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Abstract

Intervertebral disc regeneration field is rapidly growing since disc disorders represent a major health problem in industrialized countries with very few possible treat​ments. Indeed, current available therapies are sym​ptomatic, and surgical procedures consist in disc removal and spinal fusion, which is not immune to regardable concerns about possible comorbidities, cost-effectiveness, secondary risks and long-lasting outcomes. This review paper aims to share recent advances in stem cell therapy for the treatment of intervertebral disc degeneration. In literature the potential use of different adult stem cells for intervertebral disc regeneration has already been reported. Bone marrow mesenchymal stromal/stem cells, adipose tissue derived stem cells, synovial stem cells, muscle-derived stem cells, olfactory neural stem cells, induced pluripotent stem cells, hematopoietic stem cells, disc stem cells, and embryonic stem cells have been studied for this purpose either in vitro or in vivo. Moreover, several engineered carriers (e.g., hydrogels), characterized by full biocompatibility and prompt biodegradation, have been designed and combined with different stem cell types in order to optimize the local and controlled delivery of cellular substrates in situ. The paper overviews the literature discussing the current status of our knowledge of the different stem cells types used as a cell-based therapy for disc regeneration.
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INTRODUCTION

Low back pain (LBP) is a common musculoskeletal symptom referred by more than 80% of the general population at least once in their life[1]. It results in a relevant social and economic problem, affecting above all the productive population in developed countries. In fact, it presents a maximum rate of incidence in people between the ages of 45 and 64[2] and it is the most frequent cause of disability and loss of days of activity in people under 45 years of age[3,4]. 

The wide majority of LBP related to degenerative changes of the intervertebral disc (IVD). The IVD is a complex structure consisting of three specialized tissues: The annulus fibrosus (AF), the nucleus pulposus (NP) and the cartilaginous end-plate (CEP) which coats the adjacent vertebral body.

The AF is a fibro-cartilaginous ring providing the outer part of IVD. It is composed of collagen type I fibers, oriented radially and in opposite directions throughout concentric lamellae[5], associated with an interlamellar matrix consisting of proteoglycans and non-collagenous proteins (such as elastin), in which mesenchymal cells, with a fibroblast-like morphology and phenotype[6], are present. This matrix leads to an efficient interlamellar cohesion[7].

The NP is a less structured gelatinous matrix rich in proteoglycans, mainly aggrecan, and type II collagen fibers randomly oriented. Aggrecan comprises a great number of negatively charged sulfated glyco​saminoglycans that attract and imbibe water. The high level of hydration helps to maintain disc height and contributes to the load-bearing ability of the IVD[8]. Small chondrocyte-like cells are scattered within the NP and are responsible for synthesizing and maintaining the matrix[9]. 

The embryonic human IVD consists in two different structures: The NP, derived from aggregation of noto​chordal cells within a proteoglycan matrix, forming the gelatinous centre of the disc; the AF, which is derived from the perichordal mesenchyme, forming organized fibers surrounding the nucleus. During the sixth embryo​nic month, a mucoid degeneration of notochordal cells takes place in the NP and mesenchymal IVD cells invade the fibrocartilage. However, some notochordal remnants can be found in the IVD up to adulthood[10].
The IVD provides support for vertebrae, shock absorber function and allows movements of flex-exten​sion, lateral bending and rotation. The NP, surrounded by the annulus fibers, resists compressive stress, whereas AF resists primarily tensile, circumferential, longitudinal and torsional stresses[10,11].

Intervertebral disc degeneration (IDD) is an age-related chronic process characterized by a progressive decline of proteoglycans and water content in NP with loss of the disc ability to resist compressive loads[12]. The first symptom of IDD is often LBP, that may lead to disc herniation, degenerative spondylolisthesis, instability and spinal stenosis associated with neuro​logical symptoms such as radiculopathy and/or mye​lo​pathy. Current treatments for LBP and IDD range from conservative to surgical procedures[13]. However, these treatment modalities have limited efficacy and do not produce predictable and reliable outcomes. In fact, they target the clinical symptoms instead of the pathophysiology involved in the degenerative process. An effective early treatment for LBP that may prevent, slow down or reverse the degenerative changes of the IVD is the goal of many researchers in the spine field. Exciting advances in tissue engineering have led spine researchers to develop novel regenerative techniques in order to alter the course of IDD and possibly lead to disc repair and recovery of function. 
PATHOPHYSIOLOGY OF IDD

Although the increasing interest in biological treatments for IDD, its pathological basis is still not completely understood. The degenerative pathway is related to aging, starting from the second decade of life[14], and to certain genetic profile expressions as well as environ​mental factors[15]. Moreover, the IVD is the largest avascular tissue in the body, in which nutrition takes place by diffusion through the CEP, maintaining the viability of NP cells[16].

