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Abstract

The extensive arsenal of bioactive molecules secreted by mesenchymal stem cells, also known as
the “secretome”, has demonstrated considerable therapeutic benefit in regenerative medicine. The
secretome as an investigative treatment has enabled researchers to replicate the anti-inflammatory,
angiogenic, and trophic effects of stem cells without the need for the cells themselves. This review
will discuss the rationale, mechanisms, and current understanding surrounding the mesenchymal
stem cell secretome in urology. We will review recent pre-clinical studies utilizing the secretome
for stress incontinence, renal disease, bladder dysfunction, and erectile dysfunction. Finally, we
will describe proteomic methods used to characterize the secretome and provide insight into future
perspectives regarding stem cells and their secretions.
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1. Introduction

Recent innovations in stem cell research have unlocked the potential for therapies in
regenerative urology. Stem cells are a unique cell population due to their ability to self-
renew, proliferate, and differentiate into multiple terminal cell types. They possess unique
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anti-fibrotic, angiogenic, and anti-apoptotic properties, which may benefit urologic diseases
for which pharmacologic or surgical therapies are lacking. To date, stem cells are classified
into 4 main categories. Embryonic stem cells (ESCs), which are derived from a human
blastocyst, represent the most undifferentiated form®. ESCs have the greatest therapeutic
potential because they can infinitely self-renew and theoretically differentiate into any type
of human cell. However, their use is limited due to ethical concerns, potential allogenicity,
and concern for tumor oncogenesis?. Amniotic fluid stem cells (AFSCs) are isolated from
the amniotic fluid or placental membrane of a developing fetus3. They possess an
intermediate proliferation and differentiation potential, between that of embryonic and adult
stem cells®.. Recently, researchers determined that differentiated, somatic cells could be
“reprogrammed” into a pluripotent state °. These induced pluripotent stem cells (IPSCs)
possess the differentiation potential of ESCs, without the necessity of utilizing an embryo.
However, due to concerns of oncogenesis and the genetic stability of IPSCs, their application
for regenerative urology requires further investigation®. Adult stem cells (ASCs), also known
as somatic stem cells, are tissue-specific progenitor cells and are the most limited along the
spectrum of differentiation. ASCs reside amongst differentiated cells all over the body, and
they possess the ability to repair damage and restore function locally’. There are two unique
populations of ASCs that challenge these conventional characteristics. Hematopoietic stem
cells (HSCs) are myeloid and lymphoid precursors that originate in the bone marrow and
may traverse the circulatory system in their path to become mature blood cells®. Autologous
bone marrow transplantation, currently used to treat a variety of hematologic diseases such
as leukemia, utilizes HSCs as its source of blood progenitor cells®. Mesenchymal stem cells
(MSCs), another class of mature stem cells found in the bone marrow, have been thoroughly
investigated for their tissue regenerative capabilities. Originally thought to engraft or
differentiate into injured host tissue, it is well known that MSCs secrete soluble factors
through a paracrine mechanism and this provides the therapeutic regenerative effect 10-13,
Utilizing proteomic approaches, researchers have begun to characterize the active cytokines
secreted by stem cells. There is increasing evidence that some of these molecules may be
contained within extracellular vesicles called exosomes or microvesicles 14-17. This review
will discuss the current role and future directions of stem cells and their secretions in
urologic disease.

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are a unique subset of ASCs, first described by
Friedenstein in 197418, Unlike tissue-specific ASCs, MSCs possess the distinct ability to
differentiate into endodermal, mesodermal, and ectodermal lineages®. These properties are
comparable to those of ESCs, but without the ethical problems or oncogenic potential.
Classically derived from the bone marrow stroma, MSCs have also been isolated from
muscle, fat, skin, cartilage, bone, fallopian tissue, umbilical cord blood, and menstrual
blood?%:21, In fact, they are found in almost all well-vascularized tissues and are
phenotypically related to perivascular cells, or pericytes?2. Although MSCs isolated from
different tissues may contain different surface markers and possess differential gene
expression profiles, they all have considerable proliferative ability and multi-lineage
differentiation potential23:24,
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Much of the clinical urologic literature has focused on MSCs derived from muscle tissue, or
muscle-derived stem cells (MDSCs)2L. In fact, the first major clinical trials investigating the
use of stem cells for stress urinary incontinence (SUI) utilized peri-urethral injections of
autologous MDSCs?>-27, Although MDSCs are more accessible than bone-marrow derived
MSCs, the harvest process requires an invasive biopsy followed by a time-consuming cell
expansion process28. Another, more abundant source of MSCs can be found in adipose
tissue. Adipose-derived stem cells (ADSCs) can be obtained using excess fatty tissue left
over from liposuction procedures and clonally expanded for a high yield of stem cells?6.
Researchers continue to find novel sources of stem cells, including urine, which may have
interesting urologic applications (Box 1 )2°.

MSC Mechanisms of Action

The mechanism by which bone-marrow derived MSCs localize to sites of injury is termed
“homing”3Y. In response to chemical signals release by damaged cells, MSCs travel from the
bone marrow, through the circulatory system, and localize to the target tissue. Although the
mechanism is still being discerned, it is thought to involve an interaction between homing
cytokines and their respective receptors on the cell surface of MSCs. For example, stromal-
derived factor 1 (SDF-1, also known as CXCL12), a cytokine expressed by certain cells after
injury, has been shown to attract MSCs via its receptor found on the MSC cell surface,
CXCR43132_ A study by Lin et al. induced SUI in female rats with vaginal dilation and
bilateral ovarectomy, followed by injection of labeled autologous ADSCs either directly into
the urethra or intravenously via the tail vein33. One month after treatment, both stem cell
groups had significantly improved voiding patterns compared to controls. On histological
examination, labeled ADSCs in the tail vein group were found in the urethras of injured
animals, along with overexpression of SDF-1.

