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Abstract:

 Stress urinary incontinence is a significant social, medical, and economic problem. It is caused, at least in part, by degeneration of the sphincter muscle controlling the tightness of the urinary bladder. This muscular degeneration is characterized by a loss of muscle cells and a surplus of a fibrous connective tissue. In Western countries approximately 15% of all females and 10% of males are affected. The incidence is significantly higher among senior citizens, and more than 25% of the elderly suffer from incontinence. When other therapies, such as physical exercise, pharmacological intervention, or electrophysiological stimulation of the sphincter fail to improve the patient’s conditions, a cell-based therapy may improve the function of the sphincter muscle. Here, we briefly summarize current knowledge on stem cells suitable for therapy of urinary incontinence: mesenchymal stromal cells, urine-derived stem cells, and muscle-derived satellite cells. In addition, we report on ways to improve techniques for surgical navigation, injection of cells in the sphincter muscle, sensors for evaluation of post-treatment therapeutic outcome, and perspectives derived from recent pre-clinical studies.
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1. Introduction

Stress urinary incontinence (SUI) is not only a major hindrance for any individual affected, but it is a very large social, medical, and economic burden to society [1]. SUI is associated with multifactorial pathologies [2,3], including structural changes in the muscle’s composition, loss of the muscle cells, a surplus of the collagenous fibrous connective tissue, changes in vasculature or enervation, and mechanical load. Current treatment strategies involve muscular training, electrophysiological stimulation, and pharmacological interventions to improve neural activation of the sphincter in female patients. For women, other therapeutic options include mechanical support of the urethra to increase sphincter function but require surgical application of slings or injection of bulking agents. Another problem of treatment of SUI with slings is that it can lead to complications, especially in the long term, and has raised concerns against this type of therapy [4]. Comparably, injection of bulking agents in the urinary sphincter muscle did not meet clinical expectations, although some benefit was noted [5]. For men, artificial urinary sphincter devices were introduced in the early seventies, more than forty years ago [6]. Although some success in treatment of iatrogenic male incontinence after prostatectomy was noted, the design of this type of product and of other mechanical prostheses are repeatedly changed, improved and re-designed, due to notable complications or insufficient long term treatment [7]. Therefore, one can conclude that although there is some improvement for the patients with current treatment regimens, they do not treat the cause of the disease: malfunction of the sphincter complex.

Pre-clinical studies of SUI with stem/stromal cells or progenitor cells have yielded promising results [8,9,10,11,12,13,14,15] suggesting that a cell-based regimen could potentially treat the cause of SUI for some patients. Although experts suggest that cell-based therapies for treatment of SUI are at an experimental stage [16,17,18], recently, several centers reported results on clinical trials [19,20,21,22,23,24,25] using different types of cells including muscle derived stem cells [19,21,25], mesenchymal stromal cells (MSC) [24,26], or myoblasts and fibroblasts [23]. Some of these trials did not meet the quality measures expected from proof-of-principal studies and were retracted [24,27]. However, overall, based on clinical trials [21,22] and positive results from pre-clinical studies involving satellite cells or adipose-derived MSC [11,12,13,14,15], recently a clinical phase II study was initiated [26]. However, it is still unclear what the best approach to cellular therapy for treatment of SUI is. In order to explore the potential of any cell-based therapies for treatment of SUI, it is critical to: (i) Define the optimal type of cell required for regeneration of the sphincter muscle; (ii) Develop gentle but precise surgical techniques to apply the cells without interfering with its already weakened function; and (iii) Improve strategies for exactly determining if the muscular function has improved during follow-up treatment.

Here, we discuss three different types of cells: bone marrow-derived mesenchymal stromal cells, urine-derived stem cells, and muscle-derived satellite cells, and their potential to strengthen the urinary sphincter muscle. In addition we briefly report on specific techniques for surgical navigation and stem cell injection methods, as well as on the development of sensors for monitoring the sphincter muscle post-stem cell treatment, and on a pre-clinical model system.