The main structural changes in NP during IDD consist in a progressive reduction of proteoglycan content, first of all aggrecan[17]. Morphological modifications are related to metabolic imbalance between anabolic and catabolic processes, regulated by multiple factors, such as anabolic growth factors [e.g., insulin-like growth factor-1 (IGF1)[18], transforming growth factors (TGF), bone morphogenetic proteins (BMPs)[19]] and catabolic enzymes [matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) resulting in changes in NP cells function[20].

Extracellular matrix changes are associated with alterations of disc cell viability. The progressive reduction of cell density results in the inability of the IVD to revert degenerative changes by producing and maintaining a functional extracellular matrix[21]. The decrease of NP proteoglycan content leads to progressive dehydration of gel-like nuclear matrix, decreasing disc height and altering its load-bearing capacity[22]. The inefficiency of NP to absorb compressive stresses and to transmit forces circumferentially to the AF, leads to deterioration of the lamellar architecture of the AF itself, consisting of internal fissures spreading outward to the periphery[23]. In addition to cracking and fissuring of the AF, disc herniation, subchondral sclerosis, CEP ossification and osteophyte formation[24] may take place. The inherent avascularity, isolation, and low metabolic activity of the IVD may explain its apparent inability for self-repair following injury and degeneration[25].

POTENTIAL BIOLOGICAL TREATMENTS

The therapeutic approach to treat or prevent disc degeneration could consist in recovering the disc ability to synthesize extracellular matrix, rich in proteoglycans, in order to re-establish disc hydration and NP visco-elastic features, thus restoring biomechanical properties of the IVD. 

Several genes and growth factors have been found to influence the anabolic and catabolic processes, regulating the extracellular matrix homeostasis within the IVD. In this way recombinant growth factors or gene therapy technologies could be applied to treat the IDD[26,27]. Intradiscal injection of growth factors, such as BMP-7, BMP-2 or IGF-1, has been shown to increase the proteoglycan level within the disc[28-30].

The possibility to synthesize recombinant growth factors and to inject them with a percutaneous approach re​presents interesting advantages. However, the short half-life of exogenous growth factors has led to increasing interest for gene therapy in the treatment of IDD. 

Gene therapy modifies the pattern of gene expre​ssion resulting in an in situ sustained production of specific gene products. In literature, numerous anabolic factors (such as TGF-, BMP-2, BMP-7 or IGF-1), anti-catabolic factors (such as TIMP-1), and gene regulators (such as SOX-9 and LMP-1) have been found able to modulate the metabolic activity of disc cells, increasing proteoglycans disc content[31-34]. However, side effects related to this emerging technology, such as inflammatory reactions of nerve roots and/or dura, have been described[35]. More efficient and safe systems of transfection and transduction may be performed before clinical application of gene therapy[27,36].

According to pathological findings in IVD aging and IDD, characterized by a progressive disc cell loss, cell therapy has been proposed in order to restore the disc cell population by introducing exogenous cells. A cell therapy approach can be performed by using different types of differentiated cells, such as NP cells[37,38], AF cells[39], cartilaginous chondrocytes[40] and progenitor cells[41-43]. The autologous disc-derived chondrocyte transplantation (ADTC) is a treatment based on autologous NP cells to replace the tissue loss caused by disc herniation and disc surgery[44]. Although clinical data seems to report back pain improvement and prevention of disc height reduction after the treatment[45]. ADTC procedure presents the following limits: (1) it is only applicable when discectomy is required; (2) it is a two-steps procedure, because discectomy and cell transplantation are performed in two different times; and (3) disc cells lose their phenotypic characteristics when expanded in monolayer cell culture[46].

Therefore, stem cell therapy is more attractive due to low harvest site morbidity, ease of ex vivo cell expansion, and favorable modulation of the cell phenotype before or after transplantation. In this review we will discuss about the potential use of different types of stem cells employed for disc repair. 

STEM CELLS BASED THERAPY

Stem cells are unspecialized cells characterized by a high proliferation rate. They can reside in a quiescent state, in which they self-renew; during the proliferation process, they perform an asymmetric division producing two daughter populations: One of them constituted by identical stem cells and the second ones formed by progenitor cells committed to a lineage-specific differentiation program[47]. Different types of human stem cells, ranging form embryonic to adult stem cells, have been found. Although embryonic stem (ES) cells are considered to be totipotent, legal and ethical controversies limit their use for clinical application in regenerative medicine[48]. Adult stem cells represent a reservoir of progenitor cells harbored within specialized niches of the adult organism, suggesting the potential for therapeutic application in their host tissues. Adult stem cells have been discovered and characterized in tissues such as bone marrow[49], adipose tissue[50], pe​ios​teum[51,52], synovial membrane[53], muscle[54], skin[55], pericytes[56,57], blood[58] and trabecular bone[59,60]. Their function consists in maintenance of the anato​mical and functional features of each specialized tissue. Because they are committed to a lineage-specific differentiation pathway, these cells are able to produce a limited range of specialized cells according to the embryonic origin of the tissue itself. The application of adult stem cells in regenerative medicine does not raise any ethical problems, as they can be directly isolated from the patient.

