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Abstract

Mesenchymal stem cells (MSC) are a unique cell population defined by their ability to indefinitely 

self-renew, differentiate into multiple cell lineages, and form clonal cell populations. It was 

originally thought that this ability for broad plasticity defined the therapeutic potential of MSCs. 

However, an expanding body of recent literature has brought growing awareness to the remarkable 

array of bioactive molecules produced by stem cells. This protein milieu or “secretome” comprises 

a diverse host of cytokines, chemokines, angiogenic factors, and growth factors. The autocrine/

paracrine role of these molecules is being increasingly recognized as key to the regulation of many 

physiological processes including directing endogenous and progenitor cells to sites of injury as 

well as mediating apoptosis, scarring, and tissue revascularization. In fact, the immunomodulatory 

and paracrine role of these molecules may predominantly account for the therapeutic effects of 

MSCs given that many in vitro and in vivo studies have demonstrated limited stem cell 

engraftment at the site of injury. While the study of such a vast protein array remains challenging, 

technological advances in the field of proteomics have greatly facilitated our ability to analyze and 

characterize the stem cell secretome. Thus, stem cells can be considered as tunable 

pharmacological storehouses useful for combinatorial drug manufacture and delivery. As a cell-

free option for regenerative medicine therapies, stem cell secretome has shown great potential in a 

variety of clinical applications including the restoration of function in cardiovascular, 

neurodegenerative, oncologic, and genitourinary pathologies.
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1. Introduction

Adult mesenchymal stem cells (MSCs) comprise a unique cell population that was first 

described in the 1970s by Friedenstein et al [1]. This first description of bone marrow-

derived adult MSCs in a series of animal studies and, later, of human embryonic stem cells 

in 1998 were seminal events in the field of stem cell research [1, 2]. MSCs are among the 

most well-studied and well-understood of stem cell types and much research has focused on 

their unique ability to indefinitely self-renew, differentiate into multiple cell lineages, and 

form clonal cell populations. These defining characteristics have generated much excitement 

for the use of this cell lineage for clinical therapeutic application. To date, most studies have 

explored methods to exploit the broad plasticity of stem cells and their ability to act as 

tissue-specific progenitors to repair tissue damage and restore function locally [3-7]. 

Similarly, these earlier works primarily attributed the therapeutic effects of stem cell therapy 

to this ability to locally engraft and differentiate into multiple tissue types. However, an 

expanding body of recent literature has also brought attention to the incredible array of 

bioactive molecules produced by stem cells [8-11]. This diverse protein assortment of 

cytokines, chemokines, angiogenic factors, and growth factors known as the “secretome” is 

being increasingly recognized for its role in the regulation of numerous physiological 

processes.

Investigation of the stem cell secretome often begins in vitro where recent advances in the 

field of proteomics have demonstrated its role in directing endogenous and progenitor cells 

to site of injury as well as in mediating apoptosis, angiogenesis, and tissue scarring [12-14]. 

Additionally, many studies have suggested that it is the secretome and its paracrine/

autocrine roles rather than stem cell differentiation that may mediate many of the 

regenerative effects observed following therapeutic stem cell administration [12]. As such, 

there has been growing interest in the use of secretome in the clinical arena, particularly as it 

has several advantages over the traditional use of stem cells in regenerative medicine 

therapy, including increased ease of delivery, reduced concerns for oncogenic potential 

associated with stem cell use, lack of immunogenic reaction enabling allogeneic or off-the-

shelf use, and wide potential for in vitro modulation of the protein milieu delivered [15]. 

Thus, stem cells can be thought of as combinatorial drug manufacture and delivery 

mechanism, the content of whose production can be adjusted for different clinical 

applications.

In this article, we begin with a brief overview of stem cells and potential mechanisms by 

which they aid in tissue repair, with a focus on the paracrine/autocrine function of stem 

cells. We then transition to a discussion of the stem cell secretome and the methods by 

which it has been studied in vitro. We then provide an overview of therapeutic applications 

for secretome with a focus on its potential use in the genitourinary tract. Finally, we 

highlight some of the challenges going forward in translating this promising research from 

the bench to the bedside.
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2. Stem Cells in Regenerative Medicine

2.1 Definition of Stem Cells

Stem cells are a unique cell population defined by: 1) their ability to indefinitely self-renew, 

2) the ability to form clonal cell populations derived from a single cell, and 3) their ability to 

differentiate into a number of different cell types. It is these special properties of broad 

plasticity and self-renewal that make these cells attractive for use in restoration of function 

to multiple tissue types.

Currently, the broad diversity of stem cells under clinical investigation can be divided into 

four categories: embryonic stem cells derived from the early stage embryo, stem cells 

derived from placenta or amniotic fluid with properties intermediate to those attributed to 

embryonic stem cells and adult stem cells, induced pluripotent stem cells or cells that have 

been “reprogrammed” via the use of specific transcription factors to achieve a pluripotent 

state, and, finally, adult stem cells [16, 17]. Mesenchymal stem cells, or multipotent adult 

progenitor cells, are a subset of adult stem cells that were first described in the literature by 

Friedenstein et al. in the 1970s [1]. They are the most well-studied and well-understood cell 

type in the field of stem cell therapy and, thus far, are the stem cell type whose secretome 

has been most extensively investigated for therapeutic applications. Since their discovery, 

MSCs have been identified throughout the body; classically, they were isolated from the 

bone marrow stroma although later work has also identified them in many other well-

vascularized tissues [18]. MSCs may also be found in adipose, muscle, endometrium, and 

renal tissues, for instance, and, unlike tissue-specific progenitor cells, they can be induced to 

differentiate into multiple cell lineages including bone, neuronal, adipose, muscle, liver, 

lungs, spleen and gastrointestinal tissues [18]. Pericytes, or cells that reside in the 

endothelial lining and were traditionally thought to be important in maintaining the integrity 

of the vascular network, have also been recently classified as MSCs due to their ability to 

differentiate into multiple lineages [19]. While it has been suggested that all MSCs may be 

pericytes, there does seem to be difference between pericytes and MSCs derived from other 

sources. For instance, bone marrow-derived MSCs have shown efficacy in wound healing 

but pericytes have not been used to similar effect [20].

2.2 Stem Cell Use in Regenerative Medicine – Potential Mechanisms of Action

The therapeutic potential of stem cells can be attributed to 3 key mechanisms of action: 1) 

“homing” or the process whereby systemic stem cell delivery results in cell migration to 

specific areas of acute injury via chemical gradients, 2) local restoration of function by 

differentiating into multiple cell types to augment or replace damaged tissues, and 3) the 

secretion of bioactive factors with potential for affecting both local and systemic physiologic 

processes.

The process of innate systemic stem cell delivery to the site of injury is termed “homing” 

and, from a clinical/therapeutic perspective, can be taken advantage of in administering stem 

cells systemically rather than locally. Unlike tissue-specific progenitor cells, MSCs traverse 

the circulatory system with access to all tissues in the body but migrate or “home” to 

specific locations, such as areas of acute injury, following chemokine gradients where they 
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can engraft and facilitate healing and regeneration locally [21, 22]. It is hypothesized that 

MSCs migrate to target tissues via a process similar to that of leukocyte migration. Initial 

localization by means of chemoattraction is mediated by cell surface receptors such as the 

chemokine receptor C-X-C chemokine receptor type 4 (CXCR4) and its binding partner C-

X-C motif ligand 12 (CXCL12) as well as the chemokine ligands – C-C chemokine receptor 

type 1 (CCR1), CCR4, CCR7, CCR10, CCR9, CXCR5, and CXCR6 [23, 24]. Adhesion to 

vascular endothelial cells at the target site is via integrins and selectins, although the exact 

role of these molecules in facilitating MSC-endothelial interactions is not well-established 

[25, 26]. Finally, transmigration of MSCs across the endothelium to the site of injury occurs 

via both leukocyte-like pathways involving vascular cell adhesion molecule 1 (VCAM-1) 

and G-protein-coupled receptor signaling, and via novel mechanisms such as paracellular 

and transcellular diapedesis [27]. Other factors involved in stem cell homing have been 

investigated in the in vivo setting with an aim to improve stem cell delivery to target tissues 

for clinical application. A study by Askari and colleagues identified stromal-cell-derived 

factor 1 (SDF-1) as a protein that could direct stem cells to injured myocardium. Since then, 

SDF-1 has emerged as a prominent stem cell homing factor that has been shown to be 

upregularted in many experimental models of cardiac injury and in patients with ischemic 

cardiac disease [28]. Stem cells secrete SDF-1 which serves to home innate circulating stem 

cells to that location where they presumably participate in repair and regeneration processes. 

Stem cell homing has also been found to be affected by a variety of other factors including 

age and passage number of the cells since MSC engraftment efficiency decreases with 

increased in vitro multiplication, culture conditions, and cell delivery method [22].

Classically, the main therapeutic benefit of stem cells was thought to be derived from their 

ability to locally restore function by differentiating into multiple cell types to augment 

and/or replace damaged tissues. Differentiation of stem cells to local tissue types has been 

demonstrated in application to a variety of pathologies, including stress urinary 

incontinence, in which it is thought that MSCs restore function by differentiating into the 

multiple cell lineages of the urethra, replacing and augmenting damaged urethral muscle, 

nerves, and connective tissue [6, 29-31].

3. The Stem Cell Secretome: A Brief Overview

More recent work suggests a complex role of stem cells in functional recovery since many 

studies of stem cells in animal models suggest that MSCs are relatively short-lived after 

delivery and do not engraft and differentiate to form new permanent tissues [31-34]. 

Additionally, stem cells delivered into animal models have been found to exert therapeutic 

benefits despite engraftment distant from the site of actual injury. Contemporary studies 

have demonstrated that, in addition to differentiating into target tissue types, stem cells 

likely exert a therapeutic effect via the secretion of bioactive factors that have antiapoptotic, 

antiscarring, and neovascularization effects, as well as immunomodulatory properties [21, 

35]. The investigation of this protein milieu or “secretome” is a subject of growing interest 

with the increasing recognition of the paracrine/autocrine role of cell secretions in the 

regulation of many physiological processes and their potential for therapeutic application.
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3.1 What is the Stem Cell Secretome?

Stem cell secretome is defined as the complex set of secreted molecules from stem cells that 

are crucial to many biological functions including cell growth, replication, differentiation, 

signaling, apoptosis, adhesion and angiogenesis. The secretome is thought to be encoded by 

approximately 10% of the human genome and includes a diverse array of serum proteins, 

growth factors, angiogenic factors, hormones, cytokines, extracellular matrix proteins, 

extracellular matrix proteases, hormones, and even, in low abundance, lipid mediators and 

genetic material [36, 37]. These secreted molecules are released by stem cells through 

classical and non-classical secretion mechanisms, including protein translocation, 

exocytosis, and vesicle or exosome encapsulation [38, 39]. The soluble factors and vesicles 

secreted by stem cells may act directly by mediating intracellular pathways in injured cells, 

or indirectly, by inducing the secretion of functionally active products from adjacent tissues.