2. Results and Discussion


2.1. Autologous Progenitor Cells


2.1.1. Mesenchymal Stromal Cells

Mesenchymal stromal cells (MSC), also called multipotent stromal cells or mesenchymal stem cells, were described for the first time by Friedenstein and colleagues some 40 years ago as fibroblast precursors isolated from mouse bone marrow [28]. Later, MSCs from bone marrow were described as osteogenic precursors [29,30,31,32] and, in 1999, the multi-lineage differentiation capacity of human bone marrow-derived MSC (bmMSC) was reported [33]. MSCs were also detected in adipose tissue [34], term placenta [35], and other sources [36,37]. MSCs modulate immune responses [38,39,40,41], and may serve as a source for growth factors during wound healing [42,43] and tissue regeneration [43,44]. The regenerative potential of MSC was investigated in different tissues, including bone [45], cartilage [46], cardiac tissue [47,48], and MSCs even facilitated outgrowth of neurons [49]. The success reported with MSC applications in the above mentioned studies motivated research to utilize MSC from adipose tissue (called adipose-derived stem cells, ADSC) [14,15] or from bone marrow [50,51,52,53,54] for treatment of urinary incontinence in pre-clinical in vivo studies [14,15,51,52]. Post-treatment assessments in these feasibility studies ranged from one week [52] to 13 weeks [53], included different types of cells (ADSC or bmMSC), and different models of incontinence [9]. Therefore, comparison of results reported in these studies must be interpreted with care. However, overall, the application of mesenchymal stromal cells in animal models suffering from experimentally induced urinary incontinence seemed to be beneficial. However, larger and randomized cohorts, and longer follow-up are required to acquire a clearer picture on the risk versus benefit ratio.

In terms of the cell types used, application of ADSC or bmMSC may yield several advantages over therapies with muscular progenitor cells including satellite cells or myoblasts in this clinical context: Autologous ADSC or bmMSC can be obtained without intolerable side effects, in sufficient numbers and with an adequate cell quality from patients suffering from SUI (Table 1). Furthermore, bmMSC or ADSC may be applied as undifferentiated progenitor cells, or after myogenic differentiation, in vitro (Figure 1). However, the efficacy of myogenic differentiation of both, bmMSC and ADSC in either smooth or striated muscle (like) cells under GMP-compliant conditions, is not yet state-of-the-art.

Figure 1. Selected progenitor cells, sources, and myogenic differentiation. Suitable progenitor cells, sometimes also referred to as “stem” cells, can be isolated from different sources, such as bone marrow, adipose tissue, striated muscle, or urine, to generate bone marrow-derived mesenchymal stromal cells (bmMSC), adipose-derived stem cells (ADSC), satellite cells (SC), or urine-derived stem cells (USC). After a primary expansion the quality of bmMSC, ADSC, and USC is explored by adipogenic (“A”), chondrogenic (“C”) and osteogenic (“O”) differentiation of the stem cells, and by detection of the expression of the inclusion/exclusion cell surface antigens [34,37,55]. For SC expression of lineage-specific marker antigens is investigated (not shown). The bmMSC, ADSC, SC, or USC are then either applied as progenitor cells, or incubated in differentiation media to generate smooth muscle cells (SMC), for example, from bmMSC, ADSC or USC, or myoblasts (MB) and multinucleated myofibres from SC.
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Table 1. Selected features of human stem or progenitor cells suitable for regeneration of the urinary sphincter in the context cell based therapies for stress urinary incontinence (* SMC: smooth muscle cell).









	Stem cell source
	Bone marrow
	Adipose tissue
	Urine
	Striated muscle





	Cell Type
	MSC
	ADSC
	USC
	satellite cell



	Key Surface
	CD73, CD90
	CD34, CD73
	CD44, CD73
	α7β1 integrin



	Inclusion Marker(s)
	CD105, CD146
	CD90, CD105
	CD90, CD105
	



	Key Surface
	CD11b, CD14
	CD11b, CD14
	CD31, CD34
	ø



	Exclusion Marker(s)
	CD34, CD45
	CD45
	CD45
	



	Key Intracellular
	vimentin, αSMA
	STRO-1
	unknown
	Pax7



	Marker(s)
	STRO-1
	
	
	