The potential application in IVD regeneration has been described for some types of adult stem cells, including bone marrow-derived mesenchymal stem cells (MSCs)[42,61,62], adipose tissue-derived stem cells (ASCs)[41], muscle-derived stem cells (MdSCs)[43], hematopoietic stem cells, olfactory membrane stem cells and synovial stem cells (Figure 1). Adult stem cell types are committed to differentiate following the lineage of mesenchymal tissues, including bone, cartilage, fat, and muscle[49,50,54,63]. Moreover, according to recent findings[64,65], MSCs, such as bone marrow MSCs, ASCs and MdSCs, seem to derive from the perivascular wall[66] of the tissue the stem cells are from.

Several therapeutic strategies for IVD regeneration based on stem cells have been described that direct injection into the IVD of undifferentiated or predi​fferentiated cells (cell therapy). Application of constructs derived by conjunction of stem cells with a visco-elastic hydrogel (tissue engineering strategy); genetic modification by transfection of target genes followed by injection of transfected stem cells into the IVD (ex vivo gene therapy)[27,67] (Figure 2). 

Recently, a specific population of progenitor cells has been identified in the degenerated human IVD[68]. This finding has been confirmed by Blanco et al[69], who demonstrated that progenitor stem cells are quite similar to mesenchymal stromal cells derived from bone marrow. Therefore, an alternative approach for treatment consists in recruiting endogenous progenitors to orchestrate IVD repair by administration of suitable drugs/growth factors.

BONE MARROW MSCS

In the past few years several in vitro studies have been conducted to evaluate the use of MSCs for the treatment of IDD. 
The actual capacity of adult human MSCs to differ​entiate towards NP cells has been one of the first steps in the evaluation of their utilization as a cell source for IVD regeneration. MSCs can differentiate into chondrocyte-like cells phenotypically similar to NP cells in chondrogenic conditions[68,70]. These methods have been considered a preconditioning system to direct MSCs into NP-like cells before they are implanted into the IVD.

The therapeutic effects of stem cells have been extensively studied in vitro. Several studies sug​gested that the regenerative potential of MSCs may result from MSCs and NP cells interactions that up-regulate extracellular matrix protein synthesis in terms of proteoglycans. Le Visage et al[71] cocultured bone marrow MSCs with NP cells at a 50:50 ratio in 3-dimensional pellet culture system for 2 wk showing that, although there was a trend of increase in glycosaminoglycan (GAG) production, the difference was not significant. On the contrary, Sobajima et al[62] using a similar pellet coculture system at a different ratio, revealed a synergistic effect between NP cells and MSCs at 75:25 and 50:50 NP:MSC ratio, yielding a significant increase of proteoglycan synthesis rate and GAG content compared with culture of NP cell and MSCs alone. Recently, Svanvik et al[72] confirmed that coculture of MSCs with degenerated NP cells increases proteoglycan and collagen-type II production.

In order to delineate the effects, several studies have utilized the coculture model systems to under​stand whether the interaction between MSCs and IVD cells leads to MSC differentiation to an NP-like phenotype and/or whether MSCs promote regeneration through stimulation of native NP cells. Stem cells undergo differentiation under stimuli that come from the surrounding microenvironment. However, adult stem cells contribute to tissue repair and regeneration by not only differentiating into the phenotypes of the host cells[49] but also creating a microenvironment that promotes the local regeneration of endogenous cells[73]. Richardson et al[74] cocultured human MSCs with normal NP cells in monolayer with or without cell-to-cell contact. After 1 wk of culture, fluorescent-labeled MSCs separated by fluorescence-activated cell sorting and gene expression was evaluated. MSCs underwent a change in gene expression profile similar to NP-like cells as demonstrated by an increased expression of aggrecan and collagen type II genes[74]. However, the low cell density in the NP[75] makes direct cell-to-cell contact between MSCs and NP cells a rare event if stem cells are implanted into the disc. Therefore, our group studied the mechanisms of the interaction between human NP cells from degenerating discs and MSCs in 3-dimensional culture, a system that allows short distance paracrine interactions typical of the NP tissue, hence miming its architecture[76]. Using a double labeling cell system, changes in gene expression profile were analyzed on the MSCs or NP cells populations isolated from the coculture. MSCs acquired a more chondrogenic gene expression profile and influenced mRNA levels within the human NP cells. 

Paracrine stimulation in the interaction between MSCs and IVD cells was also assessed in other studies. Yang et al[77] used a noncontact coculture system to elucidate the interaction between NP cells and MSCs mediated by soluble factors. These authors showed that secreted factors in the coculture were able to induce collagen type II expression by uncommitted MSCs when cultured with a higher number of NP cells. Korecki et al[78] studied the effect of conditioned media from notochordal cell cultures on MSCs showing differentiation toward a potentially NP-like phenotype with some characteristics of the developing IVD.