A multitude of other cytokine receptors that influence homing have been found on MSCs, as
well as their counterpart ligands, including platelet-derived growth factor (PDGF),
transforming growth factor-B (TGF-B), and tumor necrosis factor-a. (TNF-a)343%, After
reaching their destination in the blood stream, MSCs must also transmigrate through
endothelial cells to reach their target. They achieve this through adhesion molecules such as
selectins and integrins3.

Once they reach their target tissue, MSCs act through several inter-related mechanisms.
Classically, it was thought that stem cells restored function by transdifferentiation into
different cell types or even integration into injured cells. Indeed, several pre-clinical studies
in the urologic literature support this finding. Chermansky and colleagues induced intrinsic
sphincter deficiency (ISD) in female rats using electrocauterization3. Labeled autologous
MDSCs were injected peri-urethrally 1 week after injury. Rats treated with stem cells had
significant increases in leak point pressure (LPP) compared with rats treated with vehicle.
Six weeks after injury LPP was comparable to that of non-injured rats. Histological analysis
after 4 weeks showed intact striated muscle in the stem cell group, compared to disrupted
muscle fibers in the control group. Furthermore, labeled stem cells had integrated with the
muscle fibers in the urethra. In a similar experiment, labeled MDSCs were injected into the
detrusor muscle of rats subjected to bladder cryoinjury38. Two weeks after injury, treated
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animals had improved bladder contractility compared to controls. Up to 8 weeks after injury,
the MDSCs survived and expressed a-smooth muscle actin (a-SMA), suggesting the stem
cells had differentiated into smooth muscle lineages.

In contrast to these studies, other investigators have demonstrated that the therapeutic effects
of MSCs may persist despite disappearance or limited numbers of cells. Sadeghi and
colleagues administered labeled human MSCs either peri-urethrally or intravenously to rats
immediately after vaginal distension. While treatment groups had comparable LPPs to non-
injured controls after 2 weeks, the stem cells could not be visualized after 4 days1®. Many
studies outside of the urologic literature confirm this finding. In a mouse model of
myocardial infarction, systemically-injected MSCs improved cardiac function and fibrosis.
However, no evidence of MSCs was observed in the heart tissue 3 weeks after injury3°. In
another study, rats received intravenous (IVV) MSC injections 1 week after middle cerebral
artery occlusion®0. Treated rats had significantly improved neurological outcomes and less
fibrosis compared with controls up to 4 months after injury, with only a negligible amount of
MSC:s in the brain parenchyma. Interestingly, stem cells have been found to exert their
effects despite being distant from their target organ. Shabbir and colleagues injected MSCs
into the hamstring muscles of hamsters with congestive heart failurel3. Treated animals had
improved cardiac function and attenuation of pathological fibrosis. While MSCs did not
migrate outside of the hamstring, there were increases in circulating levels of known trophic
factors secreted by MSCs.

Taken together, these data clarify the complex mechanism of stem cell action. While MSCs
home to sites of injury in response to cytokine gradients, and a small percentage may
engraft, differentiate, and integrate with host tissues, their therapeutic benefit cannot be
explained by these mechanisms alone. Recently, the body of evidence has bolstered the
paracrine hypothesis of stem cell action, which postulates that stem cells exert a significant
therapeutic effect by secreting bioactive factors — the “secretome” — with anti-fibrotic,
angiogenic, and anti-apoptotic properties.

3. The MSC Secretome

The MSC secretome consists of a complex array of soluble molecules, such as growth
factors, cytokines, hormones, and lipid mediators, which together create a microenvironment
suitable for cellular regeneration®. There is a growing body of evidence that some of these
molecules may be packaged in cell-derived exosomes or extracellular vesicles, enabling
more efficient remote communication and targeting!4-17. There are several reasons why the
MSC secretome is advantageous for regenerative urology over traditional cell-based
therapies. Use of the acellular secretome may circumvent issues with tumorigenicity,
immuno-reactivity, and maldifferentiation associated with cell therapy#2-4°. In addition,
secretome therapy may allow for cheaper and more efficient development of off-the-shelf
treatments, compared to the expansion and maintenance of individualized clonal cell
populations. Finally, once the MSC secretome is better characterized, its active components
could potentially be customized and tailored to the disease process of interest.
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Immune and Inflammatory Modulation

The body’s immune system is crucial to fighting pathogens and repairing damage following
tissue injury. However, at the extreme end of the spectrum, the body’s defenses can cause
more harm than good. Examples of this include septic shock or pathologic remodeling of the
heart following myocardial infarction. MSCs may play a role in subduing such inflammatory
responses by (1) switching activated macrophages to an anti-inflammatory phenotype 4647,
(2) inhibiting the activation of NK cells 8, (3) suppressing dendritic cell maturation and
function 49 (4) and modulating the balance between T1/Ty17 (pro-inflammatory) and
TH2/Treg (anti-inflammatory) T-lymphocyte pathways®%-52, The immunosuppressive effect
of MSCs is thought to be mediated by secretion of soluble factors such as transforming
growth factor-g1 (TGF-p1), prostaglandin-E2 (PGEZ2), nitric oxide (NO), interleukin-6
(I1L-6), and indoleamine-pyrrole 2,3-dioxygenase (IDO) 4753-55_ The influence of these
pathways by MSCs or their secretions may be an interesting target for future therapies for
urological pathologies related to immune dysregulation, such as interstitial cystitis or
chronic prostatitis 56:57.