Proteins released via the classical or conventional pathway translocate from the lumen of the 

endoplasmic reticulum to the Golgi complex where they are subsequently excreted from the 

cell via exocytosis. This process is typically mediated by a signal sequence associated with 

the secreted protein that directs ribosomes to the endoplasmic reticulum during polypeptide 

synthesis [38]. Further post-translational processing including signal peptide cleavage, 

folding, and linking of carbohydrate chains occurs in the lumen of the endoplasmic 

reticulum. Folded proteins then undergo further processing in the Golgi complex prior to 

exiting the cell via exocytosis.

However, some proteins including several key regulators of the immune response, 

angiogenesis, cell growth, and cell differentiation are secreted via a non-classical 

mechanism that does not involve the endoplasmic reticulum-Golgi complex [39]. The 

mechanism of secretion of these molecules, which include fibroblast growth factor and 

members of the interleukin family, may involve direct membrane translocation of proteins, 

or the export of proteins in membrane- or protein-coated vesicles [37]. Long regarded as 

repositories for cellular “garbage”, such extracellular vesicles (EVs) or exosomes derived 

from MSCs are now known to contain a variety of proteins, lipids, and functional RNAs 

(mRNAs and microRNAs) and may play an important role in intercellular communication 

[40, 41]. The role of these secreted vesicles is a subject of growing interest within the 

secretome research community given their potential to transport a host of signaling 

molecules to distant cell targets. To date, stem cell EVs are not well characterized due to 

their complex composition, and most studies have focused on the genetic component of stem 

cell-secreted vesicles. Interestingly, while secreted EVs share some common features across 

all cell types, EVs also contain material that reflect the function of the originating cell [42]. 

The first observation of this EV functionality was reported by Raposo et al in 1996 who 

observed that B lymphocytes secreted antigen-presenting EVs [43]. Subsequent studies have 

implicated EVs in various other immune functions and in cancer development. While some 

studies report that tumor cells release EVs that result in anti-tumor effect, tumor cells have 

also been shown to release EVs that confer immune resistance [44, 45]. In addition to their 

role in cancer immunity, tumor cell-derived EVs also contain cargo proteins that mediate 

various tumor properties including cell proliferation, invasiveness, and metastasis via an 

autocrine/paracrine manner [46] [47]. To date, most studies have focused on the secretion of 
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cytokines and growth factors by MSCs. However, the above work in the fields of 

immunology and tumor biology suggest that MSC-derived EVs likely play similar roles in 

mediating many of the therapeutic mechanisms of action of MSCs. Early work in the field of 

MSC-derived EVs have shown therapeutic potential for their use in a number of disease 

processes including renal, cardiac, and neurologic injury [48] [49, 50].

3.2 Why Use Secretome?

The use of cell-free therapies in regenerative medicine holds several advantages over more 

conventional stem-cell based applications. Use of secretome could potentially bypass issues 

related to immune compatibility, tumorigenicity, and the transmission of infections 

associated with cell therapies. Secretome use could also greatly reduce the time and cost 

associated with the expansion and maintenance of clonal cell lines since secretome therapies 

could be prepared in advance in large quantities in an allogeneic or off-the-shelf fashion and 

be immediately available for treatment when desired, enabling their application to acute 

conditions such as myocardial infarction, cerebral ischemia, or military trauma. 

Furthermore, the protein milieu delivered for therapeutic application could be tailored to 

enhance or reduce certain cell-specific effects to produce different therapeutic outcomes 

using the same initial protein mix.

4. Mechanism of Action and Functional Role of Secretome

4.1 Angiogenesis and Revascularization

MSCs and their secretome play an important role in the regulation of angiogenesis that has 

been demonstrated in both in vitro and in vivo studies. There is great interest in the role of 

MSCs in angiogenesis given the wide spectrum of clinical diseases related to insufficient 

angiogenesis, including atherosclerotic diseases like coronary artery disease and peripheral 

vascular disease, and wound healing disorders, as well as the broad range of disorders 

related to pro-angiogenic factors such as chronic kidney disease, tumor growth and 

metastasis, and proliferative retinopathy. [51] Angiogenesis is defined as the process in 

which new vasculature sprouts from pre-existing blood vessels. While new vasculature is 

also derived by splitting or enlargement of existing vessels, the majority of new vessels are 

formed via angiogenesis. Normal angiogenesis is important not only during development but 

also during wound healing. A wide variety of molecules such as growth factors, 

chemokines, enzymes, matrix metalloproteases, and adhesion molecules tightly regulate this 

process [52].

A number of angiogenic stimulators and inhibitors have been identified in MSC secretome 

using ELISA, antibody-based assays, and immunohistochemistry. These include vascular 

endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF-2), interleukin-6 (IL-6), 

and placental growth factor, angiopoietin-1, mononcyte chemoattractant protein-1, and 

cysteine-rich angiogenic inducer 61 (Cyr61) [10, 53-57]. Studies have also found that the 

secretion of these angiogenic factors can be modified by a number of chemokines and 

hypoxic conditions. For instance, a study by De Luca and colleagues showed that 

transforming growth factor alpha (TGFα) had the ability to increase the level of several 

growth factors (VEGF, hepatocyte growth factor, platelet-derived growth factor BB, IL6- 
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and IL-8) in the MSC secretome [58]. Media conditioned by MSCs treated with TFGα 

induced greater blood vessel growth compared to control media in an in vivo assay. Multiple 

in vitro studies have demonstrated the effect of MSC secretome on each of the key steps in 

angiogenesis. For example, various MSC populations (including adipose-derived MSCs, 

Wharton jelly-derived umbilical vein MSCs amniotic MSCs, and bone marrow-derived 

MSCs) induce endothelial cell proliferation, migration, and tube formation, as well as 

prevent endothelial cell apoptosis in vitro [59-62]. Successful application of MSCs to 

promote angiogenesis has been demonstrated in animal models for peripheral artery disease, 

myocardial infarction, cerebral ischemia/stroke, stress urinary incontinence, and neurogenic 

bladder among other diseases [36, 63] [64, 65].

4.2 Immune and Inflammatory Modulation

While the innate immune response plays a key role as the body's first line of defense to 

infection or tissue damage, severe immune and inflammatory responses to tissue injury can 

often have detrimental effects. MSCs possess immunomodulatory and immunological 

tolerance-inducing characteristics that have been shown to ameliorate and modulate 

potentially damaging inflammatory reactions. Interestingly, these cells typically express 

MHC-I but lack expression of MHC-II, CD40, CD80, and CD86. Due to the lack of co-

stimulatory cell surface molecules, MSCs often fail to induce an immune response by the 

transplant host [66]. Furthermore, MSCs have been shown to play a role in suppressing 

immune responses by three major mechanisms: 1) by direct cell to cell interaction, 2) via the 

action of soluble factors, and 3) by induction of regulatory T cells. The first report of 

suppression of cell-mediated immune responses by MSCs was by Di Nicola et al., who 

found that MSCs inhibit proliferation of CD4+ and CD8+ T cells even in the absence of 

direct cell-cell contact [67]. Immunomodulatory properties of MSCs have since been 

identified to act in each of the three major stages of the immune response: 1) antigen 

recognition and presentation, 2) T cell activation, proliferation, and differentiation, and 3) 

and the T-cell effector stage [68].

These immunomodulating properties are currently being investigated for myriad 

applications including prevention of graft-versus-host disease following allogeneic 

transplantation, Crohn's disease, interstitial cystitis, and suppressing sepsis-induced severe 

inflammatory responses [9, 69, 70]. Clinical trials in cardiology have taken advantage of 

these properties of MSCs to investigate the efficacy of nontype-matched allogeneic MSC 

transplantation [71, 72]. In a study by Hare et al., one year after intravenous administration 

of allogeneic human MSCs in reperfused myocardial infarction patients, recovery, as 

measured by global symptom score, ejection fraction, ambulatory electrocardiogram 

monitoring, and pulmonary function testing, was improved in treated patients compared to 

those that received a placebo [71]. Additionally, no signs of rejection were observed and 

adverse event rates were comparable between treated and placebo arms. Further 

investigations into the immunomodulatory effects of stem cell bioactive factors could 

someday obviate the need for cellular injections in future stem cell therapies.
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4.3 Anti-apoptosis

MSCs play in role in the prevention of cell death not only via their restoration of the local 

microenvironment but also by specifically producing proteins that have been identified as 

classic inhibitors of apoptosis and by decreasing expression of anti-apoptotic proteins. A 

recent study by Li and colleagues supports this idea by demonstrating that bone marrow 

MSCs reduced apoptosis of alveolar macrophages when co-cultured at appropriate ratios 

[73]. The MSCs also decreased expression of the pro-apoptotic factors Bax and cleaved 

caspase-3 while increasing the levels of the anti-apoptotic protein Bcl-2. Tang and 

colleagues similarly found that Bax expression was decreased while expression of pro-

angiogenic factors, including basic FGF and VEGF, and stem cell homing factor SDF-1 

were increased in MSC-treated hearts compared to medium-treated hearts [74]. MSC-treated 

hearts subsequently demonstrated increased capillary density and improved left ventricular 

contractility 2 months after treatment, presumed to indicate improved function. Gnecchi and 

colleagues additionally found that Akt-overexpressing MSCs inhibit ventricular remodeling 

and restore cardiac function in less than 72 hours, an effect that they hypothesized was most 

likely attributable to the secretion of paracrine factors rather than myocardial regeneration 

[75][76]. They also demonstrated that the conditioned medium obtained from hypoxic Akt-

MSCs markedly inhibited hypoxia-induced apoptosis in adult rat cardiomyocytes in vitro. 

Furthermore, the use of Akt-MSC conditioned medium in vivo led to significant reductions 

in infarct size and improved ventricular function compared to controls. In support of the 

paracrine hypothesis, they found that several genes coding for likely mediators of these 

beneficial effects (VEGF, FGF-2, HGF, IGF-1, and thymosin beta-4) were significantly 

upregulated in Akt-MSCs, especially in response to a hypoxic environment.

4.4 Wound Healing and Tissue Repair

As previously described, MSCs exert a beneficial therapeutic effect on tissue repair and 

wound healing without a significant degree of tissue engraftment at the site of injury [33]. 

This observation in numerous animal models of multiple pathophysiologic processes led to 

the hypothesis that paracrine/autocrine effects of MSCs rather than direct tissue 

differentiation and engraftment may play the key role in wound healing. This theory has 

been tested in a variety of clinical applications via the use of stem cell conditioned media. 

The investigation of these cell-specific proteins often begins in cell culture. While in vitro 

studies cannot fully capture and test the totality of MSC secretions in the in vivo 

microenvironment, investigators seek to replicate the effects of the MSC secretome via the 

use of media conditioned by the MSCs that contains their secretions an in vitro environment 

[15]. Research has demonstrated that the use of mesenchymal stem cell conditioned media 

alone can replicate the therapeutic benefits previously seen with the use of stem cells 

themselves [36, 77, 78]. Further examples of these clinical applications will be described in 

detail below.

5. The Study of Secretome

Challenges in the study of the MSC secretome include the difficulty of collection and 

preparation of very small quantities of secreted proteins and the analysis of the vast number 

of molecules that comprise this stem cell product. However, recent improvements in stem 
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cell culture techniques and technological strides in the field of proteomics have greatly 

facilitated secretome analysis.