MSCs secrete a variety of cytokines and growth factors that are able to stimulate mitosis and tissue-intrinsic reparative potential of the host cells[79]. Accor​dingly, Yamamoto et al[80] reported increased cell viability, proliferation and proteoglycan synthesis of rabbit NP cells induced by cell-to-cell contact with MSCs in a coculture monolayer system, supporting a trophic effect. Watanabe et al[81] further confirmed these data by using human cells. The trophic effect only partially reflected in our gene expression study. Although we observed an increase in collagen type II by NP cells after coculture with MSCs, aggrecan gene expression was down-regulated[76]. This data reflected only a modest trophic effect of MSCs on degenerate NP cells. This finding is in agreement with Strassburg et al[82] who investigated differences in the interaction between human MSCs and NP cells from both nondegenerate and degenerate discs during in vitro coculture with direct cell-cell contact. They concluded that, although both nondegenerate and degenerate NP cells are able to stimulate MSCs differentiation to an NP-like phenotype, MSCs were only able to stimulate degenerate NP cells to increase their matrix-associated gene expression to levels comparable to nondegenerate NP cells.

Cell fusion has been found to be potentially respon​sible for the plasticity and tissue regeneration potential of adult stem cells[83,84]. The possible occurrence of cell fusion in the interaction between male MSCs and female NP cells has been studied by our group[76]. Cell fusion was examined in a pellet coculture system to accentuate cell-to-cell interactions, a necessary condition for inducing cell fusion[83]. Fluorescence in situ hybridization assay for the X and Y chromosomes demonstrated that cell fusion does not occur in the interaction between MSCs and NP cells[76]. This result is in contrast with the data of Strassburg et al[82] who also studied cells fusion in the pellet coculture system. These authors were able to detect binucleated cells among cocultured cells during histologic observation, thus raising the possibility of cell fusion. Therefore, further studies needed to determine if the exposure of NP cells to MSCs leads to spontaneous cell fusion.

Organ culture systems were also used to study the potential effect of MSCs for IVD regeneration. Le Maitre et al[85] transplanted human MSCs in a bovine caudal disc and cultured them in vitro up to 4 wk. These authors showed that MSCs from older individuals differentiate spontaneously into chondrocyte-like NP cells upon insertion into NP tissue. Chen et al[86] studied the effect of porcine MSCs injected in an IVD degeneration model showing a regenerative potential. Therefore the ex vivo degenerative IVD organ culture system has the potential to contribute to a better comprehension of alternative IVD regeneration strate​gies.

MSCs engraftment and long term survival in the harsh environment of the normal disc tissue has been demonstrated by several in vivo study in small ani​mals[62,87,88]. Crevensten et al[88] have shown that MSCs injected into rat discs with hyaluronan gel as a carrier, maintained viability over 28 d with cell proliferation. Zhang et al[87] have shown that allogeneic MSCs injected in a healthy disc increased the total proteoglycan content in the NP of rabbit discs. Sobajima et al[62] evaluated the long-term survival of allogeneic MSCs in healthy rabbit lumbar IVDs. The MSCs, retrovirally transduced with LacZ marker gene, were identified up to 6 mo after transplantation, observing MSCs migration from the NP to the inner AF. 

However, in order to determine the efficacy of a stem cell therapy in preventing or delaying the pro​gression of IDD, it is critical to rigorously test stem cell therapy in animal models of IDD. The first efficacy study published in the field is dated back to 2003: Sakai et al[89] elegantly showed that autologous bone marrow MSCs embedded in a collagen type II based carrier (Atelocollagen®) and injected in an NP aspiration model of IDD enhanced proteoglycan content and hydration. The same authors, using a similar study design, showed that the MSCs injected disc maintained disc height of 97% and magnetic resonance image (MRI) signal intensity of about 81% in a normal control group discs, while the degenerating disc group that did not received MSCs injection demonstrated a disc height value of about 67% and MRI signal intensity reduction of about 60%. Moreover, Sakai et al[90] demonstrated that undifferentiated MSCs transplanted into degenerated discs in rabbits proliferated and differentiated into cells expressing some of the major phenotypic characteristics of NP cells, suggesting that these MSCs may have undergone site-dependent differentiation.

Ho et al[91] studied the influence of the degenerative grade on the therapeutic potential of MSCs. These authors induced IDD in a rabbit model by stabbing and injecting MSCs at 1 or 7 mo. They observed that MSCs appear to be more effective in arresting degeneration at a relatively later stage of disc degeneration. 

Jeong et al[92] used a xenogeneic transplantation model to study the effect of human MSCs injected into the coccygeal rat IVDs 2 wk after a blade stabbing. Disc height and MRI signal intensity of the MSCs transplanted disc increased compared to the degenerated control group at 2 wk after injection. 

Yang et al[93] performed a study on a rabbit model of IDD induced by nucleus aspiration. These authors injected into the IVD a mixture of fibrin glue, TGF-1 and rabbit MSCs using as a control the carrier alone with the growth factor or the sham. These authors have shown that MSCs injection led to a reduced height loss associated with IDD and an increased quantity of collagen type II content and a decrease in the rate of cell apoptosis.