Humans generally heal by fibrosis (generating scars) in response to tissue injury, rather than
by regeneration as do some other eukaryotic organisms®®. Human possess some of these
regenerative abilities /7 utero, but they are lost in adult life with a few notable exceptions®®.
For example, adult liver and epidermis both demonstrate regenerative potential, thought to
be due to stem cells residing in these tissues, which may either differentiate to replace
injured cells or secrete factors which enhance healing®%:61, Similarly, MSCs, through their
paracrine secretions, could play a role in shifting tissue healing in other organs after injury
or surgery towards a regenerative, rather than fibrotic, process. To this end, it has been
shown that MSC conditioned culture medium (CCM) enhances cutaneous wound healing in
mice through trophic and anti-inflammatory cytokines, inducing the proliferation of
keratinocytes and endothelial cells to the area of injury®2. Thus, treatment with MSC CCM
after trauma or surgery may facilitate regeneration and attenuate fibrosis and scarring.

Inflammation also plays a role in the fibrotic response of the kidney after ischemic injury,
ultimately resulting in chronic kidney disease. One of the major mechanisms involved is the
epithelial-mesenchymal transition (EMT) of proximal tubular cells, mediated by the pro-
inflammatory cytokine TGF-B83. In an /n vitro model of EMT using a human proximal
tubular cell line (HK2), incubation with MSC CCM inhibited the morphological changes
associated with EMT®3, Likewise, in a subtotal nephrectomy model of chronic kidney
disease in rats, Semedo et al. showed that IV injections of MSCs improved renal function
and significantly reduced fibrosis and glomerulosclerosis in treated animals®. By analyzing
MRNA expression in the kidney, the investigators demonstrated that MSC-treated animals
upregulated certain anti-inflammatory cytokines, such as HO-1 and HGF, while
downregulating pro-inflammatory molecules such as IL-6 and TNF-a.84. These data, along
with numerous experiments involving other tissues and organ systems establish that MSCs
secrete factors that can suppress inflammation systemically in response to injury85-67. This
has implications for the future treatment of urological diseases associated with fibrosis, such
as urinary tract stricture and retroperitoneal fibrosis.
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3b. Angiogenesis

Angiogenesis, the formation of new blood vessels from existing ones, is crucial to tissue
regeneration and viability by providing a source of oxygen and nutrients to injured tissue. A
major player involved in angiogenesis is vascular endothelial growth factor (VEGF)58. MSC
conditioned media contains a significant amount of VEGF, along with other pro-angiogenic
cytokines such as basic fibroblast growth factor (bFGF), placental growth factor (PGF), and
monocyte chemoattractant protein-1 (MCP-1, also known as CCL2)59. MSC CCM enhances
endothelial cell proliferation /n vitro through these cytokines, and their effect is partially
inhibited by anti-VEGF or anti-bFGF antibodies®®. When MSCs were injected
intramuscularly in a mouse model of hind limb ischemia, blood flow, collateral formation,
and functional outcomes improved without MSC incorporation into tissues. The deleterious
effects of ischemia persisted with local injection of MSC control media, not conditioned by
MSCs,, suggesting the therapeutic effect of MSCs occurs via a paracrine pathway that can
be reproduced by providing the secretions only?°.

These vasculogenic properties of the MSC secretome contribute to the recovery of renal
function after acute kidney injury. Togel and colleagues showed that through VEGF and
other cytokines, MSC CCM stimulates the proliferation of aortic endothelial cells in culture,
an effect which may be enhanced by hypoxia’?. In addition, intra-arterial injections of MSCs
after 60 minute bilateral renal hilum clamp were performed. MSCs homed to the kidney and
there was rare engraftment into peritubular capillaries (<1 cell/whole kidney section). In
addition, areas of the kidney with MSCs showed less apoptosis than areas without stem
cells’1. Unfortunately, the angiogenic potential of MSCs may also be harnessed by cancer
cells to enable them to flourish. When cultured with MSCs or MSC CCM, the human
prostate cancer cell line DU145 exhibited significant growth compared to fibroblast co-
culture”2. MSC CCM co-cultured with DU145 cells formed capillary tubes, an indicator of
angiogenesis’2. This effect was also seen /7 vivo when DU145 and MSCs were injected into
nude mice. In addition, the cross-sectional area of blood vessels was increased by MSC
injection.

3c. Anti-apoptosis
Data from a wide variety of pathologies indicates that MSCs secrete active factors that aid in
cytoprotection and prevent apoptosis, or cell death. This benefit likely stems from the
aforementioned immune and angiogenic effects, but also through direct cytoprotection.
Takahashi et al. detected platelet-derived growth factor (PDGF) and insulin-like growth
factor-1 (IGF-1), along with other common cytokines, in the supernatant of MSCs’3. Using
TUNEL assays, they showed that these cytokines inhibited apoptosis of cardiomyocytes /n
vitro. In a rat model of myocardial ischemia, intraperitoneal (IP) plus intramyocardial
injections of MSC supernatant improved contractile function, while intramyocardial
injections alone did not’3. The authors speculate that this could be from the additional dose
of cytokines provided by IP injections, or that the intramyocardial injections of cytokines
actually harmed the cardiac muscle through anti-inflammatory effects. Using transwell
experiments, Li and colleagues found that MSCs secrete factors which prevent apoptosis of
alveolar macrophages’#. Specifically, MSCs decreased the expression of the pro-apoptotic
proteins caspase-3 and Bax, while increasing levels of the anti-apoptotic protein Bcl-274. In
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a rat model of erectile dysfunction (ED) following bilateral cavernous nerve ablation, Fall et
al. demonstrated that local injection of bone marrow mononuclear cells (which contain
MSCs) partially restored erectile responses’®. Furthermore, cell therapy increased
angiogenic responses with elevation in nitric oxide synthase, and significantly reduced the
number of apoptotic cells in the erectile tissue.