5.1 Obtaining Conditioned Medium

A number of strategies have been utilized to improve MSC survival or to modify the MSC 

secretome to achieve greater therapeutic potential. Secretome is highly dependent on the 

local microenvironment. Preconditioning of MSCs and thus the modification of their 

secreted contents has been achieved with alterations in the microenvironment including: 

physiologic preconditioning via with exposure to hypoxic/anoxic conditions; molecular 

preconditioning via exposure to specific cytokines, chemokines or growth factors to alter 

MSC secretion; pharmacological preconditioning via exposure to small molecules available 

in large small molecule libraries; and preconditioning through cell-cell interactions [36, 78]. 

Additionally, genetic manipulation has also been used to selectively enhance gene 

expression and enrich the secretome in populations of advantageous trophic factors [36, 77].

While in vivo generation of MSC secretome would be ideal so as to most closely replicate 

the complex microenvironment in which these proteins are secreted, in vivo secretome 

profiling is not practical for a variety of reasons. The collection of the small quantities of 

secreted proteins is technically challenging. Furthermore, differentiation of stem cell 

secretome from proteins secreted by other tissues is virtually impossible as MSCs represent 

only a minute quantity (0.001-0.01%) of bone marrow cells [13]. Thus, the study of MSC 

secretome composition is currently conducted in vitro. Even so, a number of factors in stem 

cell culture continue to make the study of the stem cell secretome a challenging endeavor. 

Proteomic analysis of stem cell secretome involves a process of cell isolation and 

characterization, cell culture in serum-containing culture medium, and cell washing and 

culture in serum-free media to minimize the influence of serum proteins on the separation 

and detection of MSC-secreted proteins [13].

The methods used for cell isolation and cell culture strongly influence the quality of cells 

and the secreted proteins obtained for further study [13, 36]. Obtaining a pure cell 

population from donor tissue represents an initial hurdle. Subsequently, obtaining a secreted 

protein sample that is free of the serum typically present in culture media is difficult. 

However, it is ideal to obtain a serum-free sample as the presence of serum interferes with 

protein collection and analysis, especially of proteins that are present in small quantities. To 

circumvent this issue, investigators typically incubate cells in serum-free media for several 

hours prior to secretome collection and study. The time of incubation is a factor that needs to 

be carefully optimized to avoid obtaining samples with leaked intracellular contents from 

dead or apoptosed cells. Additionally the washing of cells and the flasks in which they are 

cultured during the switch from serum-containing to serum-free media is another key 

consideration to prevent contaminating serum proteins in the collected sample. In cell 

populations that rely on the presence of serum, the minimum quantity of serum necessary for 

normal cell function needs to be optimized and further studies need to control for the 

presence of serum proteins in the secretome. A final consideration in obtaining conditioned 

medium is the low quantities in which secreted proteins are produced and the degree of 

dilution of these proteins into the culture medium. Depending on the degree of dilution 
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present, reducing the sample volume and increasing the sample concentration may be 

necessary prior to protein study. Methods of protein concentration include lyophilisation or 

centrifugation, and/or protein precipitation by trichloroacetic acid or ultrafiltration.

5.2 Protein Characterization

Proteomics profiling is used extensively in the study of MSC secretome and allows for the 

large-scale investigation of secreted proteins and their function. The first proteomic analysis 

of human MSC secretome was published in 2003 and, since then, over 30 more studies have 

been published [13, 79]. Most of these works use either a targeted proteomic approach or a 

shotgun-based proteomic approach and include conventional techniques such as gel-based 

and chromatographic fractionation and protein identification as well as newer methodologies 

such as quantitative mass spectrometry, bioinformatics, and protein microarrays.

In a target-based proteomic approach, specific molecules with known, well-defined roles in 

physiological processes are identified and studied. For instance, proteins commonly 

involved in immune modulation and inflammation, or growth factors and hormones with 

well-established functions in angiogenesis are often targeted in MSC secretome studies. 

Enzyme-linked immunosorbent assay (ELISA) is the most commonly used method for 

targeted characterization of the MSC secretome. Such antibody-based techniques hold the 

advantage of having high sensitivity, specificity, and reproducibility. Furthermore, advances 

in these techniques to include high-throughput approaches have greatly increased the 

capability to detect and quantify large quantities of proteins simultaneously. Nguyen et al 

investigated the use of MSC secretome in a swine model of myocardial infarction and found 

that treatment with MSC conditioned media resulted in significantly reduced cardiac enzyme 

elevation and improved echocardiographic parameters. Protein array analysis was used to 

identify various angiogenic, anti-apoptotic, and anti-remodeling factors that may have 

contributed to this cardioprotective effect. The angiogenic properties of MSC secretome has 

also been investigated in various recent studies. Wu et al used real-time polymerase chain 

reaction and Western blot analysis to assess conditioned media obtained from bone marrow-

derived MSCs and found high levels of VEGF and angiopoietin-1 [55]. These antibody-

based techniques are limited, however, in that one can only explore known molecules since 

protein detection is limited to the antibody availability. Studies are thus more confirmatory 

in nature and mostly confirm the roles of these molecules in the MSC secretome as 

compared to their already-established roles from prior investigation. In this sense, studies 

are limited to only a few known molecules rather than exploring the vast array of soluble 

factors that actually comprise the secretome.

The shotgun-based proteomic approach is thus used to more broadly study the MSC 

secretome. Liquid chromatography with tandem mass spectrometry has proven to be an 

invaluable tool for the analysis of huge arrays of molecules and has been used to analyze 

serum, whole cells lysates, and stem cell conditioned media. Lee et al used this method to 

analyze the secretome of human adipose tissue-derived MSCs that were preconditioned by 

exposure to tumor necrosis factor alpha, an adipokine involved in systemic inflammation. 

[80] Using this proteomic analysis technique, they identified 187 secreted proteins in 

conditioned media obtained from treated MSCs, and found that 118 of these were secreted at 
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higher levels following tumor necrosis factor alpha exposure. One of the limitations of this 

technique, however, is dealing with the miniscule quantities involved in studying stem cell 

secretome. Recent work has circumvented this issue by using more integrated approaches – 

for instance, to allow protein purification and labeling prior to mass spectrometry and more 

robust data processing technologies downstream. Sze et al profiled the secretome of human 

embryonic stem cell-derived MSCs using not only mass spectrometry but also cytokine 

antibody array analysis, microarray, and quantitative real time-polymerase chain reaction 

assays and discovered 201 unique gene products [81]. They then used computational 

analysis to implicate these gene products in diverse signaling pathways including those 

involved with cellular metabolism, immunity, and tissue differentiation.

5.3 Advantages and Disadvantages of Current Techniques and Future Directions

Proteomic approaches to the study of secretome provide molecular evidence supporting 

MSC-mediated paracrine effects. However, potential molecular candidates identified via 

these approaches still require validation utilizing in vivo studies where one would expect 

different secretome profiles dependent upon exposure to varying cellular 

microenvironments. Furthermore, they are also limited by the significant heterogeneity of 

the MSC samples and of the conditioned media used for study. As previously described, 

different techniques for MSC culture and conditioned media isolation may result in 

significant differences in the study sample and may make it difficult to replicate results or to 

apply the results of one study to another. An area of future improvement would be 

standardization of methods of cell preparation as well as better quantification and 

characterization of secreted proteins. By its very nature, the complexity of the secretome 

makes it difficult to study but also leads to its significant potential for therapeutic 

application. Future work will likely increasingly recognize that, in most cases, it is not a few 

molecules that exert a certain therapeutic benefit but the totality of the soluble factors and 

their complex interplay that results in a desired effect. As such, further investigation will 

derive not just from a snapshot view of a few isolated molecules but also from technological 

advances that allow for the tandem analysis and utilization of a large array of molecules.

6. Paracrine Effects of Secretome

6.1 Cardiac

MSCs have been shown to aid in cardiomyocyte recovery after myocardial ischemia. 

Initially this was thought to be due to their ability to differentiate into cardiomyocytes to 

replace damaged or lost tissue. However, recent literature suggests that this tissue 

differentiation alone is not sufficient to account for the beneficial effects seen after MSC 

therapy. Furthermore, several authors have shown that the MSC secretome alone is adequate 

to promote functional recovery. In a study by Uemura et al, bone marrow-derived stem cells 

were injected into the left ventricle of mice following coronary artery ligation [82]. Four 

weeks after myocardial infarction, stem cells were detected in very low numbers in the 

cardiac tissue of treated mice. However, the beneficial functional effects of treatment were 

still seen at this timepoint including, decreased infarct area compared to control animals and 

increased left ventricular ejection fraction, suggesting that engraftment and differentiation of 

cells could not account for the observed functional improvements. The authors also 
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examined the role of preconditioning stem cells prior to delivery to further enhance 

therapeutic potential. A subset of mice received preconditioned bone marrow stem cells that 

had been exposed to hypoxic conditions to upregulate several survival factors; these mice 

subsequently achieved the greatest functional recovery. Their findings suggest an avenue of 

future study where secretome could be modified by cellular preconditioning to further 

enhance particular characteristics and to develop a more effective protein cocktail.

Another early work by Noiseux et al reinforced the idea that paracrine mechanisms are 

primarily responsible for the beneficial effects of MSC therapy in a rat model of myocardial 

infarction [83]. Despite only transient engraftment, low levels of cellular fusion, and low 

levels of differentiation into cardiomyocytic tissue, treatment with MSCs lead to functional 

recovery, again suggesting a paracrine role for MSC in functional cardiac recovery. A study 

of hamsters with heart failure suggests that MSCs act systemically as well as locally [84]. In 

this study MSCs injected into the hamstrings of affected animals were unable to migrate 

from the injection site; however, the authors found that treated animals still benefited from 

stem cell injection based on histologic and functional analysis of the myocardium.

MSCs likely have a therapeutic effect after myocardial infarction by exerting a 

proangiogenic effect in cardiac tissues. Timmers et al characterized human MSC secretions 

to identify a complement of various proangiogenic factors [85]. They then explored the 

effect of MSC conditioned media administered intravenously in a pig model of myocardial 

infarction. Pigs underwent left circumflex coronary artery ligation and were then 

administered intravenous conditioned media for 7 days. Animals that received MSC 

conditioned media had higher myocardial capillary density compared to control animals 3 

weeks after myocardial infarction. These histologic findings were associated with functional 

benefit, including reduced infarct size and preserved systolic and diastolic function.

MSCs may also therapeutic benefit after myocardial infarction via their effect on the 

regulation of collagen biosynthesis and maturation after tissue injury via their secretions. 

[86]. Bone morphogenetic protein 1 (Bmp1)/tolloid-like metalloproteinase have been 

reported to be key regulators of collagen synthesis and maturation. A study by He and 

colleagues identified the role of secreted frizzled related protein 2 (Sfrp2) in reducing 

fibrosis and improving cardiac function in a rat model of myocardial infarction via its 

inhibition of Bmp1 activity [86]. Sfrp2 was demonstrated to inhibit Bmp1 activity in vitro. 

Subsequent in vivo studies then demonstrated that systemic administration of Sfrp2 could 

inhibit myocardial infarction-induced type 1 collagen deposition and significantly reduce 

myocardial fibrosis and improve myocardial function at 2 weeks after induced injury. Thus, 

it may be possible to determine the active factors of the MSC secretome in a variety of 

clinical applications and develop specific clinical therapies consisting of only those agents, 

reducing the potential for side effects.