	Cell Availability
	abundant
	abundant
	abundant
	limited



	Isolation/Preparation
	simple
	feasible
	very simple
	complex



	Differentiation
	osteo, chondro
	osteo, chondro
	osteo, chondro
	myoblast



	Capacities
	adipo, SMC *
	adipo, SMC *
	adipo, SMC *
	myotube



	
	
	endothelial
	
	



	
	
	urothelial
	
	



	Smooth Muscle Differentiation
	established
	established
	established
	ø



	Striated Muscle Differentiation
	complex
	questionable
	published
	published



	
	
	
	but not confirmed
	



	Mode of Action
	paracrine/trophic
	paracrine/trophic
	paracrine/trophic
	generation of



	
	SMC generation
	SMC generation
	SMC generation
	striated muscle cells



	Target in SUI
	lissosphincter
	lissosphincter
	lissosphincter
	rhabdosphincter



	Key References
	[15,33,55]
	[34,56]
	[57,58]
	[59,60]










Another benefit of MSC is that, depending on the numbers of cells to be injected (also see Section 2.2.), only a short period of time for expansion MSC is required. Routinely, approximately 1 × 107 total mononuclear cells can be obtained from an average bone marrow aspirate (mean 18 ± 3 mL). This will yield more than 107 proliferation- and differentiation-competent MSC in less than two weeks of in vitro culture. For clinical application, these cells have to be expanded under GMP-compliant conditions [61,62]. Comparably, from approximately 6 g of human subcutaneous adipose tissue, approximately 1 × 105–1 × 106 ADSC can be obtained in one week of in vitro cultivation. In some cases, MSC derived from term placenta (pMSC) might be an interesting alternative cell source [35]. Within two to three weeks of expansion, about 1 × 107 pMSC can be generated from 100 g of human term placenta. As childbirth is a significant risk factor for SUI, application of autologous MSC from the endometrial part of the term placenta might eventually become a preventive SUI regimen [63]. Therefore, the regenerative potential of MSC from human term placenta has been investigated in more detail, recently, as well [35,41,64,65].





2.1.2. Urine-Derived Stem Cells

Of late, a seemingly unusual source of progenitor cells was described and its potential for regenerative regimens was explored [57,58,66,67,68,69]. Collecting urine samples over three consecutive days from adult males enabled researchers to investigate several protocols for harvesting urine-derived stem cells (USC), their preservation and storage, in vitro culture, and characterization and differentiation capacity to generate mature cells with urothel-like and a smooth-muscle like phenotypes [57]. Ex vivo, human USC express a panel of cell surface markers such as CD44, CD73, CD90, and CD105, but lacked CD31, CD34, and CD45, suggesting that these cells are of mesenchymal origin and seem closely related to MSC including ADSC (Table 1). CD73 and CD90 were found on preserved USC as well [57]. USC incubated in differentiation media enriched with transforming growth factor-β (TGF-β) plus platelet-derived growth factor-BB (PDGF-BB) induced smooth muscle cell differentiation (Figure 1) as shown by expression of desmin, calponin, smoothelin, myosin, and α-smooth muscle actin [57]. In addition to generation of smooth muscle-like cells in vitro [57], USC were also tested for their in vivo regeneration capacities and the generation of endothelial cells (as investigated by expression of CD31 and von Willebrand factor) and differentiation to striated muscle-like cells (as explored by detection of desmin, MyoD, and Myf-5) [58].

Furthermore, incubation of USC with epidermal growth factor (EGF) induced urothelial cells that expressed the urothelial markers uroplacin, cytokeratins-7, -13, and -20, and the epithelial antigens cingulin and E-cadherin [57]. As the USCs were cloned prior to induction of differentiation, the USCs may be capable of differentiation along two distinct cellular lineages: (i) The mesenchymal lineage of cells, derived from the mesoderm; and (ii) The epithelial cell lineage, derived from the endoderm. However, such an adult progenitor cell plasticity or the trans-differentiation of adult somatic cells across germ line borders are a matter of debate [70], and some people would argue that, at least in bulk USC preparations, stem cells from different germ lines are collected in the starting samples, enabling preferred outgrowth of either the mesenchymal/muscular or the epithelial/urothelial cells. However, by all means, this rather academic discussion distracts from the clinical potential of USC. If applied successfully to ameliorate urinary incontinence in pre-clinical studies, USC may be an interesting alternative to bmMSC, ADSC, or satellite cells (see below) in future urological or gynecological regenerative medicine.