In animal models of cytotoxic toxic kidney injury, the apoptosis of renal tubular epithelial
cells plays a major role in permanent renal dysfunction’8. Imberti and colleagues found that
co-culture of proximal tubular epithelial cells (PTEC) with MSCs prevents the rapid cell
death usually seen when exposed to cisplatin’’. In addition, they demonstrated that this
effect was facilitated by the anti-apoptotic cytokine IGF-1, which was highly expressed by
the MSCs, and blocking IGF-1 attenuated the protective effect’”. In another model of acute
renal failure caused by cisplatin in immunodeficient NOD-SCID mice, IV MSC injections
prevented renal failure and preserved the integrity of the tubular epithelium’8. Using
TUNEL assays, the researchers demonstrated that animals treated with stem cells had
significantly fewer apoptotic cells. As with other studies, the authors demonstrated very low
levels of labeled MSCs in the renal tissue, suggesting a paracrine effect. Remarkably, the
mice treated with MSCs demonstrated significantly lower mortality than salinetreated
animals, offering hope that the stem cells’ renotropic effect could eventually be used to
benefit humans with renal failure.

4. The MSC Secretome in Regenerative Urology

4a.

Stress Urinary Incontinence

Stress urinary incontinence afflicts up to 25% of American women and accounts for nearly
12 billion annual dollars in health care costs’®. While surgical therapy for SUI is effective, it
is not without complications and only serves as a symptomatic treatment0. Stem cells and
their secretome offer a reproducible, safe therapy which targets the pathophysiology behind
incontinence (Table 1).

In a study by Dissaranan et al., stimulated childbirth injury was produced in rats using serial
vaginal dilation!. Following injury, animals were given either GFP-labeled IV MSCs or
peri-urethral CCM. One week after injury, leak point pressure (LPP) and external urethral
sphincter electromyography (EUS EMG) were measured. Labeled MSCs preferentially
homed to the urethra, vagina, and spleen of injured animals compared to sham-injured
animals. LPP was significantly improved in MSC and CCM-treated animals compared to
controls, although EUS function as measured by EMG was not improved. Rats treated with
MSCs or CCM both demonstrated increased elastin fiber density in peri-urethral smooth
muscles compared to control animals. This study demonstrated that the MSC CCM provided
a therapeutic benefit in the absence of the stem cells themselves. However, one criticism of
the study could be the comparison of IV MSC (systemic) therapy with peri-urethral (local)
CCM injections.

In a similar study, the same group demonstrated that systemic administration of MSC CCM
restored urethral function after simulated childbirth injury8L. For this study, the investigators
developed a dual-injury model consisting of vaginal distension and pudendal nerve crush.
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This model theoretically mimics human childbirth injury more closely as it elicits multiple
mechanisms of injury (nerve and muscle). Treatment groups consisted of IV MSCs or IP
CCM given 1 hour after injury. Three weeks later, LPP was significantly decreased with
control treatment, but rats receiving MSCs or CCM had LPPs which were not significantly
different from sham-injured rats. In rats receiving MSCs, stem cells were undetectable in the
urethra or vagina after 3 weeks. Like the previous experiment, both stem cell treatment and
the acellular secretome treatments were associated with increased peri-urethral elastin fiber
density in injured animals. In the latter experiment, pudendal nerve morphology and sensory
branch potentials were also preserved with MSC or CCM treatment, suggesting that factors
secreted by MSCs can have different therapeutic effects in different microenvironments and
injury paradigms. Angiogenic molecules such as VEGF are known to be secreted by MSCs
and may counteract the hypoxic microenvironment involved in the pathophysiology of
childbirth-induced SUI0. In addition, trophic factors secreted by MSCs could reverse the
peri-urethral smooth muscle damage and pudendal nerve dysfunction associated with
SUI7382 While its exact mechanisms require further investigation, these studies
demonstrate that the acellular secretions of stem cells restore urethral and nerve function in a
rodent SUI model. Several clinical trials have shown local injections of stem cells to be
effective in human stress incontinence2>-27, Future clinical studies should seek to
demonstrate the efficacy of the secretome, possibly administered systemically, for treatment,
or even prophylaxis of SUI.

4b. Renal Disease

Chronic kidney disease (CKD) is a global health burden. In the United States, its prevalence
approaches 15%, and the number of individuals with end-stage renal disease (ESRD)
increases steadily83. Though dialysis is readily available, it is a morbid state with a mortality
rate of nearly 200 per 1000 patient-years®*. Kidney transplantation, the gold standard of cure
for ESRD, leaves over 80,000 patients on the waiting list each year in the US83. MSCs and
their secretome offer a regenerative solution that may benefit the millions of patients
suffering from chronic renal dysfunction (Table 1).

Several studies have shown MSCs are effective in preventing loss of function following renal
insult64.71.78.85 However, in most of these studies, incorporation or differentiation of MSCs
into the native tissue were rare, suggesting a paracrine mechanism of action. For example, in
a bilateral renal pedicle clamp model of acute kidney injury (AKI) in rats, T6gel and
colleagues showed that intra-carotid administration of MSCs significantly improved renal
function 48 hours after ischemia, even though administered cells were undetectable in the
kidney after 24 hours®6. Nonetheless, the kidneys of MSC-treated animals had reduced
expression of the pro-inflammatory cytokines IL-1p, TNF-a, and IFN-y and increased
expression of IL-10, an anti-inflammatory cytokine. At the same time, there was
upregulation of renotrophic growth factors and anti-apoptotic proteins in the treated kidneys.
The brief time interval between cell treatment and renal functional recovery and the absence
of MSC:s after 24 hours lead us to reject the hypothesis that the injected cells differentiate
and replace injured host tissue.
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It seems more likely that the therapeutic benefit of MSCs stems from the immediate
secretion of regenerative factors that may activate innate repair mechanisms. In a cisplatin-
induced model of AKI in mice, IP and 1V injections of MSCs improved renal function,
animal survival, and histological parameters compared to controls.8” Like the previous
study, the authors demonstrated no transplanted cells resided in kidney tubules after 24 hours
while the therapeutic benefits lasted up to 6 days. These effects persisted when only MSC
CCM was administered, confirming that renal recovery after AKI does not depend on the
physical presence of stem cells. Though blood urea nitrogen was significantly improved
after treatment with MSC CCM, the authors did not report the changes in creatinine;
therefore, it is difficult to make a direct comparison to the MSC-treated groups. However, it
is noteworthy that the paracrine factors secreted by MSCs initiated rapid onset renal
protection in two distinct (ischemic versus cytotoxic) models of acute kidney injury. We
therefore conclude that the regenerative effects of stem cell secretome involve divergent
pathways and may even stem from the host cells themselves.