6.2 Oncology

There is a lot of interest in the development of tissue regenerative strategies to restore 

function in the wake of cancer treatment and remission [87]. However, a crucial concern is 

the oncologic potential surrounding stem cell therapy and the possibility of triggering a 

cancer recurrence. Unfortunately, many of the properties unique to stem cells such as tissue 
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revascularization, multipotentiality, immunomodulatory effects, and cell homing and 

migration are also properties that characterize many neoplasias and could aid in tumor 

progression and metastasis. However, use of a cell-free therapy such as stem cell secretome 

could obviate these concerns.

A number of models have been developed for the study of MSC-cancer cell interactions. 

The exact effects of MSCs on tumor growth remains controversial and is a vibrant and 

complex area of current study. Conflicting data have been obtained such that MSCs have 

been shown to have both pro- and anti- tumorigenic effects, even in the same cancer model, 

and, sometimes, even utilizing the same cancer cell lines [88, 89]. Some potentially 

concerning oncogenic effects of MSCs include modulation of paracrine activities resulting 

in local immunosuppression, angiogenesis, promotion of tumor growth and invasion via 

remodeling of the extracellular matrix, promotion of the epithelial to mesenchymal 

transition of tumor cells necessary for invasion and later metastasis, and inhibition of tumor 

necrosis/apoptosis. Cytokines such as VEGF, TGFb, and IL-6 which are normally secreted 

by MSCs are expressed in increased quantities by MSCs that have been recruited by tumor 

cells, supporting neoplastic growth and invasion [87]. Release of factors such as Dickkopf-

related protein 1, however, have also been found to be secreted by MSCs with subsequent 

antitumorigenic effects in MSC-leukemia and multiple myeloma models [90].

Stem cells have been demonstrated to have immunomodulatory effects that promote the 

proliferation of tumor cells. For example, the signal transducer and activation of 

transcription 3 (STAT3) pathway is a key mediator in glioma immunosuppression [91]. 

Glioma stem-like cells have been found to possess a constitutively active STAT3 pathway 

leading to inhibition of T cell proliferation and activation, induction of regulatory T cells, 

and triggering of T cell apoptosis [92]. Interestingly, the secretome of this cell population 

was found to be as effective as the cells themselves in inhibition of the normal immune 

response. Factors were subsequently identified in the stem cell secretome including 

transforming growth factor beta 1, prostaglandin E2, and galectin-3 – all molecules with 

known immunosuppressive effects.

Stem cells have also been found to promote angiogenesis and tumor growth and invasion in 

a variety of cancers. In human renal cancer, stem-like cells expressing the mesenchymal 

stem cell marker CD105 were found to trigger angiogenesis by the secretion of EVs which 

induced blood vessel growth and formation in normal human endothelial cells [93]. 

Metastatic growth of human renal carcinoma cells in SCID mice was enhanced when mice 

were treated with EVs in the absence of stem cells. Molecular analysis of EV contents 

identified a set of proangiogenic mRNAs and microRNAs with a likely role in tumor 

progression and metastasis. In prostate cancer, both human MSCs and their conditioned 

medium have been shown to promote the proliferation, migration, and invasion of prostate 

cancer cells in vitro and in vivo [94].

6.3 Urologic Applications of Secretome

While secretome is only beginning to be studied for urologic applications, it holds great 

potential as a noncellular regenerative therapy. For example, stem cell secretome may play 

an important role in recovery from renal injury. Bi et al investigated the mechanism by 
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which bone marrow-derived stem cells and adipose-derived stem cells facilitate recovery in 

a cisplatin-induced model of acute renal injury in female mice [95]. While they found that 

intraperitoneal injection of these two stem cell populations resulted in enhanced tubular cell 

proliferation and decreased tubular cell apoptosis following injury, histologic examination of 

treated kidneys at one and four days post-stem cell infusion revealed no engraftment in the 

tubules and only rare engraftment in the renal interstitium. Stem cell conditioned medium 

replicated the above results in both in vitro and in vivo experiments, suggesting that 

transplantation of stem cells themselves may not be necessary to mediate renal recovery. A 

subsequent study by Van Koppen et al. used a rat model of established chronic kidney 

disease to also demonstrate that human MSC secretome contributes to renal recovery 

following kidney injury [96]. Treatment with the secretome decreased progression of 

chronic kidney disease and reduced prevalence of both glomerular injury and hypertension.

Novel methods for administration of secretome have also been explored in the setting of 

renal disease. In a study by Wang et al, ESC secretome preconditioned nanofibers were used 

for delivery of secretome to renal cells [97]. This method could reverse issues with cell 

hyperpermeablity and apoptosis that were encountered with use of stem cells in in vitro 

experiments. Additionally, they observed renoprotective effects against acute kidney injury 

in in vivo experiments in which renal protection was found to be related to a decrease in Rho 

kinase activity and to the combined effects of follistatin, adiponectin, and secretory 

leukoprotease. In another study by Bakota and colleagues, ESC secretome was delivered via 

an injectable nanofiber hydrogel for treatment of diabetes-induced kidney injury [98]. 

Human ESC secretome-infused nanofiber hydrogels were found to significantly reduce 

protein permeability in treated glomerular epithelial cells in vitro. The feasibility of future in 

vivo use of this drug delivery platform for sustained drug release was also demonstrated in 

preliminary studies that demonstrated preserved hydrogel localization in the abdominal 

cavities of treated mice over 24 hours [98].

The use of stem cell secretome has also been explored in the area of voiding dysfunction. 

Lin et al. investigated the effects of intraurethral injection of adipose-derived stem cells on 

recovery of continence in rats subjected to vaginal distension and ovariectomy to simulate 

childbirth-related injuries to the continence mechanism [31]. Despite limited cell 

engraftment on histologic analysis, these rats demonstrated significant functional recovery. 

These findings were suggestive of a potential paracrine/autocrine role of stem cells. A more 

recent study by Dissaranan et al further delved into potential paracrine/autocrine effects of 

stem cells by investigating therapeutic MSC secretome administration in a rat model of 

stress urinary incontinence [99]. They found that rats treated locally with MSC secretome 

administered in the form of conditioned media had recovery of continence as measured by 

leak point pressure. Furthermore, histologic examination of the urethra revealed an increase 

in elastin fibers and urethral smooth muscle suggestive of a potential mechanism by which 

rats regained continence. These findings have also been borne out in studies of other forms 

of voiding dysfunction. Song et al. utilized bladder wall injections of MSCs to demonstrate 

functional recovery in a rat model of overactive bladder from partial bladder outlet 

obstruction despite limited engraftment 4 weeks post-treatment [34].
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Bladder dysfunction may also result from diabetes mellitus and manifest as urothelial 

dysfunction, alteration in smooth muscle, and neuropathy. In a study by Zhang et al., 

diabetes was induced in rats via administration of a high fat diet and treatment with low-

dose streptozotocin [100]. Rats then received injections of adipose-derived stem cells either 

intravenously or directly into the detrusor muscle. Cystometry demonstrated improved 

bladder function compared to untreated animals, and histologic analysis showed that only a 

small fraction of transplanted adipose-derived stem cells differentiated into smooth muscle 

cells at one month post-treatment. These findings were again suggestive that cellular 

engraftment and differentiation only plays a minor role in the therapeutic benefit of adipose-

derived stem cells. The authors hypothesized the positive effects of stem cell transplantation 

may, in part, be due to the paracrine release of cytokines and growth factors [100].

Preliminary investigations into the use of stem cell secretome for erectile dysfunction, a 

major complication following radical prostatectomy, have also been conducted. Albersen et 

al studied the effects of intracavernous injection of adipose-derived stem cells or stem cell 

lysate in a rat model of erectile dysfunction via bilateral cavernous nerve crush injury [101]. 

Both administration of stem cells and of lysate alone resulted in significant recovery of 

function as assessed by cavernous nerve electrostimulation at 4 weeks post-treatment. 

Histologic analysis revealed less fibrosis and preserved corpus cavernosum smooth muscle 

content in treated animals. The authors postulate that the functional effects of lysate 

administration could result from either intracellular preformed substances or from secretion 

of bioactive molecules.

While urologic investigations involving stem cell secretome is only in its nascent stages, the 

studies thus far are promising and additional investigations into the use of stem cell 

bioactive factors could someday obviate the need for cellular injections in future stem cell-

derived therapies.

7. Future Directions

7.1 Improving Upon the Stem Cell Secretome

A number of current approaches are aimed at investigating methods to augment stem cell 

paracrine, autocrine, or endocrine activity. Two primary methods have been used thus far: 1) 

preconditioning of stem cells, and 2) modification of stem cells via gene expression 

approaches [36, 102].

Stem cell preconditioning can be achieved using a variety of different strategies [36]. These 

include exposure of cells to hypoxic environments, exposure to different cytokine cocktails, 

and exposure to other cells. Multiple studies have demonstrated augmented therapeutic 

efficacy of MSCs exposed to hypoxic conditions that mimic the environment following 

ischemic injury in vivo. These cells upregulate expression of several pro-survival and pro-

angiogenic factors, including VEGF, IGF-1, HGF, and angiopoietins [53, 59, 103]. Hypoxic 

preconditioning can enhance the therapeutic potential of secretome obtained from human 

MSCs administered for traumatic brain injury [104]. Preconditioned cells expressed 

enhanced levels of bioactive factors, such as HGF and VEGF, which are thought to account 

for the decreased brain damage and improved performance on motor and cognitive 
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functional testing in rats receiving conditioned media from preconditioned cells compared to 

those that received conditioned media from non-preconditioned MSCs. Hypoxic 

preconditioning has also been shown to enhance the therapeutic benefit of cardiac stem cell 

therapy for the treatment of myocardial infarction [105]. Hypoxic preconditioning was 

found to increase CXCR4 expression in cardiac stem cells and significantly increase their 

migration and recruitment to ischemic myocardium in a murine model of myocardial 

infarction. Four weeks after injury, mice that were administered hypoxic-preconditioned 

cells fared significantly better in terms of infarct size and heart function compared to mice 

administered cells grown under normoxic conditions. Furthermore, these functional benefits 

were largely negated upon administration of a CXCR4 inhibitor, strongly suggesting the role 

of hypoxia in the mediation of the CXCR4-SDF-1 axis.

Stem cell modulation via exposure to different cytokine cocktails also has been shown to 

attenuate negative host immune responses and promote angiogenesis. Anti-inflammatory 

activity of MSCs may be induced by incubation in a pro-inflammatory cytokine cocktail 

[106]. In a study by Yagi et al using a rat model of systemic inflammation, MSCs exposed 

to lipopolysaccharide-stimulated rat serum led to a responsive secretion of soluble tumor 

necrosis factor receptor 1 and decrease in nuclear factor kappa-B activation, a molecule 

previously implicated in inflammatory organ damage and mortality. Furthermore, 

preconditioned MSCs were found to attenuate a number of inflammatory cytokines and to 

decrease the inflammatory infiltration of neutrophils and macrophages in various organ 

systems as compared to non-preconditioned cells [106]. The use of cytokine preconditioning 

has been studied in models of ischemic stroke. For example, in a study by Sakata et al, IL-6 

preconditioned neural stem cells were investigated in a mouse model of cerebral ischemia 

since IL-6 is known to promote a cell survival pathway via activation of STAT-3 [107]. IL-6 

preconditioned cells expressed increased levels of VEGF and administration of pretreated 

cells lead to significant decreases in infarct size and improvements in neurocognitive 

functional testing.