2.1.3. Muscle-Derived Satellite Cells

The omega-shaped urinary sphincter muscle consists of smooth-muscle and striated muscle fibers [71]. Therefore, regeneration and/or performance of both parts of this muscle may be required to gain efficient and long lasting sphincter function. Differentiation of functional striated muscle cells from ADSC or MSC has been reported [14,50,72,73,74]. However, the efficacy in production of bona fide striated muscle cells from MSC in vitro is rather low. Additionally, the differentiation protocols presented to the scientific public so far either employ recombinant techniques [73], xenobiotic serum or growth factors in the media [72,73], cancerous components [14,50,52], or combinations thereof, to induce myogenic differentiation. A probably safer way to generate striated muscle tissue from progenitor cells may be through the isolation and expansion of satellite cells (SC), as these cells are the natural precursors for generation and regeneration of striated muscle tissue [59,60,75,76]. Satellite cells reside between the basal lamina and sarcolemma in muscle fibers of striated muscle tissue and are activated on demand by growth factors or other stimuli including hypoxia or injury to generate multinucleated myofibers. Therefore, the potential of satellite cells or muscle-derived cells for treatment of SUI has been explored in pre-clinical [11,77,78,79] and even clinical pilot studies [19,21,23,80]. In a study for management of male urinary incontinence, 46% of patients treated with autologous muscle-derived cells did not show improvement, but adverse effects were not at all observed [25]. However, in this study the patients received a mixed cell population, and only approximately 50% of the cells injected expressed typical muscular marker genes [25]. Follow-up in the clinical studies employing “muscular progenitor cells” ranging from one to four years also showed promising results [21,80]. However, failure of therapy in some of these cases may be associated with the individual blend or unclear cellular phenotypes of the cells injected. However, experts agree that striated muscle-derived stem cells or satellite cells do yield clinical benefit for patients suffering from SUI or other forms of incontinence. However, large numbers of satellite cells are required for the injection of cells for the treatment of incontinence. This may result in a severe impact on the healthy muscle at sites where satellite cells are harvested. Therefore some protocols for cell-based treatment of incontinence favor the use of stem or progenitor cells from other sources that yield less side effects, such as bone marrow or adipose tissue. Accordingly, the currently ongoing clinical phase II trial HULPURO employs autologous adipose tissue derived MSC [26], but not satellite cells (Table 1).




2.2. Navigation and Improved Cell Application Techniques

The typical steps for cell therapy include the production of the cells, cell implantation, and, finally, following and measuring the treatment’s results. A general trend towards minimally invasive surgery is preferred and, therefore, surgeries are often performed by aid of an endoscope and other high-end imaging instruments [19,25]. Therewith, cell implantation in the urethral sphincter can be performed by a needle/syringe, which is manually pushed through an endoscope to the site of cell injection. From a technical point of view, this procedure using a linearly guided needle is fairly straightforward. However, accurate control of the position of cell injection and distribution of the cells within the sphincter muscle appears a demanding challenge. Furthermore, using needles for injection of cells inherits the risk of tissue damage, possibly accompanied by bleeding.

Based on existing navigation systems for sphincter cell therapy, current research and development are being dedicated to develop novel navigation and cell injection methods for a more precise and less invasive treatment. The workflow for future treatments may look as follows: First, the exact individual anatomical conditions of the patient to be treated and the exact area for injections of the cells in the sphincter are recorded and marked out by MRI and ultrasound imaging (USI) to generate a virtual three dimensional “map”. During treatment, the exact position of the instruments can be visualized as an overlay of the endoscope image, and the “map” generated by the MRI, fused in real-time with the topical USI data. With a tracking system attached to the endoscope and the injection needle, the delicate sphincter muscle can be located and cells can be injected with high precision.