It is well established that AKI and CKD are closely related. Acute renal insult accelerates
progression to CKD, while CKD predisposes patients to AKI88. With this in mind, Van
Koppen et al. hypothesized that MSC CCM could also influence renal recovery in a rat sub-
total nephrectomy model of CKD®. After establishment of CKD, rats were intravenously
injected with MSC CCM or non-conditioned media (NCM) twice daily for 4 days. Six
weeks after treatment, CCM-treated rats had significantly higher glomerular filtration rates
(GFR) than animals injected with NCM. Histological analysis showed kidneys treated with
control media, not conditioned by stem cells, had developed less glomerulosclerosis and
tubular damage. These results are congruent with another studying showing that MSC CCM
attenuated renal fibrosis in a rat model of CKD caused by unilateral ureteral obstruction
(UU0)%. In this experiment, animals underwent unilateral ureteral ligation or sham injury,
followed by intravenous injection of MSC or MSC CCM. This study is limited by the
absence of renal functional assessment. However, the authors did demonstrate that 14 days
after treatment, both MSC and CCM decreased expression of inflammatory cytokines in the
kidney, collagen formation, fibrosis, and apoptosis.

Together, these studies indicate that the MSC secretome is not only able to prevent acute
kidney injury but also reverse chronic kidney damage. The specific mechanisms responsible
for this reno-protective effect have yet to be elucidated but are most likely multi-factorial.
From /n vitro studies, we can speculate that cytokines present in the secretome such as TGF-
B1 or PGE2 47:91 may contribute to suppressing the acute inflammatory phase of renal
injury. For the progression to CKD, MSC cytokines responsible for modulating fibrosis and
apoptosis have been implicated®3:77. It is unclear whether renal protection stems from the
direct action of secreted factors or from their activation of regenerative pathways in the
injured native tissue. The latter hypothesis is more compelling and seems to be supported by
the CKD studies in which reno-protection was observed 2—6 weeks after initial treatment.
Even though the specific mechanisms remain unclear, clinical trials are currently underway
to investigate the use of MSCs for the treatment of acute and chronic kidney disease92-94,

Nat Rev Urol. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal. Page 10

4c. Bladder Dysfunction

Bladder dysfunction is a term encompassing a wide range of pathologies affecting
micturition. It can include urinary retention, overactive bladder (OAB), neurogenic bladder,
and interstitial cystitis, amongst many other diseases. While many pharmacologic and
surgical treatments exist, none offer the regenerative and reparative potential possessed by
MSCs and their secretome. While no studies have examined the secretome directly, stem cell
studies can give us insight into their mechanism (Table 1). Zhang et. al studied the use of
ADSCs in a rat model of diabetic bladder dysfunction (DBD) produced by a high-fat diet
and streptozocin®. Experimental animals received intra-detrusor or intravenous injections of
labeled ADSCs. One month after treatment, all rats receiving PBS had voiding dysfunction
as measured by conscious cystometry, while only 60% and 40% of rats receiving tail vein
and bladder stem cell injections, respectively, showed bladder dysfunction. However, only a
small fraction of injected ADSCs were seen in the bladder mucosa after 1 month, suggesting
that the functional effect of the stem cells were primarily paracrine in nature. The
pathogenesis of diabetic bladder dysfunction is likely related to detrusor decompensation
and neuronal damage®. Therefore, the benefit of stem cells for DBD could result from
upregulation of smooth muscle and neuronal growth factors. This study would have
benefited from an analysis of gene expression in the ADSC-injected bladder compared to
controls.

In another study, OAB was induced with urethral ligation of female rats12. Four weeks after
injury, either labeled human MSCs or phosphate-buffered saline (PBS) were injected into the
detrusor muscle of the bladder. These groups were compared to a control group receiving the
anti-muscarinic, solifenacin, intravenously. Two and 4 weeks after treatment, both MSC and
solfinacin groups had significant decreases in their detrusor contraction frequencies
compared to those of the control groups, but at 4 weeks, the therapeutic effect was superior
in the stem cell-treated group. In MSC-treated bladders, there was upregulation of native
pluripotent stem cell markers, such as Oct4, Sox2, and Stella, without any engraftment of
transplanted human MSCs. Lastly, consistent with other previously reviewed studies, the
authors demonstrate secretion of trophic cytokines such as SDF-1, hepatocyte-derived
growth factor (HGF), PDGF, and VEGF. This study validates findings from other organ
systems, demonstrating that without engraftment, transplanted MSCs release soluble factors
which may treat overactive bladder. Moreover, the mechanism of action may be through
mobilization of the bladder’s endogenous stem cells. It is worth noting that stem cell
treatment was more effective than anti-cholinergic therapy after 4 weeks. While effective for
the management of OAB in humans, anti-cholinergics are a symptomatic treatment and not
without side effects. MSCs and their secretome may offer a safe, effective treatment for
bladder dysfunction which targets the pathophysiology rather than symptoms.

