora,
with a corresponding increase in connective tis-
sue.18 Of note, estradiol levels were notably higher
amongmen with ED attributed to venous leak, with
authors speculating that this process was medi-
ated by an influence on venous tone.19

The ultimate goal of any restorative ED therapy
is to recreate the neurovascular milieu that permits
spontaneous erectile responses. Development of
a one-size-fits-all solution is complicated by the
variety of etiologies. Thus, it is advantageous to
study restorative therapies across a variety of
models as vascular end-organ damage is distinct
from what occurs after neurogenic injury (eg, after
prostatectomy).
Numerous small animal (mostly rodent) models

have been developed for studying pathophysi-
ology and treatment response in ED. An early
model described by Lue and colleagues20 was
based on ligation of the bilateral internal iliac ar-
teries and could be considered a proxy for severe
vascular disease. A cavernous nerve crush injury
has been used within a rodent model of ED related
to prior pelvic surgery; this approach may be used
with or without concomitant internal pudendal
bundle ligation.21 Leuprolide acetate and orchiec-
tomy have both been used to model the human
condition of ED related to low serum testosterone
levels.22 A rodent model of ED related to diabetes
may be achieved by using either streptozocin in-
jection (models type 1 diabetes) or a high-fat diet
in rats with or without propensity to develop ab-
normalities of glucose metabolism (models type
2 diabetes).23,24 Another simple model for ED in-
volves the use of aged rats that are otherwise
healthy.25,26
MESENCHYMAL STEM CELLS

Mesenchymal stem cells (MSC) are a pluripotent
adult stem cell population capable of both self-
renewal and differentiation into multiple cell
lines.27 There are a variety of sources of MSC.
Bone marrow–derived stem cells (BMSC),
adipose-derived stem cells (ASC), amniotic fluid
stem cells (AFSC), placental stem cells (PSC),
and urine-derived stem cells have all been used
in animal and human trials for management of ED
and/or impaired penile hemodynamics.
The minimally immunogenic state of MSCs

makes them an attractive therapeutic option.
MSCs express low amounts of MHC class 1 and
no MHC class 2 in their undifferentiated state.28,29

Thus, autologous or allogenic MSC preparations
st 2021 ■ 3:45 pm



Stem Cell and Gene-Based Therapy for ED 3
seem practical. Banas and colleagues examined
the immunogenic characteristics of amnion-
derived multipotent progenitor cells.30 A low level
of MHC 1 were seen and no MHC 2 antigens
were detected. Additionally, these cells lacked
costimulatory molecules B7-1 and B7-2. Cultured
peripheral blood mononuclear cells did not react
to these AMPs and actually had an immunomodu-
latory effect when prompted. Of note, MSC cell
types seem to differ slightly in their immunogenic
profiles. For example, BMSC seem to be more
immunomodulatory than PSC.31

The mechanism(s) of MSC-induced functional
recovery is/are not well-elucidated. Traditionally,
2 schools of thought existed regarding the thera-
peutic ability of these cells. These schools include
cellular differentiation and direct integration into
the target tissue and paracrine effects of the
delivered MSC producing a more favorable
cellular milieu. The total paracrine effect of the
MSCs is not well-known, although the composi-
tion of the media produced by the cell has been
reported.32 It is likely that MSC functionality is
related to paracrine immunomodulation rather
than the direct action of the cells or integration
of the cells into the existing matrix.33,34 Cytokine
and growth factor release seems to be the most
likely fundamental therapeutic mechanism of
stem cells in tissue.

Evidence in support of this hypothesis stems
from animal studies indicating that intracavernous
injection of conditioned media from PSC induces
erectile functional recovery in the form of
increased intracorporal pressure/mean arterial
pressure ratio at a level just below that of the
cellular-based product.32 Improvement from
conditioned media (CM) produced from PSC (acel-
lular) and directly from PSC administration
(cellular) resulted in functional recovery to 57.1%
and 66.6% of AMC groups, respectively.