Although optimal positioning of the injection needle is very important, a second aspect of cellular application in the urethral sphincter may be critical for the overall success of such a regimen as well: Optimal spatial distribution of the cells in the tissue itself. Thus far, this has not yet been thoroughly investigated for sphincter regeneration [81]. This is probably due to the fact that many pre-clinical studies employed rodents [11,14,15,51,52,53,54,77,82,83]. In such models, controlled studies comparing, e.g., injection of cells in one site of the sphincter versus several injections at different angles or positions, cell dose escalation studies [81], or combinations of cells and biomaterials cannot be addressed due to the anatomical size limitations in these animals. Therefore, these surgical aspects need to be addressed in larger animal models [84]. In addition, a gentle, yet not penetrative, cell injection technology might be helpful as well. In humans, the sphincter muscles measures only a few millimeters in width and thickness [71]. A needle may easily cut through the tissue and cause the cells to be delivered into the peritoneal space. To overcome this limitation of cell injections by needles, new cell application technologies may facilitate the cell application and, at the same time, improve clinical outcome. For example, one possible method would be to “shoot” cells through an endoscopic air pressure nozzle into the tissue. Variation of pressure and volume of the air impulse, design of duct, droplet size, and cell density in the injection fluid may allow to optimization of depth, density, and distribution of the injected cells.



2.3. Signal Processing to Evaluate the Regeneration of the Urinary Sphincter Muscle in Situ

An objective and reproducible measurement of the sphincter muscle strength is crucial for the assessment of the overall effect of cell-based therapy. Further, a spatially resolved reconstruction of the sphincter muscle strength has the potential to allow the location of weak spots and facilitate the targeted application of stem cells. Currently, no methods are available to measure the spatial distribution of the sphincter muscle strength. Studies investigating the leak point pressure, which can be interpreted as sphincter muscles strength, and its connection to incontinence, exist [85]. However, as leak point pressure is only measured via an intravesical catheter, no data exists on the spatial distribution of the sphincter muscle strength. A novel approach, based on a mathematical model of the urethra and microtip catheter, may overcome this problem. Urethral pressure profilometry is a common tool in the diagnosis for urinary incontinence and can deliver data on the state of the sphincter muscle. To this end, a special catheter is inserted into the urethra and, while it is being slowly retracted, the pressure along the urethra is measured. Several types of catheters capable of measuring pressure inside the urethra are known [86]. One type, the microtip catheter, uses electric pressure transducers on the circumference to measure the local pressure exerted by the sphincter muscle through the urethra on the catheter. Usually, up to four pressure sensors are placed on the catheter’s circumference. However, raw data obtained by those catheters is often difficult to interpret diagnostically. Sensor noise may obscure details and possible angular fluctuations in the pressure profile may not be detected due to limited angular resolution of the sensor arrangement and gaps between the sensors. Additionally, different pressure levels were measured in different directions inside the urethra, the cause of which is still unclear [87]. As those differences cannot be explained through direction-dependent fluctuations of the muscle’s strength, one might have to consider them as artifacts caused by bending of the catheter [88]. An alternative to this approach may be to process the measured data through a mathematical model of the urethra to obtain the pressure profile on the outside of the urethra, which is exerted by the sphincter muscle. This approach can also measure different pressure levels in several directions inside the urethra.

The first approach to a mathematical model is to describe the urethra as a linear-elastic isotropic hollow cylinder. The system of partial differential equations governing this problem is solved numerically. Therefore the model is discretized through the Finite-Element-Method (FEM). In order to solve this problem, boundary conditions have to be defined. As the catheter is placed inside the urethra, both pressure profile and displacement of the inner boundary are known. However, no information on the pressure profile and displacement on the outside is available. This leads to a so-called inverse problem, which violates at least one condition for a well-posed problem [89]. That means that the solution of this problem is numerically unstable, i.e., tiny variations in the input data cause arbitrarily large variations in the results. Therefore, special algorithms, which are able to recover stability of the solution, have to be developed to solve this problem.

Inverse elasticity problems have been studied extensively in literature [90]. They have been used in some medical applications, including for instance elastography of artery walls [91,92,93]. However, to the best of the authors’ knowledge, inverse algorithms have not been used in urodynamics. Therefore, we propose a mathematical model and an inverse algorithm to reconstruct the spatial pressure profile on the outside of the urethra from measured pressure on the inside. Furthermore, due to the limited angular resolution of the sensor arrangement, data is not continuously available on the inside of the urethra. Hence, sensor positions and areal sensitivity characteristics have to be taken explicitly into account.