4d. Erectile Dysfunction

Another area of urology where the stem cell secretome has shown benefit is male erectile
dysfunction (Table 1). Albersen et al. developed a bilateral cavernosal nerve injury model in
rats designed to simulate erectile dysfunction after radical prostatectomy®’. Immediately
after injury, experimental animals received intracavernosal ADSC or ADSC cell lysate. Four
weeks later, erectile function was assessed by measuring intracavernous pressure (ICP) after
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electrostimulation of the distal cavernosal nerve. Both ASDC and lysate-treated animals had
significant increases in ICP/mean arterial pressure (MAP) ratio as compared to injured
animals treated with controls. Animals treated with ADSCs or lysate had significantly higher
nitric oxide synthase positive nerve fibers, more preservation of smooth muscle content, and
less fibrosis compared to controls. In the stem cell group, only a small fraction of labeled
stem cells were observed in the cavernosal tissue after 28 days, suggesting the benefit of the
stem cells do not result from incorporation or transdifferentiation into the host tissue. The
authors conclude that the mechanism of therapeutic effect of the ADSCs in this case may be
from soluble neurotrophins released by the cells.

Sun et al. studied the effect of MSC and its secretome for erectile dysfunction in diabetic
rats%8. Animals received intracavernosal injections of MSC or MSC CCM. Four weeks later,
partial restoration of erectile function (as measured by ICP/MAP ratio) occurred in both
stem cell and CCM groups, although the effect was smaller in the CCM group. This was
accompanied by increased staining of neuronal nitric oxide synthase (nNOS) and
neurofilament (NF) positive nerve fibers in the cavernosal tissue. These effects were likely
due to neurotrophins that the authors found to be highly expressed in the MSC CCM such as
brain-derived neurotrophic factor (BDNF) and neuronal growth factor (NGF). Studies in the
neurologic literature have established that MSCs, through secretion of neurotrophins such as
BDNF, glial cell-derived neurotrophic factor (GDNF), and neurotrophin-3 (NT3), improve
central nervous system recovery in animal models of neurodegenerative disease 99101,
Similar to the neuroprotective effects of MSC CCM after pudendal nerve injury in a model
of SUI8L, the recovery of erectile function after stem cell injection may in part be due to the
neuro-regenerative effects of the MSC secretome. In the future, treatment with MSC CCM
could promote recovery of potency after prostatectomy or bladder function after spinal cord
injury.

5a. Characterizing the Secretome

The emerging paradigm that stem cells work through secretion of active molecules has led
the stem cell research community to begin to characterize these molecules. Through a
variety of proteomic methods, researchers have begun to characterize the MSC secretome,
but much work is left to be done. The study of proteomics can utilize targeted detection
using antibodies, or shotgun-based, antibody-free methods. Detection using antibodies, such
as with enzyme-linked immunosorbent assay (ELISA), is sensitive, reliable, and
reproducible. However, its main limitation is the need for pre-selection of the antibody192,
s0, the investigator must know what he or she is looking for. For example, using an antibody
array of 120 common cytokines and chemokines, Park and colleagues assessed the secretion
profile of human bone MSCs103, They demonstrated that IL-6, TIMP-2, MCP-1, VEGF, and
OPG were constitutively secreted by the cells in culture, independent of donor
characteristics. In another study Western blot analysis, another antibody based detection
method, demonstrated that MSC CCM contained high levels of the angiogenic cytokines
VEGF and angiopoietin-1194, This approach is also limited by the availability and ability of
antibodies to detect certain proteins. Moreover, targeted protein detection fails to detect
active molecules that have not yet been defined.
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Using untargeted proteomics techniques, investigators have been able to study the secretome
more broadly. A commonly-used approach is tandem liquid chromatography and mass
spectrometry (LC-MS)192.105 This is a powerful analytical tool in which a sample can be
separated into components which can subsequently be analyzed in detail using the detection
of charged ions!8. Researchers have been able to use this technique to discover novel
proteins involved in the MSC secretome. Sarjoni and colleagues used LC-MS to detect
pigment epithelium-derived factor (PEDF), a major chemoattractant of fibroblasts, and
cysteine-rich protein 61 (Cyr61), a pro-angiogenic cytokine, in the MSC CCM107.108,
Untargeted proteomics approaches enable definition of novel active molecules important for
stem cell therapy, but they are limited by their ability to detect small quantities of secreted
cytokines. With this in mind, Sze et al. used a combination of LC-MS and antibody arrays to
identify 201 unique gene products in embryonic stem cell-derived MSCs109, The
investigators used computational analysis to confirm that these gene products were involved
in important biological pathways such as metabolism, immune response, and differentiation.

5b. Extracellular Vesicles

Recently, it has been proposed that the therapeutic benefit of MSCs stems not from
individual cytokines working in conjunction, but through cytokines packaged in groups of
extracellular vesicles (EVs). A group of researchers from the Netherlands first demonstrated
that MSC CCM reduced infarct size and improved ventricular function in a porcine model of
myocardial infarction10, Size fractionation of the CCM demonstrated that the
cardioprotection was only provided by the fraction of the CCM containing products >1000
kDa and a size between 100220nm110, Hypothesizing that this fraction consisted of
extracellular vesicles called exosomes, they went on to purify the fraction even further using
high-performance liquid chromatography (HPLC). They found that a population of
phospholipid-bound structures, with a radius of 55-65nm that stained positive for the
exosome-associated proteins CD81, CD9, and Alix, were cardioprotective in their porcine
myocardial infarction model?11,