Recent work has also shown that cell to cell interactions have great impact on the stem cell 

secretome. MSCs are often cultured as monolayers; however, these cells can lose stem cell-

specific properties due to growth conditions that poorly reflect the in vivo 

microenvironment. In contrast, aggregation and growth of MSCs in 3 dimensional spheroids 

improves their ability for multilineage differentiation [108, 109]. Subsequent microarray 

analysis of these cells found many differences in gene expression compared to cells grown 

using traditional 2 dimensional culture techniques [110]. Upregulation of a number of genes 

was observed in this study including increased expression of CXCR4, anti-cancer proteins 

(TRAIL, IL-24, and CD82), the anti-apoptotic protein stanniocalcin-1, and the anti-

inflammatory protein TSG-6. The observed upregulation in IL-24 was subsequently shown 

to selectively impair the viability of prostate cancer cells when exposed to the conditioned 

media of stem cells grown in this 3 dimensional configuration [108].

Genetic modification of stem cells has been described using both viral and non-viral genetic 

delivery to augment the production of specific tissue trophic factors [111, 112]. Not only 

have stem cells been modified to upregulate the expression of cytokines and growth factors 

such as VEGF, GDNF, galectin-1, and IL-10 but they have also been altered to produce 
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increased levels of therapeutic enzymes important in correcting pathophysiologic processes 

related to lack of a crucial enzyme [113-116]. Neri et al. genetically modified murine neural 

stem cells to express supranormal levels of beta-galactocerebrase (GALC) for therapeutic 

administration in a murine model of globoid cell leukodystrophy, a lysosomal storage 

disorder characterized by GALC deficiency. Modified neural stem cells were found to stably 

express GALC in vivo but overall improvements in symptomatology and lifespan were 

attributed not just to improved enzyme levels but also to alternative mechanisms, including 

cellular rescue through trophic support, immunomodulation, and neuroprotection. While the 

aforementioned studies have all involved therapeutic administration of the modified stem 

cells themselves, future avenues of study could involve administration of stem cell 

conditioned media alone or could involve the combination of multiple techniques to enhance 

secretome composition.

7.2 Hurdles in Clinical Translation

While the use of secretome represents a promising alternative to stem cell-based therapies, a 

number of challenges remain to be addressed prior to clinical translation. The study of stem 

cell secretome is still in its nascent stages. One of the greatest challenges is the 

determination of a therapeutic regimen taking into account the myriad complex interactions 

of paracrine factors during the acute and chronic phases of injury [117]. A better 

understanding of how cytokines are expressed during injury and wound healing and how 

they modulate the therapeutic effects of stem cells will aid in the development of more 

effective protein-based conditioning approaches [78]. Further study is required to better 

characterize the secretome and to define which factors are responsible for its therapeutic 

effects. Additionally, not all components of the secretome are beneficial and molecules such 

as tumor necrosis factor alpha or IL-6 may be harmful [68]. Improved definition of both the 

molecular pathways that control secretome expression and of the secretome composition 

itself will allow for improved control and regulation of its production, a key hurdle in 

translating secretome into a clinically useful product. Furthermore, modification of the 

secretion profile to augment the therapeutic effects of the secretome may be achieved with a 

better understanding of the effects of stem cell preconditioning or genetic manipulation 

strategies.

The use of conditioned media as a proxy for the administration of stem cell secretome also 

presents several limitations. Firstly, stem cells possess a dynamic expression profile that is 

difficult to capture with the use of conditioned medium which has a static composition. 

Additionally, conditioned medium is not a fully accurate representation of secretome in that 

it also contains proteins that are released during cell death. The preparation of conditioned 

media thus requires careful optimization for each cell type to avoid leakage of intracellular 

proteins from dead cells or from cells undergoing apoptosis [13]. Finally, the production and 

concentration of secreted molecules in quantities sufficient for clinical administration is also 

challenging.

Limitations of secretome therapy also include tissue transport, pharmacokinetics, and 

protein stability [78]. The delivery of these bioactive molecules may need to be coupled with 

bioengineered materials to achieve controlled release of stem cell conditioned media. The 
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timing of therapy is another factor that must be considered during clinical application. For 

example, granulocyte colony stimulating factor (GCSF) therapy administered at different 

time points and for different durations following myocardial infarction yielded different 

patterns of efficacy in a clinical trial for GCSF therapy [118]. This and similar studies 

highlight the need for a clearer definition of the role of secretome in stem cell recruitment 

and wound repair at different timepoints following injury. Some studies have suggested that 

early delivery of stem cell-based thearpies may be required for therapeutic benefit which 

could present a challenge in patient identification, recruitment, and availability and 

administration of therapy [119].

Furthermore, thus far we have only tested the use of single cytokines for clinical application. 

Unfortunately, many of these early clinical trials with single cytokine use have failed to 

meet expectations [120]. Safety, tolerability and efficacy have been a matter of significant 

concern and debate in these early clinical trials regarding single cytokine/growth factor 

therapies. Similar issues will likely be encountered in moving toward the use of stem cell 

conditioned media which encompasses a wide range of molecules, each with different 

effects on the growth and survival of host cells [78] [121]. Additionally, there are long-term 

theoretical risks associated with the administration of potentially angiogenic factors 

including an increased risk for development of neoplasia or retinopathy. Thus far, no link 

between angiogenic cytokine administration and the above pathologic processes have been 

reported in clinical trials. Nonetheless, candidates for therapy will need to be adequately 

screened and monitored for these conditions [120].

8. Conclusions

Since the discovery of MSCs in the bone marrow in the early 1970s, many other sources of 

MSCs have been identified and applied for potential use in a variety of clinical disorders 

including cardiovascular, neurodegenerative, autoimmune, and urologic applications. The 

therapeutic potential of stem cells has been associated with three main functions: 1) the 

ability of systemically delivered cells to home to sites of acute injury, 2) the ability for 

multipotent differentiation, and 3) the paracrine/autocrine action of stem cell secretome 

including its imunomodulatory and anti-inflammatory effects and ability to initiate or assist 

in tissue regeneration. The importance of the paracrine/autocrine function of stem cells via 

the stem cell secretome is being increasingly recognized and a number of studies have 

identified stem cell-specific factors as key players in the outcomes of many disease 

processes. However, exploration of the stem cell secretome is only in its nascent stages, 

particularly as applied to Urologic diseases and disorders. Advances in high-throughput 

technologies, protein microarrays, and bioinformatics have already facilitated analysis of the 

myriad soluble factors that comprise the secretome and will continue to aid in identification 

of secretome contents of multiple stem cell types under different conditions. To date, 

individual components of the secretome have been implicated in a number of essential 

cellular processes including angiogenesis and revascularization, immune and inflammatory 

modulation, and wound healing and tissue repair. Stem cell secretome has been studied in 

aggregate as conditioned media and shown efficacy in early animal experiments for diverse 

pathologic processes including those in cardiac, neurologic, and urologic fields, including 

renal injury. A number of hurdles remain to be overcome, however, prior to making 
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secretome a clinically viable option for stem cell-based regenerative therapies. More robust 

in vitro and in vivo models to study the effect of stem cell secretome are required to 

elucidate the complex pathways involved in stem cell-tissue interaction and to translate 

these findings into clinically relevant results. In addition, practical considerations such as the 

timing and mode of drug delivery after injury, the regulation and dosing of a complex set of 

bioactive molecules, and safety will need to be carefully addressed prior to clinical 

utilization. Stem cell secretome represents a novel, promising alternative to cell-based 

regenerative medicine therapies – one that could obviate many of the practical and 

oncogenic/immunologic concerns associated with stem cell use and with greater flexibility 

to provide a tailored individualized therapy either by modification of the secretome contents 

or the mode of delivery.
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Abbreviations

Akt Protein kinase B

Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma 2

Bmp1 Bone morphogenetic protein 1

CXCR4 C-X-C chemokine receptor type 4

CXCL12 C-X-C motif ligand 12

Cyr61 Cysteine-rich angiogenic inducer 61

CCR1 C-C chemokine receptor type 1

ELISA Enzyme-linked immunosorbent assay

EV Extracellular vesicle

FGF-2 Fibroblast growth factor 2

GALC Beta-galactocerebrase

HGF Hepatocyte growth factor

IGF-1 Insulin-like growth factor 1

IL-6 Interleukin-6

MSC Mesenchymal stem cell

SDF-1 Stromal-cell-derived factor 1

Sfrp2 Secreted frizzled related protein 2

STAT3 Signal transducer and activation of transcription 3
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TGFα Transforming growth factor alpha

VCAM-1 Vascular cell adhesion molecule 1

VEGF Vascular endothelial growth factor

References

1. Friedenstein AJ, Chailakhjan RK, Lalykina KS. The development of fibroblast colonies in 
monolayer cultures of guinea-pig bone marrow and spleen cells. Cell Tissue Kinet. 1970; 3:393–
403. [PubMed: 5523063] 

2. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, Moorman MA, Simonetti 
DW, Craig S, Marshak DR. Multilineage potential of adult human mesenchymal stem cells. 
Science. 1999; 284:143–147. [PubMed: 10102814] 

3. Kim JH, Lee S-R, Song YS, Lee HJ. Stem Cell Therapy in Bladder Dysfunction: Where Are We? 
And Where Do We Have to Go? Biomed Res Int. 2013; 2013

4. Vaegler M, Lenis AT, Daum L, Amend B, Stenzl A, Toomey P, Renninger M, Damaser MS, Sievert 
K-D. Stem cell therapy for voiding and erectile dysfunction. Nat Rev Urol. 2012; 9:435–447. 
[PubMed: 22710667] 

5. Al-Awqati Q, Oliver JA. Stem cells in the kidney. Kidney Int. 2002; 61:387–395. [PubMed: 
11849378] 

6. Chermansky CJ, Tarin T, Kwon D-D, Jankowski RJ, Cannon TW, de Groat WC, Huard J, 
Chancellor MB. Intraurethral muscle-derived cell injections increase leak point pressure in a rat 
model of intrinsic sphincter deficiency. Urology. 2004; 63:780–785. [PubMed: 15072911] 

7. Cruz M, Dissaranan C, Cotleur A, Kiedrowski M, Penn M, Damaser M. Pelvic organ distribution of 
mesenchymal stem cells injected intravenously after simulated childbirth injury in female rats. 
Obstet Gynecol Int. 2011; 2012

8. Ranganath SH, Levy O, Inamdar MS, Karp JM. Harnessing the mesenchymal stem cell secretome 
for the treatment of cardiovascular disease. Cell Stem Cell. 2012; 10:244–258. [PubMed: 
22385653] 

9. Adamowicz J, Pokrywczynska M, Drewa T. Conditioned medium derived from mesenchymal stem 
cells culture as a intravesical therapy for cystitis interstitials. Med. Hypotheses. 2014; 82:670–673. 
[PubMed: 24679668] 