In a second approach, experimental data can be used to test and validate the developed algorithms. Data is obtained for instance on a special test stand, which allows data collection under comparatively well-known and reproducible conditions (Figure 2). Measurements can be conducted with a custom-made microtip catheter with eight pressure sensors on the circumference allowing at the least double the angular resolution compared to standard devices. The test stand mechanically resembles the female urethra. A soft silicone tube emulates the urethra. Strings of different diameters can be wound around the tube in various configurations. They are tightened by electric motors and emulate the sphincter. With this setup, different pressure profiles can be created on the outside of the tube and measured by the catheter.

Figure 2. CAD-Rendering of the test stand.
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The results of the inverse algorithm are post-processed to three-dimensional figures depicting the deformed shape of the urethra (Figure 3). A color map indicates the pressure level at any given point on the surface. With this method, physicians can easily pinpoint abnormalities and identify differences between before and after the stem cell treatment.

Figure 3. 3D-Representation of the deformed urethra model under pressure.
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2.4. Pre-Clinical Model

Many of the currently used reconstructive techniques for treatment of SUI at this point mainly cure the symptoms, instead of functionally regenerating the tissue [94]. Application of regenerative or even differentiated cells directly into the urethral sphincter muscle could potentially recover the function of the sphincter muscle [26]. As tissue samples from patients treated for SUI with cells cannot be harvested without a risk to harm the injected sphincter muscle, mechanisms of such regenerative regimen have to be explored in detail in animal models, such as for instance minipigs (Figure 4). In large animal models the cells can be injected under visual control into the urethral wall using standard clinical instruments. In addition, large animal model allow a comparison of different patterns of cell injections: Cell injections in one site versus injections in several sites [25], variation of numbers of cells, and injection volume. The cells can be labeled by paramagnetic particles [95], fluorescent dyes [96], or by recombinant techniques prior to the injection [97]. This enables the investigators to follow the cells after injection in life animals and to localize them by MRI, and visualize the cells in vivo. In addition, cells labeled with fluorescent dyes can be localized easily ex vivo in tissue samples by microscopy. Moreover, due to the anatomical features of this model, urethra pressure profiles (UPP) in treated vs. untreated animals can be monitored again by standard clinical instruments to measure the urodynamic function.

Figure 4. Cell application and functional read-out. (A) Transurethral injection of cells during cystoscopy procedure under visual control. Defined volumes of labeled cell suspension can be applied via a syringe (asterisk) and needle; (B) Urethral pressure profiles (UPP) can continuously be measured by a balloon catheter automatically retracted from the bladder to the rhabdosphincter and urethra.
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The goal of pre-clinical studies for cell based sphincter therapies is to develop safe and precise injection technologies and to investigate the behavior and fate of the cells injected. To come as close as possible to the real clinical situation one can even use human cells in a suitable animal model. This however may need some sort of immunosuppression or an immuno-deficient recipient [98]. Based on the hypothesis that human MSC may facilitate endogenous repair mechanisms of porcine sphincter muscles, regimens for mild yet sufficient immuno-suppression were developed. Thus, precise intramuscular application of undifferentiated human MSC for example into the porcine rhabdosphincter may lead to the induction of myogenic in vivo differentiation of the cells injected, or result in activation of resident repair mechanisms. This problem—MSC as regeneration promoting cells [43,99] or their functional integration by in vivo differentiation [10,54]—represents one of main challenges in realizing this xenogenic transplantation animal model. Moreover, assessing and controlling the fate of the cells after injection is an additional task for quality management and monitoring of the treatment. Achieving these objectives, together with the translation of the entire procedure to clinical routine therapy, will bring this stem cell-based regenerative therapy closer to patients suffering from incontinence compared to any other approach attempted before.




3. Conclusions

Mechanical devices are not yet a satisfactory solution to treat stress urinary incontinence. Due to the demographic changes in Western societies, the incidence and prevalence of SUI are rising. Therefore safe and effective novel treatments are needed. Stem cell based therapies may tackle this problem.
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