Exosomes, a class of extracellular vesicles, are membrane-bound nanovesicles ranging in
size from 30-100nm which are released by MSCs and other cells through exocytosis12,
Once thought to be the recycling center for cellular debris, they have recently been shown to
contain a variety of proteins, lipids, and even genetic material such as micro RNA (miRNA)
responsible for intracellular signaling!3. The contents of exosomes reflect those of the
parent cell and can be transported to distant targets via ligand/receptor interactions14,
Microvesicles (MVs) are a larger type of extracellular vesicle (between 100-1000nm) with
similar contents and functions as exosomes12:116 and are often used interchangeably in the
literature17.118_ Both types of EVs are released constitutively, and in response to stimuli, by
MSCs and other types of stem cells. They may influence the behavior of the target cell by
transference of cell surface receptors1®, delivery of proteins!1®, or horizontal transmission
of MRNA or miRNA120, A growing body of evidence demonstrates that they are partially
responsible for the beneficial effects of stem cells in a number of different
pathologiest11:121,
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In a glyercol-induced model of AKI in mice, MSC-derived MVs incorporated into tubular
cells reduced apoptosis and protected against acute renal dysfunction4. Interestingly, this
effect was abolished when the MVs were exposed to RNase, suggesting that tubular cell
regeneration may be dependent on RNA transfer by extracellular vesicles. The same group
tested MSC MVs in a rat model of renal ischemia. MV treatment protected rats from
developing AKI and also prevented chronic renal dysfunction!®. Zhou and colleagues treated
cisplatin-induced AKI in rats with intraparenchymal injections of MSC exosomes.
Exosome-treated rats demonstrated improved renal function and cell morphology after 5
days6. A similar result was observed by Reis et al. in a gentamicin-induced AKI model in
rats treated with intravenous injections of MSC exosomes!18, MSC extracellular vesicles
have been shown to diminish the growth of bladder tumors’ and promote erectile function
in diabetic rats122, While the study of MSC EVs for regenerative urology is still in its
infancy, their great potential should motivate researchers to explore cell-free stem cell
therapies.

6. Conclusion

Regenerative medicine gives hope to patients with diseases that lack effective treatments. In
urology, MSC-based therapy has demonstrated efficacy for the treatment of SUI in several
clinical trials. In pre-clinical studies, cell therapy has shown a benefit in animal models of
acute and chronic renal disease, bladder dysfunction, and erectile dysfunction. We have yet
to examine their potential for anti-fibrosis in urethral strictures, angiogenesis in hypospadias
repair, or anti-apoptosis in many urologic malignancies. Most now believe that the
therapeutic effects of MSCs stem from active factors present in their secretions, as cell-free
treatments have demonstrated benefit as well. These factors may be individual cytokines, or
more likely, extracellular vesicles acting as messengers for the parent stem cell. In fact, there
is a movement in the stem cell research community to change the name of MSCs to
“medicinal signaling cells” to more accurately reflect this fact123,

Many questions regarding the mechanism of action of MSC secretome require further
investigation. For example, how do its effects persist days or even weeks after treatment,
given the short half-life of cytokines? This finding, replicated in several studies, implies that
secreted factors activate innate regenerative pathways in the host tissue that achieve a
durable effect. Moreover the MSC secretome appears to protect against different
mechanisms of injury (i.e., ischemic versus cytotoxic kidney injury), suggesting that the
local microenvironment somehow influences the regenerative pathway. Finally, long-term
data regarding the effect of MSC secretome administration is still required to translate this
therapy into effective clinical treatment.
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Key Points

Stem cells possess anti-inflammatory, angiogenic, and anti-apoptotic
properties which may benefit urologic diseases for which conventional
therapies are lacking.

The acellular secretome of mesenchymal stem cells has been found to exert
similar therapeutic benefits as the cells themselves.

The mesenchymal stem cell secretome avoids problems associated with
traditional stem cell therapy including oncogenic transformation, immune-
reactivity, and cost.

The mesenchymal stem cell secretome has been shown in pre-clinical studies
to benefit models of stress urinary incontinence, acute and chronic renal
disease, bladder dysfunction, and erectile dysfunction

The specific mechanisms by which the stem cell secretome exerts its benefits
requires further investigation, but it is likely due to multiple bioactive
cytokines working synergistically.
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Box 1:
Urine-derived stem cells

Urine- derived stem cells (UDSCs) offer an exciting alternative to traditional autologous
sources of mesenchymal stem cells (MSCs) such as muscle or adipose tissue, which
require invasive procedures and can cause donor- site morbidity. Zhang and colleagues'42
discovered that a population of cells isolated from urine exhibit MSC- like features and
possess trilineage differentiation capacity43. These cells express MSC and/or pericyte
markers and are probably derived from the glomerular parietal epithelium44. UDSCs
might offer an advantage over other multipotent stem cells for urological applications
given that they can be easily and safely obtained from a urine sample, exhibit robust
proliferative capacity and can differentiate into urothelial cells with higher
efficiencyl43145. Moreover, UDSCs can be effectively manipulated to become induced
pluripotent stem cells (iPSCs), which have broad therapeutic applications such as
personalized regenerative medicine or as vectors for gene delivery36.