10. Boomsma RA, Geenen DL. Mesenchymal stem cells secrete multiple cytokines that promote 
angiogenesis and have contrasting effects on chemotaxis and apoptosis. PLoS ONE. 2012; 
7:e35685. [PubMed: 22558198] 

11. Dittmer J, Leyh B. Paracrine effects of stem cells in wound healing and cancer progression 
(Review). Int. J. Oncol. 2014; 44:1789–1798. [PubMed: 24728412] 

12. Lavoie JR, Rosu-Myles M. Uncovering the secretes of mesenchymal stem cells. Biochimie. 2013; 
95:2212–2221. [PubMed: 23810910] 

13. Skalnikova H, Motlik J, Gadher SJ, Kovarova H. Mapping of the secretome of primary isolates of 
mammalian cells, stem cells and derived cell lines. Proteomics. 2011; 11:691–708. [PubMed: 
21241017] 

14. Kupcova Skalnikova H. Proteomic techniques for characterisation of mesenchymal stem cell 
secretome. Biochimie. 2013; 95:2196–2211. [PubMed: 23880644] 

15. Stastna M, Van Eyk JE. Investigating the secretome: lessons about the cells that comprise the 
heart. Circ. Cardiovasc. Genet. 2012; 5:o8–o18. [PubMed: 22337932] 

16. Martin GR. Isolation of a pluripotent cell line from early mouse embryos cultured in medium 
conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci. 1981; 78:7634–7638. [PubMed: 
6950406] 

17. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, Jones JM. 
Embryonic stem cell lines derived from human blastocysts. Science. 1998; 282:1145–1147. 
[PubMed: 9804556] 

Tran and Damaser Page 20

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Ding DC, Shyu WC, Lin SZ. Mesenchymal stem cells. Cell Transplant. 2011; 20:5–14. [PubMed: 
21396235] 

19. Mills SJ, Cowin AJ, Kaur P. Pericytes, mesenchymal stem cells and the wound healing process. 
Cells. 2013; 2:621–634. [PubMed: 24709801] 

20. Sundberg C, Ljungstrom M, Lindmark G, Gerdin B, Rubin K. Microvascular pericytes express 
platelet-derived growth factor-beta receptors in human healing wounds and colorectal 
adenocarcinoma. Am. J. Pathol. 1993; 143:1377–1388. [PubMed: 8238254] 

21. Deans RJ, Moseley AB. Mesenchymal stem cells: biology and potential clinical uses. Exp. 
Hematol. 2000; 28:875–884. [PubMed: 10989188] 

22. Sohni A, Verfaillie CM. Mesenchymal Stem Cells Migration Homing and Tracking. Stem Cells 
Int. 2013; 2013

23. Wynn RF, Hart CA, Corradi-Perini C, O'Neill L, Evans CA, Wraith JE, Fairbairn LJ, Bellantuono 
I. A small proportion of mesenchymal stem cells strongly expresses functionally active CXCR4 
receptor capable of promoting migration to bone marrow. Blood. 2004; 104:2643–2645. [PubMed: 
15251986] 

24. Honczarenko M, Le Y, Swierkowski M, Ghiran I, Glodek AM, Silberstein LE. Human bone 
marrow stromal cells express a distinct set of biologically functional chemokine receptors. Stem 
Cells. 2006; 24:1030–1041. [PubMed: 16253981] 

25. Docheva D, Popov C, Mutschler W, Schieker M. Human mesenchymal stem cells in contact with 
their environment: surface characteristics and the integrin system. J. Cell. Mol. Med. 2007; 11:21–
38. [PubMed: 17367499] 

26. Rüster B, Göttig S, Ludwig RJ, Bistrian R, Müller S, Seifried E, Gille J, Henschler R. 
Mesenchymal stem cells display coordinated rolling and adhesion behavior on endothelial cells. 
Blood. 2006; 108:3938–3944. [PubMed: 16896152] 

27. Teo GS, Ankrum JA, Martinelli R, Boetto SE, Simms K, Sciuto TE, Dvorak AM, Karp JM, 
Carman CV. Mesenchymal stem cells transmigrate between and directly through tumor necrosis 
factor-alpha-activated endothelial cells via both leukocyte-like and novel mechanisms. Stem Cells. 
2012; 30:2472–2486. [PubMed: 22887987] 

28. Ghadge SK, Muhlstedt S, Ozcelik C, Bader M. SDF-1alpha as a therapeutic stem cell homing 
factor in myocardial infarction. Pharmacol. Ther. 2011; 129:97–108. [PubMed: 20965212] 

29. Fu Q, Song X-F, Liao G-L, Deng C-L, Cui L. Myoblasts differentiated from adipose-derived stem 
cells to treat stress urinary incontinence. Urology. 2010; 75:718–723. [PubMed: 19969332] 

30. Kim S-O, Na HS, Kwon D, Joo SY, Kim HS, Ahn Y. Bone-marrow-derived mesenchymal stem 
cell transplantation enhances closing pressure and leak point pressure in a female urinary 
incontinence rat model. Urol. Int. 2010; 86:110–116. [PubMed: 20689260] 

31. Lin G, Wang G, Banie L, Ning H, Shindel AW, Fandel TM, Lue TF, Lin C-S. Treatment of stress 
urinary incontinence with adipose tissue-derived stem cells. Cytotherapy. 2010; 12:88–95. 
[PubMed: 19878076] 

32. Eggenhofer E, Benseler V, Kroemer A, Popp FC, Geissler EK, Schlitt HJ, Baan CC, Dahlke MH, 
Hoogduijn MJ. Mesenchymal stem cells are short-lived and do not migrate beyond the lungs after 
intravenous infusion. Front Immunol. 2012; 3:297. [PubMed: 23056000] 

33. Toma C, Pittenger MF, Cahill KS, Byrne BJ, Kessler PD. Human mesenchymal stem cells 
differentiate to a cardiomyocyte phenotype in the adult murine heart. Circulation. 2002; 105:93–
98. [PubMed: 11772882] 

34. Song YS, Lee HJ, Doo SH, Lee SJ, Lim I, Chang K-T, Kim SU. Mesenchymal Stem Cells 
Overexpressing Hepatocyte Growth Factor (HGF) Inhibit Collagen Deposit and Improve Bladder 
Function in Rat Model of Bladder Outlet Obstruction. Cell Transplant. 2012; 21:1641–1650. 
[PubMed: 22506988] 

35. Gnecchi M, Zhang Z, Ni A, Dzau VJ. Paracrine mechanisms in adult stem cell signaling and 
therapy. Circ. Res. 2008; 103:1204–1219. [PubMed: 19028920] 

36. Ranganath SH, Levy O, Inamdar MS, Karp JM. Harnessing the mesenchymal stem cell secretome 
for the treatment of cardiovascular disease. Cell Stem Cell. 2012; 10:244–258. [PubMed: 
22385653] 

Tran and Damaser Page 21

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Katsuda T, Kosaka N, Takeshita F, Ochiya T. The therapeutic potential of mesenchymal stem cell-
derived extracellular vesicles. Proteomics. 2013; 13:1637–1653. [PubMed: 23335344] 

38. van Vliet C, Thomas EC, Merino-Trigo A, Teasdale RD, Gleeson PA. Intracellular sorting and 
transport of proteins. Prog. Biophys. Mol. Biol. 2003; 83:1–45. [PubMed: 12757749] 

39. Nickel W, Rabouille C. Mechanisms of regulated unconventional protein secretion. Nat. Rev. Mol. 
Cell Biol. 2009; 10:148–155. [PubMed: 19122676] 

40. Ratajczak J, Miekus K, Kucia M, Zhang J, Reca R, Dvorak P, Ratajczak MZ. Embryonic stem cell-
derived microvesicles reprogram hematopoietic progenitors: evidence for horizontal transfer of 
mRNA and protein delivery. Leukemia. 2006; 20:847–856. [PubMed: 16453000] 

41. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer of 
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 
2007; 9:654–659. [PubMed: 17486113] 

42. Taylor DD, Gercel-Taylor C. MicroRNA signatures of tumor-derived exosomes as diagnostic 
biomarkers of ovarian cancer. Gynecol. Oncol. 2008; 110:13–21. [PubMed: 18589210] 

43. Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding CV, Melief CJ, Geuze HJ. B 
lymphocytes secrete antigen-presenting vesicles. J. Exp. Med. 1996; 183:1161–1172. [PubMed: 
8642258] 

44. Wolfers J, Lozier A, Raposo G, Regnault A, Thery C, Masurier C, Flament C, Pouzieux S, Faure 
F, Tursz T, Angevin E, Amigorena S, Zitvogel L. Tumor-derived exosomes are a source of shared 
tumor rejection antigens for CTL cross-priming. Nat. Med. 2001; 7:297–303. [PubMed: 
11231627] 

45. Andreola G, Rivoltini L, Castelli C, Huber V, Perego P, Deho P, Squarcina P, Accornero P, 
Lozupone F, Lugini L, Stringaro A, Molinari A, Arancia G, Gentile M, Parmiani G, Fais S. 
Induction of lymphocyte apoptosis by tumor cell secretion of FasL-bearing microvesicles. J. Exp. 
Med. 2002; 195:1303–1316. [PubMed: 12021310] 

46. Higginbotham JN, Demory Beckler M, Gephart JD, Franklin JL, Bogatcheva G, Kremers GJ, 
Piston DW, Ayers GD, McConnell RE, Tyska MJ, Coffey RJ. Amphiregulin exosomes increase 
cancer cell invasion. Curr. Biol. 2011; 21:779–786. [PubMed: 21514161] 

47. Biernat W, Huang H, Yokoo H, Kleihues P, Ohgaki H. Predominant expression of mutant EGFR 
(EGFRvIII) is rare in primary glioblastomas. Brain Pathol. 2004; 14:131–136. [PubMed: 
15193025] 

48. van Balkom BW, Pisitkun T, Verhaar MC, Knepper MA. Exosomes and the kidney: prospects for 
diagnosis and therapy of renal diseases. Kidney Int. 2011; 80:1138–1145. [PubMed: 21881557] 

49. Ibrahim AG, Cheng K, Marban E. Exosomes as critical agents of cardiac regeneration triggered by 
cell therapy. Stem Cell Reports. 2014; 2:606–619. [PubMed: 24936449] 

50. Xin H, Li Y, Buller B, Katakowski M, Zhang Y, Wang X, Shang X, Zhang ZG, Chopp M. 
Exosome-mediated transfer of miR-133b from multipotent mesenchymal stromal cells to neural 
cells contributes to neurite outgrowth. Stem Cells. 2012; 30:1556–1564. [PubMed: 22605481] 

51. Maeshima Y, Makino H. Angiogenesis and chronic kidney disease. Fibrogenesis Tissue Repair. 
2010; 3:13. [PubMed: 20687922] 

52. Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of angiogenesis. Nature. 
2011; 473:298–307. [PubMed: 21593862] 

53. Kinnaird T, Stabile E, Burnett MS, Shou M, Lee CW, Barr S, Fuchs S, Epstein SE. Local delivery 
of marrow-derived stromal cells augments collateral perfusion through paracrine mechanisms. 
Circulation. 2004; 109:1543–1549. [PubMed: 15023891] 