Hee et al[94] performed a study on a rabbit model of IDD induced through a compression device. Allogeneic MSCs embedded in Atelocollagen were transplanted into the compressed disc followed by unload or distraction. Controls underwent just distraction or unload period. This animal study showed that the transplanted IVDs performed better with respect to disc height, morphological grading, histological scoring and average dead cell count and that distraction increased the regenerative effect of MSC transplantation. 

Allon et al[95] explored the potential of the use of bilaminar coculture pellets (BCPs) of MSCs in a shell of NP cells for IVD regeneration. 

The pellets were transplanted in vivo in a rat tail nucleotomy model of disc degeneration. 

BCPs were transplanted in a fibrin sealant (FS) carrier using as a control the FS with a pellet of just MSCs or NP cells, MSCs and NP cells randomly mixed or the FS only; and surgery only. This study showed that the proteoglycan and cytokine levels were not significantly different among groups. The BCP group had higher cell retention, disc height and increased disc grade over time than controls[95]. 

Henriksson et al[96] performed a study using a xeno​transplantation model in minipigs. IDD was induced in lumbar IVD by nucleoaspiration and 2 wk later human MSCs were injected in F12 media suspension (cell/med) or with a hydrogel carrier (cell/gel). The animals were sacrificed after 1, 3, or 6 mo. At MRI all injured discs demonstrated degenerative signs with fewer positive changes in the cell/gel group compared with cell/med discs and injured only discs. The authors concluded that transplanted human MSCs survived in the porcine spinal disc up to 6 mo and expressed SOX-9 and Collagen II, thus indicating differentiation. The hydrogel carrier has shown to facilitate the differentiation of transplanted hMSCs.

Recently, MSCs injection has tested in a larger animal model. Hiyama et al[97] evaluated the effect of MSCs transplantation on the suppression of IDD and preservation of immune privilege in a canine model of IDD. MSCs injection effectively led to the regeneration of degenerated discs and contributed to the maintenance of IVD immune privilege by the differentiation of transplanted MSCs into cells expressing FasL. 

Serigano et al[98] used a canine IDD model to perform a dose-escalation study to assess the optimal number of cells to transplant into the degenerated IVD. Four weeks after nucleoaspiration, autologous MSCs transplanted at 105, 106, or 107 cells per disc. Unoperated and untransplanted disc were used as a control. MSCs-trans​plantation groups showed preservation of disc height and annular structure compared to the operated control group. The analysis of the survival rate of both transplanted and MSCs as well as NP cells demonstrated the better performance of 106 MSCs, when compared to 105 or 107, producing the best maintenance of the structure of IVDs and best inhibited IVD degeneration.

The goat study conducted by Zhang et al[99] per​formed using a disc degeneration model induced by stabbing the disc with a number 15 blade. One month after injury, allogeneic MSCs were injected with a hydrogel into the IVDs. Degenerating IVDs injected with MSCs showed significantly increased proteoglycan content within the disc. However, collagen content, MRI imaging, and histology did not show statistically significant differences between the cell-treated and control IVDs.

Subhan et al[100] transplanted allogeneic MSCs embed​ded in a hyaluronan based hydrogel (HyStem) into degenerate discs by fluoroscopy assisted minimally invasive delivery in a rabbit model. Animals were divided into three groups: Group I treated with MSCs coupled with Hystem, group II injected with Hystem alone and group III was left without any intervention. At 8 wk after transplantation, histological assay and MRI T2 mapping of NP showed higher T2 signal intensity, disc height index and type II collagen and aggrecan content in group I compared to other groups; simi​lar results were reported by Cai et al[101] as well. 

In a pilot study, Orozco et al[102] injected autologous expanded bone marrow MSCs into the nucleus pulposus of 10 patients diagnosed with lumbar disc degeneration. One year follow-up investigated evaluation of back pain, disability and quality of life, whereas disc height and fluid content were assessed through MRI. Patients reported prompt improvement of pain and disability at 3 mo and increased disc water content at 12 mo, even if disc height did not restore. 

In a similar study, Yoshikawa et al103] harvested autologous bone marrow MSCs from the ilium of two patients diagnosed with spinal stenosis: Cells cultured in an autogenous serum media and then transplanted percutaneously into the stenosed spinal canal within a collagen sponge graft. At 2 years after surgery, patients reported symptoms improvement, while X-ray, Rontgen kymography and CT showed decreased insta​bility and T2-weighted magnetic resonance indi​cated high moisture contents.

Overall, MSCs show a great capacity to differentiate towards the NP phenotype, especially when exposed to the chondrogenic molecular signaling within the injured disc, thus potentially restoring its physiological microenvironment and biomechanical properties. MSCs can be readily harvested from multiple sites, even if the procedure itself is not immune to secondary risks. Moreover, MSCs are the only stem cell type that have been transplanted in human disc proving to be safe and being able to reduce LBP in patient affected by IDD.