Similar to MSCs, the regenerative properties of UDSCs have shown promise in animal
models of urological disease. In a rat model of diabetic erectile dysfunction (ED),
intracavernous injections of UDSCs or UDSCs transfected with fibroblast growth factor 2
(FGF2; a potent angiogenic protein) upregulated the expression of pro- angiogenic
factors, such as endothelial nitric oxide synthase (eNOS) and vascular endothelial growth
factor (VEGF), and smooth muscle markers in penile tissues'46. FGF2 transfection
increased the expression of these factors compared with UDSC treatment only. In
addition, UDSC- treated animals exhibited improved functional erectile responses
without detection of cells at the injection sites 4 weeks after injection, and FGF2
transfection also markedly enhanced these responses. These findings support the
paracrine hypothesis of stem cell action discussed in this Review. Indeed, exosomes
secreted by UDSCs decreased urine microalbuminuria, reduced tubular epithelial damage
and enhanced endothelial cell proliferation when injected intravenously in a rat model of
diabetic nephropathy4’. Thus, UDSCs might be a desirable alternative for urological
pathologies owing to their ease of harvest, proliferation potential and phenotypic
similarity to the urinary system.
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Figure 1. Putative mechanisms of action of MSCs. MSCs either differentiate or secrete
soluble factors, some of which are contained in extracellular vesicles. They exert trophic,
angiogenic, immunosupressive, anti-fibrotic, and anti-apoptotic effects which promote

regeneration of injured tissue.
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Kidney

*  MSC CCM prevents acute renal
injury and reverses chronic kidney
injury in various animal models of
renal dysfunction

*  These benefits may stem from anti-
inflammatory, anti-fibrotic, and
anti-apoptotic effects of the
secretome

Page 24

Urethral Sphincter

*  Systemic injections of CCM improve
LPP in a vaginal distension model of
SUL. This finding persists in a dual
nerve/muscle model of injury.

*  Factors that improve angiogenesis
and promote neuronal growth may
be involved

49

Bladder

Treatment with MSCs or ADSCs
improves detrusor function in
various models of bladder
dysfunction — these effects persist in
the absence of stem cells in the
tissue

Angiogenic and neuronal growth
factors may be at play, as well as
mobilization of the bladder’s
endogenous stem cells

D —

Figure 2.

Penis

Intracavernosal injections of ADSC
lysate or MSC CCM improves
erectile function in various animal
models of erectile dysfunction
Recovery of erections may result
from upregulation of angiogenic
factors and neurotrophins in the
corporal tissue

A summary of the effects of the MSC secretome on urological pathology as demonstrated in

pre-clinical studies
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Selected pre-clinical studies of secretome treatment for urological diseases

Study Pathology  Stem Cell ~ Study Design Major Conclusions
Type
Dissaranan et Sul MSCs, IV MSCs or peri-urethral CCM were LPP was significantly improved in both treatment
al., 2014 CCM administered after vaginal dilation. One groups, demonstrating that local injection of CCM
week after injury, LPP and EUS EMG provided a similar benefit to systemic cell therapy
were measured.
Dengetal., SuUl MSCs, IV MSC or IP CCM were administered LPP was significantly improved in both treatment
2015 CCM following vaginal distension and PN groups, suggesting systemic administration of
crush. Three weeks after injury, LPP and acellular secretome has similar efficacy to cell
PN sensory branch potentials were therapy
measured.
Bi et al., 2007 AKI MSCs, MSCs or CCM were administered Both MSC and CCM treatment improved renal
CCM systemically after cisplatin-induced AKI function and histology following acute renal
in rats. injury when administered systemically.
Van Koppenet  CKD CCM In a sub-total nephrectomy model of Treatment with CCM improved GFR significantly
al., 2012 CKD, rats were intravenously injected compared to control. CCM-treated rats had less
with CCM or non-conditioned media. tubular damage. CCM was effective in reversing
Renal function and histology were chronic kidney damage.
analyzed 6 weeks after treatment.
Da Silva et al., CKD MSCs, In a unilateral ureteral obstruction model In both treatment groups, levels of inflammatory
2015 CCM of CKD, rats were administered IV MSC cytokines were reduced. Histological analysis
or CCM. Inflammatory cytokines and showed decrease fibrosis and apoptosis in both
renal histology were analyzed. groups.
Zhang et al., DBD ADSCs DBD was induced in rats using a high fat 60% of rats receiving tail vein injections and 40%
diet and streptozocin. ADSCs were of rats receiving intra-detrusor injections
injected in the detrusor or via tail vein. demonstrated bladder dysfunction, compared to
Conscious cystometry was performed 1 100% in the control group. Only a fraction of
month later to assess bladder function. injected ADSCs remained in the bladder,
suggesting a paracrine effect.
Song et al., OAB MSCs Intra-detrusor (human) MSCs or IV Bladder parameters improved with MSC
2013 solifenacin were administered to rats with  treatment and at 4 weeks surpassed those of the
OAB induced by urethral ligation. anti-muscarinic group. This effect occurs without
Cystometry was performed at 2 and 4 engraftment of human MSCs.
weeks.
Albersenetal., ED ADSCs, Intracavernosal ADSCs or ADSC lysate Animals in both treatment groups had improved
2010 ADSC were injected in a bilateral cavernosal erectile function. In the stem cell group, only a
lysate nerve injury ED model. Erectile function small fraction of cells were observed in the
was measured 4 weeks later by assessing cavernosal tissue after 1 month, suggesting a
intracavernosal pressure paracrine effect.
Sunetal, 2012 ED MSC, Intracavernosal injections of MSCs or Both treatment groups experienced partial
CCM CCM were administered to rats with restoration of erectile function.

diabetes-induced ED. Erectile function
was measured 4 weeks later by assessing
intracavernosal pressure.

Immunohistochemistry demonstrated increased
staining of nNOS and NF fibers.

SUI: stress urinary incontinence, MSC: mesenchymal stem cells, CCM: conditioned culture media, LPP: leak point pressure, EUS: external urethral
sphincter, EMG: electromyography, IV: intravenous, IP: intraparenchymal, PN: pudendal nerve, AKI: acute kidney injury, GFR: glomerular
filtration rate, DBD: diabetic bladder dysfunction, OAB: overactive bladder, ED: erectile dysfunction, nNOS: nitric oxide synthase, NF:

neurofilament
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