Multiple cell-labeling experiments have attemp-
ted to track the fate of injected stem cells.35 Fandel
and colleagues labeled ASCs with 5-ethynyl-2-
deoxyuridine before intracavernosal injection.36

They produced ED in their model by crushing the
cavernous nerve bilaterally. Histology demon-
strated a higher concentration of cells in the major
pelvic ganglion and cavernous nerve at the site of
injury. Under a dual labeling system described by
Dou and colleagues,37 real-time in vivo imaging
demonstrated cell migration to the area of injury
at the pelvic crush sites and near immediate
washout from the corpora. The proposed mecha-
nism for this migration is still debated; however,
Fandel and colleagues36 postulated that stromal
cell-derived factor 1 attracted the ASCs to the
site of cavernous nerve injury.
UCL1296_proof ■ 21
Bone marrow was the first reported source of
MSC.38 In 2010, Kendirci and associates39 per-
formed intracavernosal injections of BMSC acti-
vated by antibodies against p75 nerve growth
factor receptor and noted improved erectile func-
tion in a rat model. Although both activated and
unactivated cells seemed to produce a restorative
effect, this effect was more pronounced with acti-
vated cells. Another study with BMSCs evaluated
the outcomes of injecting cells both intracaverno-
sally and intraperitoneally.40 Both approaches
resulted in some degree of erectile functional re-
covery. Intracavernosal injection, however, was
far superior to intraperitoneal injection with return
of function equal to 90% to 100% of sham con-
trols. Although efficacious, bone marrow aspira-
tion to procure stem cells is invasive and tends
to provide a low cellular yield.40,41

Surgically extracted fat may be used to procure
ASC. Adipose tissue is ubiquitous and morally
acceptable; although its procurement is not
without risk, lipoaspiration is generally better toler-
ated than other means of MSC procurement.42 Xu
and colleagues43 used ASC to produce microtis-
sues that were injected into rat corpora, with a
comparison arm involving injection of free ASC.
Both the microtissues and free ASC resulted in
erectile functional recovery, with the microtissues
producing a significantly better response. Fandel
and colleagues36 described an animal model
where ASC were injected intracavernosally in ani-
mals undergoing sham surgery and in another arm
with bilateral cavernous nerve injury. Significantly
more labeled ASC were seen at the major pelvic
ganglion and animals with intracavernosal injec-
tion of ASC saw a significantly better recovery of
erectile function as measured by intracorporal
pressure at 7 and 28 days.

MSC from amniotic and placental sources have
also shown promise.31,44 Extraction of MSC from
the mature placenta has become the method of
choice as amniocentesis has fallen out of favor.
Amniotic fluid cells, not from mature placenta,
have been shown to produce erectile functional re-
covery versus control (saline injected animals), as
recorded by maximum intracorporal pressure/
mean arterial pressure (0.52, 0.26; P<.05) in an an-
imal pelvic neurovascular injury model.45 Gu and
colleagues46 subsequently evaluated PSC,
extracted from mature placenta, also demon-
strating functional recovery significantly better
than controls (68% improved at the 12 week time
point as compared with AMC) as demonstrated
by intracorporal pressure/mean arterial pressure.
Improved penile hemodynamic response in both
of these studies was observed at 12 weeks after
injection, implying a durable effect.
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Urine-derived stem cells, procured from voided
urine samples, are attractive given the ease of pro-
curement, ability to forego enzymatic digestion,
and a lower cost profile.47–49 Animal data suggest
that urine-derived stem cells may afford some
functional recovery in vitro, but in vivo results
from animal model studies are lacking.50