ADIPOSE STEM CELLS 

Adipose stem cells (ASCs) are an alternative source of stem cells, instead of bone marrow MSCs, to regenerate the IVD. These cells can easily expand under standard tissue culture conditions and show a pluripotent mesenchymal differentiation capacity. Their therapeutic effect has been tested using coculture system with other adult stem cell types[104]..
Li et al[41] evaluated changes in the gene expression pattern of rabbit fat-derived mesenchymal cells when exposed to NP and AF cells in vitro. Authors demon​strated an increase in expression of type II collagen and aggrecan genes from rabbit ASCs cocultured in 3-dimensional alginate beads with NP cells, compared to ASCs cocultured with AF cells and NP cells alone. These data have been also confirmed by Lu et al[105], who investigated the ability of ASCs to differentiate when exposed to stimuli secreted by NP cells in vitro. Authors performed a transwell co-culture system of human NP cells and human ASCs, employing both monolayer and micromass configurations, in order to evaluate the sole effects of soluble signals. Lu et al[106] demonstrated that the transwell co-culture of NP cells and ASCs, both cultured under micromass conditions, induces gene expression of both aggrecan and collagen type II, with concomitant down-regulation of osteopontin, collagen type I and PPAR-c in ASCs. Moreover, Lu et al[106] also evaluated the gene pattern expression of human ASCs cultured in collagen type I or type II hydrogels alone, or cocultured in transwells with micromass human NP cells. They demonstrated that ASCs differentiation along the cartilaginous lineage is characterized by up-regulation of collagen type IIA, type IIB and aggrecan gene expression and it closely related to cocultures with NP cells and type II hydrogel. Collagen type II represents an appropriate scaffold for the attachment of ASCs and a favorable microenvironment in combination with soluble factors secreted by NP cells inducing the differentiation along cartilage/NP lineage.

Disc regeneration strategies based on adipose stem cells have also evaluated in small and large size animal models. Jeong et al[107] investigated the adipose-tissue-derived stromal cell (ADSC) implantation to restore disc in a rat degenerated IVD model. The IVD damaged by needle injection and, after two weeks, injected with ADSCs or saline (as control). At 6 wk after transplantation, authors demonstrated the ability of ADSCs to restore degenerated IVDs, according to reduced disc height loss and restoration of disc signal intensity on MRI. The histological analysis with hematoxylin and eosin staining confirmed a greater IVD restoration in discs transplanted with ADSCs. In addition, positive findings in immunohistochemical staining for collagen type II and aggrecan have also revealed.

Ganey et al[108] investigated ADSCs-based cell therapy in degenerated IVD using a dog model obtained by performing a partial nucleotomy on lumbar discs. Six weeks after surgery, authors randomized discs to receive: ADSCs loaded in hyaluronic acid carrier (cells/HA) or HA without cells or nothing. Dogs were killed at 6 mo or at 12 mo. Disc analysis has performed with MRI, radiography, histology and biochemistry. No significant differences between the three different approaches have found in MRI signal intensity and radiographic disc height. However, gene expression of type II colla​gen and aggrecan demonstrated a statistically signi​ficant increase of expression in discs transplanted with ADSCs when compared to discs receiving either the HA only or no treatments. ADSCs are able to pro​vide a regenerative stimulation in the injured IVD. Moreover, the histological analysis showed an abundant extracellular matrix surrounding the cells and cell clustering or cloning within NP. AF fibers were tight and laminated according to the normal IVD morphology. Because of the evidence of injected ADSCs survival, the histology suggested their responsibility for the observed morphology resembling the healthy IVD. Ganey et al[108] reported that ADSCs were effective in promoting disc regeneration in an animal injured disc model.

Sun et al[109] assessed the influence of ADSCs on NP cells in a compressive load culture: Unphysiological mechanical stimulation was set in order to mimic the stressful conditions leading to IDD. ADSCs protected NP cells from apoptosis through caspase-9 and caspase-3 inhibition, increasing ECM gene expression while dimi​nishing metalloproteinases synthesis inhibiting pro​duction of pro-inflammatory factors.

ADSCs have proven to give rise to a chondrogenic lineage and to increase aggrecan and type II collagen synthesis, hence favoring disc regeneration. While they can easily harvested without significant risks, ADSCs actual efficacy has not established yet.

SYNOVIAL MSCS

In the last years, synovial MSCs aroused an increasing interest about their application in cell therapy strategies for disc regeneration. They could be a potential source of stem cells because they present a proliferative rate greater than other types of MSCs, such as bone marrow MSCs[110]. In addition, they show a high chondrogenic potential, demonstrated by the ability to synthesize extracellular matrix after transplantation into articular cartilage defects in a rabbit model[111]. 
Miyamoto et al[112] assessed the effect of intradiscal transplantation of synovial MSCs by using an IVD degeneration rabbit model. After allogeneic synovial MSCs transplantation, researchers performed imaging analyses, including X-ray, MRI and histological analysis. Moreover, they performed an in vitro study in order to investigate the interaction between synovial MSCs and NP cells, by producing a co-culture system of human synovial MSCs and rat NP cells. The results showed that synovial MSCs injected into the disc were able to stimulate the remaining NP cells to synthesize type II collagen and to inhibit the expression of matrix degradative enzymes and inflammatory cytokines. These data were confirmed by in vivo findings, showing that IVD height in the MSCs group was higher than disc height in the degeneration group.
Synovial MSCs exhibit a notable proliferative and regenerative potential, which confirmed by pilot studies in articular and disc degenerative models. Further studies needed to support these findings, in order to plan an appropriate therapeutical protocol.