54. Hung SC, Pochampally RR, Chen SC, Hsu SC, Prockop DJ. Angiogenic effects of human 
multipotent stromal cell conditioned medium activate the PI3K-Akt pathway in hypoxic 
endothelial cells to inhibit apoptosis, increase survival, and stimulate angiogenesis. Stem Cells. 
2007; 25:2363–2370. [PubMed: 17540857] 

55. Wu Y, Chen L, Scott PG, Tredget EE. Mesenchymal stem cells enhance wound healing through 
differentiation and angiogenesis. Stem Cells. 2007; 25:2648–2659. [PubMed: 17615264] 

56. Chen X, Lin X, Zhao J, Shi W, Zhang H, Wang Y, Kan B, Du L, Wang B, Wei Y, Liu Y, Zhao X. 
A tumor-selective biotherapy with prolonged impact on established metastases based on cytokine 
gene-engineered MSCs. Mol. Ther. 2008; 16:749–756. [PubMed: 18362930] 

Tran and Damaser Page 22

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



57. Estrada R, Li N, Sarojini H, An J, Lee MJ, Wang E. Secretome from mesenchymal stem cells 
induces angiogenesis via Cyr61. J. Cell. Physiol. 2009; 219:563–571. [PubMed: 19170074] 

58. De Luca A, Gallo M, Aldinucci D, Ribatti D, Lamura L, D'Alessio A, De Filippi R, Pinto A, 
Normanno N. Role of the EGFR ligand/receptor system in the secretion of angiogenic factors in 
mesenchymal stem cells. J. Cell. Physiol. 2011; 226:2131–2138. [PubMed: 21520065] 

59. Rehman J, Traktuev D, Li J, Merfeld-Clauss S, Temm-Grove CJ, Bovenkerk JE, Pell CL, 
Johnstone BH, Considine RV, March KL. Secretion of angiogenic and antiapoptotic factors by 
human adipose stromal cells. Circulation. 2004; 109:1292–1298. [PubMed: 14993122] 

60. Choi M, Lee HS, Naidansaren P, Kim HK, O E, Cha JH, Ahn HY, Yang PI, Shin JC, Joe YA. 
Proangiogenic features of Wharton's jelly-derived mesenchymal stromal/stem cells and their 
ability to form functional vessels. Int. J. Biochem. Cell Biol. 2013; 45:560–570. [PubMed: 
23246593] 

61. Kim SW, Zhang HZ, Kim CE, Kim JM, Kim MH. Amniotic mesenchymal stem cells with robust 
chemotactic properties are effective in the treatment of a myocardial infarction model. Int. J. 
Cardiol. 2013; 168:1062–1069. [PubMed: 23218573] 

62. Burlacu A, Grigorescu G, Rosca AM, Preda MB, Simionescu M. Factors secreted by mesenchymal 
stem cells and endothelial progenitor cells have complementary effects on angiogenesis in vitro. 
Stem Cells Dev. 2013; 22:643–653. [PubMed: 22947186] 

63. Hsieh JY, Wang HW, Chang SJ, Liao KH, Lee IH, Lin WS, Wu CH, Lin WY, Cheng SM. 
Mesenchymal stem cells from human umbilical cord express preferentially secreted factors related 
to neuroprotection, neurogenesis, and angiogenesis. PLoS ONE. 2013; 8:e72604. [PubMed: 
23991127] 

64. Liu G, Pareta RA, Wu R, Shi Y, Zhou X, Liu H, Deng C, Sun X, Atala A, Opara EC, Zhang Y. 
Skeletal myogenic differentiation of urine-derived stem cells and angiogenesis using microbeads 
loaded with growth factors. Biomaterials. 2013; 34:1311–1326. [PubMed: 23137393] 

65. Sharma AK, Bury MI, Fuller NJ, Marks AJ, Kollhoff DM, Rao MV, Hota PV, Matoka DJ, 
Edassery SL, Thaker H, Sarwark JF, Janicki JA, Ameer GA, Cheng EY. Cotransplantation with 
specific populations of spina bifida bone marrow stem/progenitor cells enhances urinary bladder 
regeneration. Proc. Natl. Acad. Sci. U. S. A. 2013; 110:4003–4008. [PubMed: 23431178] 

66. Ryan JM, Barry FP, Murphy JM, Mahon BP. Mesenchymal stem cells avoid allogeneic rejection. J 
Inflamm (Lond). 2005; 2:8. [PubMed: 16045800] 

67. Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, Matteucci P, Grisanti S, Gianni 
AM. Human bone marrow stromal cells suppress T-lymphocyte proliferation induced by cellular 
or nonspecific mitogenic stimuli. Blood. 2002; 99:3838–3843. [PubMed: 11986244] 

68. Liang X, Ding Y, Zhang Y, Tse HF, Lian Q. Paracrine mechanisms of Mesenchymal Stem cell-
based therapy: Current status and perspectives. Cell Transplant. 2013

69. Duijvestein M, van den Brink GR, Hommes DW. Stem cells as potential novel therapeutic strategy 
for inflammatory bowel disease. J. Crohns Colitis. 2008; 2:99–106. [PubMed: 21172199] 

70. Ball LM, Bernardo ME, Roelofs H, van Tol MJ, Contoli B, Zwaginga JJ, Avanzini MA, Conforti 
A, Bertaina A, Giorgiani G, Jol-van der Zijde CM, Zecca M, Le Blanc K, Frassoni F, Egeler RM, 
Fibbe WE, Lankester AC, Locatelli F. Multiple infusions of mesenchymal stromal cells induce 
sustained remission in children with steroid-refractory, grade III-IV acute graft-versus-host 
disease. Br. J. Haematol. 2013; 163:501–509. [PubMed: 23992039] 

71. Hare JM, Traverse JH, Henry TD, Dib N, Strumpf RK, Schulman SP, Gerstenblith G, DeMaria 
AN, Denktas AE, Gammon RS, Hermiller JB Jr. Reisman MA, Schaer GL, Sherman W. A 
randomized, double-blind, placebo-controlled, dose-escalation study of intravenous adult human 
mesenchymal stem cells (prochymal) after acute myocardial infarction. J. Am. Coll. Cardiol. 2009; 
54:2277–2286. [PubMed: 19958962] 

72. Telukuntla KS, Suncion VY, Schulman IH, Hare JM. The advancing field of cell-based therapy: 
insights and lessons from clinical trials. J Am Heart Assoc. 2013; 2:e000338. [PubMed: 
24113326] 

73. Li B, Zhang H, Zeng M, He W, Li M, Huang X, Deng DY, Wu J. Bone marrow mesenchymal 
stem cells protect alveolar macrophages from lipopolysaccharide-induced apoptosis partially by 
inhibiting the Wnt/beta-catenin pathway. Cell Biol. Int. 2014

Tran and Damaser Page 23

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



74. Tang YL, Zhao Q, Qin X, Shen L, Cheng L, Ge J, Phillips MI. Paracrine action enhances the 
effects of autologous mesenchymal stem cell transplantation on vascular regeneration in rat model 
of myocardial infarction. Ann. Thorac. Surg. 2005; 80:229–236. discussion 236-227. [PubMed: 
15975372] 

75. Mangi AA, Noiseux N, Kong D, He H, Rezvani M, Ingwall JS, Dzau VJ. Mesenchymal stem cells 
modified with Akt prevent remodeling and restore performance of infarcted hearts. Nat. Med. 
2003; 9:1195–1201. [PubMed: 12910262] 

76. Gnecchi M, He H, Noiseux N, Liang OD, Zhang L, Morello F, Mu H, Melo LG, Pratt RE, Ingwall 
JS, Dzau VJ. Evidence supporting paracrine hypothesis for Akt-modified mesenchymal stem cell-
mediated cardiac protection and functional improvement. FASEB J. 2006; 20:661–669. [PubMed: 
16581974] 

77. Salgado AJ, Reis RL, Sousa NJ, Gimble JM. Adipose tissue derived stem cells secretome: soluble 
factors and their roles in regenerative medicine. Curr. Stem Cell Res. Ther. 2010; 5:103–110. 
[PubMed: 19941460] 

78. Drago D, Cossetti C, Iraci N, Gaude E, Musco G, Bachi A, Pluchino S. The stem cell secretome 
and its role in brain repair. Biochimie. 2013; 95:2271–2285. [PubMed: 23827856] 

79. Potian JA, Aviv H, Ponzio NM, Harrison JS, Rameshwar P. Veto-like activity of mesenchymal 
stem cells: functional discrimination between cellular responses to alloantigens and recall antigens. 
J. Immunol. 2003; 171:3426–3434. [PubMed: 14500637] 

80. Lee MJ, Kim J, Kim MY, Bae YS, Ryu SH, Lee TG, Kim JH. Proteomic analysis of tumor 
necrosis factor-alpha-induced secretome of human adipose tissue-derived mesenchymal stem cells. 
J. Proteome Res. 2010; 9:1754–1762. [PubMed: 20184379] 

81. Sze SK, de Kleijn DP, Lai RC, Khia Way Tan E, Zhao H, Yeo KS, Low TY, Lian Q, Lee CN, 
Mitchell W, El Oakley RM, Lim SK. Elucidating the secretion proteome of human embryonic 
stem cell-derived mesenchymal stem cells. Mol. Cell. Proteomics. 2007; 6:1680–1689. [PubMed: 
17565974] 

82. Uemura R, Xu M, Ahmad N, Ashraf M. Bone marrow stem cells prevent left ventricular 
remodeling of ischemic heart through paracrine signaling. Circ. Res. 2006; 98:1414–1421. 
[PubMed: 16690882] 

83. Noiseux N, Gnecchi M, Lopez-Ilasaca M, Zhang L, Solomon SD, Deb A, Dzau VJ, Pratt RE. 
Mesenchymal stem cells overexpressing Akt dramatically repair infarcted myocardium and 
improve cardiac function despite infrequent cellular fusion or differentiation. Mol. Ther. 2006; 
14:840–850. [PubMed: 16965940] 

84. Shabbir A, Zisa D, Suzuki G, Lee T. Heart failure therapy mediated by the trophic activities of 
bone marrow mesenchymal stem cells: a noninvasive therapeutic regimen. American Journal of 
Physiology-Heart and Circulatory Physiology. 2009; 296:H1888–H1897. [PubMed: 19395555] 

85. Timmers L, Lim SK, Hoefer IE, Arslan F, Lai RC, van Oorschot AA, Goumans MJ, Strijder C, Sze 
SK, Choo A, Piek JJ, Doevendans PA, Pasterkamp G, de Kleijn DP. Human mesenchymal stem 
cell-conditioned medium improves cardiac function following myocardial infarction. Stem Cell 
Res. 2011; 6:206–214. [PubMed: 21419744] 

86. He W, Zhang L, Ni A, Zhang Z, Mirotsou M, Mao L, Pratt RE, Dzau VJ. Exogenously 
administered secreted frizzled related protein 2 (Sfrp2) reduces fibrosis and improves cardiac 
function in a rat model of myocardial infarction. Proc. Natl. Acad. Sci. U. S. A. 2010; 107:21110–
21115. [PubMed: 21078975] 

87. Zimmerlin L, Park TS, Zambidis ET, Donnenberg VS, Donnenberg AD. Mesenchymal stem cell 
secretome and regenerative therapy after cancer. Biochimie. 2013; 95:2235–2245. [PubMed: 
23747841] 