A diverse mixture of secreted growth factors,
cytokines, and chemokines is present within the
CM across MSC subtypes.41 This “secretome”
is of interest as a potential therapeutic modality.
Lee and colleagues51 found that the application
of CM from human embryonic stem cells acceler-
ated wound healing. Likewise, Kim and col-
leagues52 saw similar changes with increased
collagen type 1 deposition using CM from ASC.
CM from PSC were examined in vitro and in an
animal model to determine cytokine make-up
and changes in erectile function.32 Intracaver-
nosal injection of PSC, CM of PSC, serum-free
media, and phosphate-buffered saline, with
serum-free media and phosphate-buffered saline
acting as controls, was performed in an animal
model of neurovascular ED and the intracorporal
pressure/mean arterial pressure was recorded
at 6 weeks. There was an improvement in the
intracorporal pressure/mean arterial pressure by
57.1% and 66.6% in CM of PSC and PSC,
respectively.
Despite promising data from animal models, hu-

man studies of MSC for the management of ED are
scant. The vast majority of published studies are
fraught with experimental flaws, low numbers of
participants, and absence of control groups. Bahk
and colleagues53 injected umbilical MSC intraca-
vernosally across 7 had patients with ED and dia-
betes. All 7 patients absence of erections, despite
medications, for at least 6 months and received
intracavernosal injections of 1.5 � 107 human um-
bilical cord blood stem cells. When coupled with
PDE-5 inhibitors, there was rigidity sufficient for
penetration in 2 patients. There were improve-
ments in reported outcomes (International Index
of Erectile Function [IIEF-5], Sexual encounter pro-
file, Global Assessment Questionnaire, and erec-
tion diary) for up to 11 months in 1 patient.
Yiou and colleagues54 performed intracaver-

nosal injection of BMSC in 12 men with
medication-refractory ED after radical prostatec-
tomy at increasing doses (2 � 107, 2 � 108,
1 � 109, and 2 � 109). Erectile function was
assessed with IIEF-15, erection hardness scale,
and color duplex Doppler ultrasound examination.
At 6 months, there were significant improvement in
intercourse satisfaction and erectile function com-
ponents of the IIEF and improvements of the erec-
tion hardness scale (2.6 � 1.1 and 1.3 � 0.8,
UCL1296_proof ■ 21 Augu
respectively; P 5 .008). Outcomes seemed to be
somewhat dose dependent.
Haahr and colleagues55 performed a single

intracavernosal injection of ASC into 17 men after
radical prostatectomy to examine safety. The
amount of ASC was proportional to the amount
of lipoaspirant with a mean of 1.4 � 105 per
gram of fat, correlating with 8.4 to 37.2 million
ASC injected. Five patients reported adverse
events related to the lipoaspiration or injection
that were all minor and included pain at the proce-
dural sites or penile hematoma. Eight of the 17
men treated recovered their erectile function to a
level that permitted penetrative sex.
Finally, Levy and coworkers56 recruited men

with ED for at least 6 months with an IIEF of less
than 21. All participants refrained from using
PDE-5 inhibitors at the time of study and under-
went a 4-week washout if used previously. All 8
men previously required injectable medication for
erection. One milliliter of PSC diluted in 2 mL of
isotonic saline was prepared, and a single injection
of 1.5 mL was injected into the base of each
corpus cavernosum. The exact number of cells
was unknown owing to the proprietary formulation.
Evaluation was performed at 6 weeks, 3 months,
and 6 months. At follow-up, 3 men were able to
achieve erections without additional medications,
4 required low-dose PDE-5 inhibitors, and 1
required additional injectable therapy.
GENE THERAPY

Gene therapy aims to transform the function of
existing cell populations. Despite initial interest,
the field has been slow to develop secondary to
safety concerns related to gene therapy-related
deaths in the late 1990s and early 2000s.57 Unlike
approaches to malignancies and systemic inflam-
matory diseases, where the goal of genetic ther-
apy is high expression efficiency leading to a
robust systemic impact, strategies targeting ED
aim for minimal cellular perturbation with minimal
systemic effects. Gene therapy may be adminis-
tered with vectors or without (sometimes known
as naked DNA).57 The vector is the package in
which the gene is placed, and these vectors are
usually viral.58 The optimal technique for gene
transfer, particularly to the penis, remains unclear;
however, the benign nature of ED and the local
smooth muscle targets allow for plasmid-free,
naked DNA, transfer.
The most prominent gene therapy candidate for