MUSCLE-DERIVED STEM CELLS 

MdSCs have shown to reside within skeletal muscles and to be characterized by typical stem cells features, such as self-renewal a multilineage differentiation. Indeed, they are capable of giving rise to other mesodermal cell types, including hematopoietic, osteogenic, chondrogenic, adipogenic and skeletal myogenic cells[113].

As Adachi et al[114] reported appreciable healing of cartilage defects using muscle-derived cells embedded in collagen gels in a rabbit model, it has been hypothesized that the chondrogenic lineage commitment of MdSCs might therefore provide a prompt source for generating and expanding NP cells as well. 

In this regard, our group investigated the role of MdSCs as a source of chondroprogenitor NP cells using an in vitro coculture system. NP cells were isolated from human IVD specimens and then cocultured with MdSCs harvested from the hind limb skeletal muscle of three mice. Proteoglycan synthesis and total GAG content were subsequently analyzed to assess eventual changes in extracellular matrix production, while DNA content measured as an index of cell proliferation. Each of these parameters was significantly increased in the coculture compared to NP cells monoculture, hence suggesting a promising role of MdSCs for disc regeneration[115].

MdSCs have been only recently discovered as a novel stem cell population residing within muscles: As mesodermal progenitors, they can differentiate into different cell types, including chondrocytes, thence showing a poten​tial role in disc regeneration. In vivo studies are needed to evaluate the factual MdSCs regenerative potential for disc regeneration cell-based therapy.
OLFACTORY NEURAL STEM CELLS

Human olfactory neural stem cells are multipotent stem cells showing the ability to differentiate along both neural lineage, leading to neurons, astrocytes and oligodendrocytes formation[116], and non-neural lineages[117].
Murrell et al[118] investigated the differentiation of olfactory stem cells (OSCs) into NP chondrocyte-like cells both in in vitro and in vivo settings. The in vitro study has performed coculturing OSCs derived from rat olfactory mucosa with rat IVD biopsies. The in vivo study consisted in transplanting genetically engineered OSCs, which were able to express green fluores​cent protein, into a rat model of injured IVD, with​out any pre-differentiation in vitro. Authors showed that olfactory mucosa-derived progenitor cells could induce to differentiate into NP chondrocyte-like cells, as demonstrated by cellular morphology at the microscopy and by expression of proteins suggestive of NP chondrocyte phenotype (collagen Type II - CT2 and aggrecan - CSPG) at the immunochemistry. These findings have been confirmed by both OSCs inducted in vitro with medium conditioned with NP environment and OSCs transplanted into injured rat NP.

OSCs can surprisingly differentiate into NP-like chondrocytes when exposed to the injured IVD environ​ment and produce NP matrix constitutive elements. How​ever, major concerns related to the invasive approach to harvest OSCs from the olfactory bulb can not be dis​regarded.

INDUCED PLURIPOTENT STEM CELLS 

Induced pluripotent stem cells (iPSCs) are somatic cells which have been genetically reprogrammed in order to forcedly express such genes and factors that lead to an embryonic stem cell-like state. Mouse iPSCs were firstly reported in 2006: These cells have been proven to act like pluripotent cells, given that they express stem cells peculiar markers, generate tumours containing cells from all three germ layers and are able to differentiate into different cytotypes when injected in mouse embryos[119]. Human iPSCs, isolated in 2007 for the first time, seem to show similar properties[120,121].

Due to their pluripotency and patient-specificity, human iPSCs have been proposed as a source for generating notochordal cells in order to re-establish disc homeo​stasis.

Using a mouse model, Chen et al[122] isolated auto​logous embryonic fibroblasts which were then epigene​tically reprogrammed into iPSCs through a polycy​stronic lentiviral vector. CD24+ iPSCs subpopulation was further detached using magnetic activated cell sorting and subsequently cultured in a laminin-rich media in order to drive NP-like cell differentiation and matrix synthesis which appreciably resembled native NP tissue. Culturing iPSCs in a hypoxic notochordal cell-conditioned medium (NCCM) led to similar outcomes.

Liu et al[115] harvested porcine NP tissue, which was pulverized and added to a culture plate loaded with human iPSCs, in order to induce notochordal cell-like differentiation, which was highlighted by the expression of three notochordal marker genes: Brachyury T, cytokeratin-8 and cytokeratin-18. Most notably, these cells showed the ability to generate NP-like tissue in vitro, which was characterized by NP phenotypic markers such as type II collagen, aggrecan and GAGs.