88. Zhu W, Huang L, Li Y, Qian H, Shan X, Yan Y, Mao F, Wu X, Xu WR. Mesenchymal stem cell-
secreted soluble signaling molecules potentiate tumor growth. Cell Cycle. 2011; 10:3198–3207. 
[PubMed: 21900753] 

89. Maestroni GJ, Hertens E, Galli P. Factor(s) from nonmacrophage bone marrow stromal cells 
inhibit Lewis lung carcinoma and B16 melanoma growth in mice. Cell. Mol. Life Sci. 1999; 
55:663–667. [PubMed: 10357234] 

Tran and Damaser Page 24

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



90. Zhu Y, Sun Z, Han Q, Liao L, Wang J, Bian C, Li J, Yan X, Liu Y, Shao C, Zhao RC. Human 
mesenchymal stem cells inhibit cancer cell proliferation by secreting DKK-1. Leukemia. 2009; 
23:925–933. [PubMed: 19148141] 

91. Sherry MM, Reeves A, Wu JK, Cochran BH. STAT3 is required for proliferation and maintenance 
of multipotency in glioblastoma stem cells. Stem Cells. 2009; 27:2383–2392. [PubMed: 
19658181] 

92. Wei J, Barr J, Kong LY, Wang Y, Wu A, Sharma AK, Gumin J, Henry V, Colman H, Sawaya R, 
Lang FF, Heimberger AB. Glioma-associated cancer-initiating cells induce immunosuppression. 
Clin. Cancer Res. 2010; 16:461–473. [PubMed: 20068105] 

93. Grange C, Tapparo M, Collino F, Vitillo L, Damasco C, Deregibus MC, Tetta C, Bussolati B, 
Camussi G. Microvesicles released from human renal cancer stem cells stimulate angiogenesis and 
formation of lung premetastatic niche. Cancer Res. 2011; 71:5346–5356. [PubMed: 21670082] 

94. Ye H, Cheng J, Tang Y, Liu Z, Xu C, Liu Y, Sun Y. Human bone marrow-derived mesenchymal 
stem cells produced TGFbeta contributes to progression and metastasis of prostate cancer. Cancer 
Invest. 2012; 30:513–518. [PubMed: 22646310] 

95. Bi B, Schmitt R, Israilova M, Nishio H, Cantley LG. Stromal cells protect against acute tubular 
injury via an endocrine effect. J. Am. Soc. Nephrol. 2007; 18:2486–2496. [PubMed: 17656474] 

96. van Koppen A, Joles JA, van Balkom BW, Lim SK, de Kleijn D, Giles RH, Verhaar MC. Human 
embryonic mesenchymal stem cell-derived conditioned medium rescues kidney function in rats 
with established chronic kidney disease. PLoS ONE. 2012; 7:e38746. [PubMed: 22723882] 

97. Wang Y, Bakota E, Chang BH, Entman M, Hartgerink JD, Danesh FR. Peptide nanofibers 
preconditioned with stem cell secretome are renoprotective. J. Am. Soc. Nephrol. 2011; 22:704–
717. [PubMed: 21415151] 

98. Bakota EL, Wang Y, Danesh FR, Hartgerink JD. Injectable multidomain peptide nanofiber 
hydrogel as a delivery agent for stem cell secretome. Biomacromolecules. 2011; 12:1651–1657. 
[PubMed: 21417437] 

99. Dissaranan C, Cruz MA, Kiedrowski MJ, Balog BM, Gill BC, Penn MS, Goldman HB, Damaser 
MS. Rat mesenchymal stem cell secretome promotes elastogenesis and facilitates recovery from 
simulated childbirth injury. Cell Transplant. 2013

100. Zhang H, Qiu X, Shindel AW, Ning H, Ferretti L, Jin X, Lin G, Lin CS, Lue TF. Adipose tissue-
derived stem cells ameliorate diabetic bladder dysfunction in a type II diabetic rat model. Stem 
Cells Dev. 2012; 21:1391–1400. [PubMed: 22008016] 

101. Albersen M, Fandel TM, Lin G, Wang G, Banie L, Lin CS, Lue TF. Injections of adipose tissue-
derived stem cells and stem cell lysate improve recovery of erectile function in a rat model of 
cavernous nerve injury. J. Sex. Med. 2010; 7:3331–3340. [PubMed: 20561166] 

102. Yu SP, Wei Z, Wei L. Preconditioning strategy in stem cell transplantation therapy. Transl Stroke 
Res. 2013; 4:76–88. [PubMed: 23914259] 

103. Togel F, Weiss K, Yang Y, Hu Z, Zhang P, Westenfelder C. Vasculotropic, paracrine actions of 
infused mesenchymal stem cells are important to the recovery from acute kidney injury. Am. J. 
Physiol. Renal Physiol. 2007; 292:F1626–1635. [PubMed: 17213465] 

104. Chang CP, Chio CC, Cheong CU, Chao CM, Cheng BC, Lin MT. Hypoxic preconditioning 
enhances the therapeutic potential of the secretome from cultured human mesenchymal stem cells 
in experimental traumatic brain injury. Clin. Sci. 2013; 124:165–176. [PubMed: 22876972] 

105. Tang YL, Zhu W, Cheng M, Chen L, Zhang J, Sun T, Kishore R, Phillips MI, Losordo DW, Qin 
G. Hypoxic preconditioning enhances the benefit of cardiac progenitor cell therapy for treatment 
of myocardial infarction by inducing CXCR4 expression. Circ. Res. 2009; 104:1209–1216. 
[PubMed: 19407239] 

106. Yagi H, Soto-Gutierrez A, Navarro-Alvarez N, Nahmias Y, Goldwasser Y, Kitagawa Y, Tilles 
AW, Tompkins RG, Parekkadan B, Yarmush ML. Reactive bone marrow stromal cells attenuate 
systemic inflammation via sTNFR1. Mol. Ther. 2010; 18:1857–1864. [PubMed: 20664529] 

107. Sakata H, Narasimhan P, Niizuma K, Maier CM, Wakai T, Chan PH. Interleukin 6-
preconditioned neural stem cells reduce ischaemic injury in stroke mice. Brain. 2012; 135:3298–
3310. [PubMed: 23169920] 

Tran and Damaser Page 25

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



108. Frith JE, Thomson B, Genever PG. Dynamic three-dimensional culture methods enhance 
mesenchymal stem cell properties and increase therapeutic potential. Tissue Eng Part C Methods. 
2010; 16:735–749. [PubMed: 19811095] 

109. Ylostalo JH, Bartosh TJ, Coble K, Prockop DJ. Human mesenchymal stem/stromal cells cultured 
as spheroids are self-activated to produce prostaglandin E2 that directs stimulated macrophages 
into an anti-inflammatory phenotype. Stem Cells. 2012; 30:2283–2296. [PubMed: 22865689] 

110. Bartosh TJ, Ylostalo JH, Mohammadipoor A, Bazhanov N, Coble K, Claypool K, Lee RH, Choi 
H, Prockop DJ. Aggregation of human mesenchymal stromal cells (MSCs) into 3D spheroids 
enhances their antiinflammatory properties. Proc. Natl. Acad. Sci. U. S. A. 2010; 107:13724–
13729. [PubMed: 20643923] 

111. Lan F, Liu J, Narsinh KH, Hu S, Han L, Lee AS, Karow M, Nguyen PK, Nag D, Calos MP, 
Robbins RC, Wu JC. Safe genetic modification of cardiac stem cells using a site-specific 
integration technique. Circulation. 2012; 126:S20–28. [PubMed: 22965984] 

112. Gropp M, Reubinoff B. Lentiviral vector-mediated gene delivery into human embryonic stem 
cells. Methods Enzymol. 2006; 420:64–81. [PubMed: 17161694] 

113. Xiong N, Zhang Z, Huang J, Chen C, Zhang Z, Jia M, Xiong J, Liu X, Wang F, Cao X, Liang Z, 
Sun S, Lin Z, Wang T. VEGF-expressing human umbilical cord mesenchymal stem cells, an 
improved therapy strategy for Parkinson's disease. Gene Ther. 2011; 18:394–402. [PubMed: 
21107440] 

114. Bakshi A, Shimizu S, Keck CA, Cho S, LeBold DG, Morales D, Arenas E, Snyder EY, Watson 
DJ, McIntosh TK. Neural progenitor cells engineered to secrete GDNF show enhanced survival, 
neuronal differentiation and improve cognitive function following traumatic brain injury. Eur. J. 
Neurosci. 2006; 23:2119–2134. [PubMed: 16630059] 

115. Yamane J, Nakamura M, Iwanami A, Sakaguchi M, Katoh H, Yamada M, Momoshima S, Miyao 
S, Ishii K, Tamaoki N, Nomura T, Okano HJ, Kanemura Y, Toyama Y, Okano H. 
Transplantation of galectin-1-expressing human neural stem cells into the injured spinal cord of 
adult common marmosets. J. Neurosci. Res. 2010; 88:1394–1405. [PubMed: 20091712] 

116. Yang J, Jiang Z, Fitzgerald DC, Ma C, Yu S, Li H, Zhao Z, Li Y, Ciric B, Curtis M, Rostami A, 
Zhang GX. Adult neural stem cells expressing IL-10 confer potent immunomodulation and 
remyelination in experimental autoimmune encephalitis. J. Clin. Invest. 2009; 119:3678–3691. 
[PubMed: 19884657] 

117. Mirotsou M, Jayawardena TM, Schmeckpeper J, Gnecchi M, Dzau VJ. Paracrine mechanisms of 
stem cell reparative and regenerative actions in the heart. J. Mol. Cell. Cardiol. 2011; 50:280–
289. [PubMed: 20727900] 

118. Kang HJ, Kim HS, Zhang SY, Park KW, Cho HJ, Koo BK, Kim YJ, Soo Lee D, Sohn DW, Han 
KS, Oh BH, Lee MM, Park YB. Effects of intracoronary infusion of peripheral blood stem-cells 
mobilised with granulocyte-colony stimulating factor on left ventricular systolic function and 
restenosis after coronary stenting in myocardial infarction: the MAGIC cell randomised clinical 
trial. Lancet. 2004; 363:751–756. [PubMed: 15016484] 

119. Askari AT, Unzek S, Popovic ZB, Goldman CK, Forudi F, Kiedrowski M, Rovner A, Ellis SG, 
Thomas JD, DiCorleto PE, Topol EJ, Penn MS. Effect of stromal-cell-derived factor 1 on stem-
cell homing and tissue regeneration in ischaemic cardiomyopathy. Lancet. 2003; 362:697–703. 
[PubMed: 12957092] 

120. Beohar N, Rapp J, Pandya S, Losordo DW. Rebuilding the damaged heart: the potential of 
cytokines and growth factors in the treatment of ischemic heart disease. J. Am. Coll. Cardiol. 
2010; 56:1287–1297. [PubMed: 20888519] 

121. Ribeiro CA, Salgado AJ, Fraga JS, Silva NA, Reis RL, Sousa N. The secretome of bone marrow 
mesenchymal stem cells-conditioned media varies with time and drives a distinct effect on 
mature neurons and glial cells (primary cultures). J. Tissue Eng. Regen. Med. 2011; 5:668–672. 
[PubMed: 21774090] 

Tran and Damaser Page 26

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