treatment of ED is the calcium sensitive potassium
channels (Maxi-K), a regulator of intracellular cal-
cium.59 Results from the first human trial of gene
transfer of Maxi-K channels were published in
st 2021 ■ 3:45 pm
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2006.60 In this study, a single dose of hMaxi-K (hu-
man) was injected into the corpora of a small
group of men who were monitored for 24 weeks.
Three men were treated at each of 3 dosages of
500, 1000, and 5000 mg, and 2 men treated at
7500 mg. No adverse events were reported and
no plasmids (evidence of residual genetic material)
were detected in the semen of the treated men.
There was a trend toward improved erectile func-
tion on the IIEF that was maintained at 24 weeks
at the 2 higher dosages (5000 mg and 7500 mg).
Despite apparent safety and possible efficacy, no
subsequent studies have been published on this
treatment modality.

The investigation of gene therapy to stimulate
alternative molecular signaling pathways has
included study of nitric oxide synthase (NOS),
which is known to be germane to erectile function
in men.9 After intracorporal injection of an adeno-
viral vector containing the gene for eNOS, aged
rats demonstrated increased levels of eNOS,
cGMP, and a higher intracorporal pressure as
compared with vehicle alone.61 Another study
placed adenoviral vectors containing the eNOS
gene into MSC before also performing intracaver-
nosal injection among aged rats.62 Treated ani-
mals manifested increased levels of eNOS
protein, NOS activity, and cGMP. Viral vector-
based gene therapy specific to nNOS and induc-
ible NOS may improve erectile function in animal
models.63,64 Penile nNOS was transfected into 5-
month and 24-month aged rats. intracorporal
pressure was increased in aged rats compared
with controls when electroporated penile nNOS
was transfected into these animals.63

Growth factors such as vascular endothelial
growth factor (VEGF), neurotrophin-3, glial cell-
derived neurotrophic factor (GDNF), and brain-
derived neurotrophic factor have been postulated
to enhance erectile function. In a diabetic rat
model, Bennett and colleagues65 examined her-
pes simplex virus (HSV)–mediated neurotrophin-3
transmission. Injection of HSV-NT3 was compared
with injection of the b-galactosidase (Lac-z) gene,
acting as a control, inserted into HSV. The re-
searchers noted significantly higher density of
NOS-stained neurons and higher intracorporal
pressure levels in the neurotrophin-3 group as
compared with the Lac-z group.

GDNF is part of the transforming growth factor-b
family and has a role in the maintenance of auto-
nomic axons.66 These neurons are found within
the penis and GDNF has a role in their survival
and regeneration.67 Two studies by Kato and col-
leagues68,69 examined HSV delivery of GDNF and
neurturin (NTN) in an animal model of cavernous
nerve injury. intracorporal pressure and histology
UCL1296_proof ■ 21
were evaluated at 2 and 4 weeks after the injection
of HSV-GDNF and HSV-NTN around the site of
injury. At 4 weeks, the intracorporal pressure was
significantly improved (approximately twice as
high as control) in groups treated with GDNF and
NTN when compared with HSV transfected with
green fluorescent protein and lacZ. The HSV-
NTN groups were shown to have significantly
higher levels of fluorogold positive neurons in the
major pelvic ganglion than the control groups.

Studies involving animal models have shown
that administration of VEGF after arterial injury bet-
ter facilitates recovery of erectile function, with
increased levels of neuronal nitric oxide among
treated participants.70 Animals treated with
VEGF, bovine serum albumin, and phosphate-
buffered saline at concentrations of 2 and 4 mg
were examined at different times. At 6 weeks,
there was a significant improvement in erectile
function as noted by increased intracorporal pres-
sure/mean arterial pressure.

Choe and colleagues71 examined sonic hedge-
hog (SHH), a known regulator of penile smooth
muscle. Their laboratory designed a nanofiber
hydrogel capable of injection into the cavernosa
aimed at extended release after cavernous nerve
injury in an animal model. Rats were injected with
SHH concentrations of 6.25 mg per rat (1�) or 2�
(n5 5). SHH suppressed apoptosis and preserved
smooth muscle by 48% while delivering the SHH
to the cavernous nerve and cavernosa in combina-
tion preserved smooth muscle at 100%.

Although not gene therapy, injection of MSC or
platelet-based therapies have been promoted
with hopes of increasing the presence of VEGF
and possibly improving the density of healthy
vascular channels, but washout remains a major
concern and the evidence of benefit is lacking.
There are minimal human data examining PRP
for ED. One small study addressed the safety pro-
file of using PRP for multiple genitourinary
conditions.72
CONCERNS AND LIMITATIONS

Ethical concerns exist in regard to stem cell and
gene therapies. The appealing nature of autolo-
gous restorative therapy across the spectrum of
disease, coupled with the slow regulatory process,
may tempt providers and patients to pursue or
offer therapies with poorly understood benefits
and risks.73 Direct-to-consumer marketing in
men’s health is increasing, evidenced by the ability
to obtain prescription medications without ever
meeting a provider.74 Predatory practices by
clinics targeting men with ED have been investi-
gated repeatedly and reported in popular news
August 2021 ■ 3:45 pm



� Stem cell and gene therapy for Erectile
dysfunction is only currently appropriate
within the context of clinical trial.

� Patients asking about stem cell and gene
therapy for ED should be informed of the cur-
rent SMSNA position statement.

� Sexual health and urologic providers can
consider participating in well run clinical tri-
als if/when they become approved.
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outlets.75 This multibillion dollar per year industry
in the United States has led to unevidenced,
expensive, and potentially dangerous interven-
tions.76 The Sexual Medicine Society of North
America has warned against the inappropriate
use of cell-based and gene therapies. Although
the Sexual Medicine Society of North America rec-
ognizes the merits of research and “strongly sup-
ports the development of novel erectogenic
therapies,” they also assert that these novel thera-
peutics should be considered experimental and
administration conducted only under research
protocols in compliance with institutional review
board approval.”77

It is important to consider the placebo effect, the
phenomenon of improvement in symptoms based
on patient belief and desire for a positive outcome.
The placebo effect is particularly strong with
respect to issues in sexuality; participants in the
placebo arm of studies on erectogenic therapy
often have statistically meaningful improvements
in their self-evaluated erectile function.78 Younger
patients, those with milder ED, and men with sub-
stantial psychological dimensions to their ED may
be particularly susceptible to this and more hence
more likely to fall prey to therapies of unclear veri-
fied benefit.79,80 The possibility of a strong placebo
effect must be considered in any study involving a
novel therapeutic in a small subset of men with no
placebo group (eg, as in most of the human
studies of gene and stem cell therapy to date).
FUTURE DIRECTIONS

The future direction of cellular therapies must be
large-scale human studies. There are very few, if
any, large, randomized, placebo-controlled
studies in the field of novel therapeutics for ED.
Thus, coordinated multicenter studies of adequate
power are required. Efforts must establish safety
and efficacy, as well as optimal dosing and deliv-
ery. Despite the number of animal studies sug-
gesting benefit, more translation to human trials
is essential. Comparisons between cellular and
cell-free (eg, CM) therapies should continue as
the latter may obviate some cost and ethical con-
cerns if deemed satisfactory.
SUMMARY

Stem cell and gene therapy represent a promising
area of study relative to developing truly restor-
ative options for erectile function. The data from
animal studies are impressive, but larger human
trials are necessary. Given existing fears, it seems
important that the future of valuable research isn’t
jeopardized by opportunists. Both studies and
UCL1296_proof ■ 21 Augu
clinical interventions should be conducted ethi-
cally, with appropriate patient counseling and fully
informed consent.
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