In spite of their capacity to induce chondrogenic differentiation, iPSCs might potentially lead to tumori​genesis due to their pluripotency. In addition, genetic engineering reprogrammation techniques are charac​terized by notable costs that might be unlikely borne.

HEMATOPOIETIC STEM CELLS

Adult bone marrow includes two different kinds of stem cell populations: Non-hematopoietic stem cells [non-hematopoietic stem cells (HSCs)], including MSCs, which do not express CD34 and HSCs which express CD34. Wei et al[123] evaluated xenogeneic transplantation of human bone marrow cells, both non-HSCs and HSCs, in a rat degenerated disc model in order to find out which population could be used to obtain disc-like cells. The human bone-marrow (CD34+ and CD34-) cells have been injected into rat coccygeal discs, after isolation and labeling with a fluorescent marker. Authors performed histological analysis, immunochemistry and survival rate analysis in all groups at different time points (at 1, 10, 21, and 42 d). They demonstrated that CD34- cells were able to survive in the NP of host discs until 42 d, whereas CD34+ cells detected only up to 21 d. Moreover, only CD34- cells presented a gene expression pattern similar to chondrocyte cells (positive for Collagen II and SOX-9). 

Wei et al[123] registered data providing evidence that HSCs should not be used to treat IDD, because they are not able to differentiate in chondrocyte-like cells and restore degenerated NP.

The inefficacy of HSCs transplantation in the rege​nera​tive cell-based that strategies to treat disc degenera​tion was also demonstrated by Haufe et al[124] in a clinical study, in which autologous HSCs derived from pelvic bone marrow were injected into degenerated discs of patients affected by low back pain. This study presents an important methodological bias, because any evidence, both in vitro and in vivo, supporting HSCs transplantation in degenerated disc, has been reported in literature. In fact, authors concluded that HSCs transplantation do not produce any clinical improvement in treated patients[124].

DISC STEM CELLS

To date, several studies have successfully reported the isolation of disc stem cells from the IVD, namely cartilage end plate-derived stem cells (CESCs), annulus fibrosus-derived stem cells (AFSCs) and nucleus pulposus-derived stem cells (NPSCs), according to their localization within the disc.

These cells exhibit typical stem cell markers and are able to differentiate in vitro along the mesengenic pathway into various cytotypes belonging to osteogenic, chondrogenic and adipogenic lineages. In addition, disc stem cells notably resemble bone marrow MSCs immunophenotype, gene expression profile and self-renewal capacity[125,126]: It is thought that these cells are remnants of multipotent mesendodermal embryonic cells, while they might, in a smaller proportion, derive from adjacent vertebrae bone marrow[127].

A real stem cell niche was identified in the peri​condrium and in the ligament side of the AF: Henriksson et al[128] proposed that cells from the niche are promptly recruited to NP and AF, along with MSCs from bone marrow, to undergo differentiation in case of tissue injury.

This assumption is further confirmed by the expre​ssion of migration and epithelial-mesenchymal transition  markers (e.g., SNAIl, SLUG, ITGB1) within the niche itself[129].

However, lack of standardization in both characteri​zation and isolation methodology makes disc stem cells inner potential difficult to be evaluated. Nonetheless, as reported by Sakai et al[130] disc progenitors number seems to decrease progressively with aging and degeneration, thus limiting the possibility to perform autologous re-implantation in older patients. The same study individuated hTIE-2 and GD2 as markers of disc stem cells committed to differentiate into NP progenitor cells. Quantification of these markers might thus correlate with the actual number of progenitor cells present in the disc, in order to assess the extent of disc degeneration.

Wang et al[131] compared human bone marrow MSCs, AFSCs, NPSCs and CECs regenerative properties in a rabbit model of IDD. The abovementioned cells harvested from patients undergoing posterior lumbar interbody fusion and isolated from iliac crest bone marrow and discectomy specimens, respectively. Stem cells were then cultured, expanded and seeded in alginate gel to subsequently injected into rabbit IVDs after NP aspiration. At 6 mo after implantation, animals sacrificed and discs analyzed; morphological evaluation demonstrated that CESCs yielded the highest regenerative potential, followed by NPSCs, BM-MSCs and AFSCs, that showed the lowest potency.

To date, eleven preclinical animal studies investi​gated outcomes subsequent to IVD tissue or cells trans​plantation, which demonstrated to delay disc degeneration and, in some models, to favor NP regene​ration. However, some of the aforementioned studies reported an increased synthesis of type II collagen while proteoglycan production - and correspondingly disc hydration - was not restored to physiological rates[132].

Disc stem cells seem to reside within the inner disc niche, as remnants of mesendodermal embryonic stem cells. According to conflicting results, further studies needed to assess their actual usability for disc degeneration cell-based therapy and to establish standardized protocols regarding harvesting techniques, isolation and identification. 

EMBRYONIC STEM CELLS 

Embryonic stem cells (ESCs) represent another possi​ble source of stem cells for disc regeneration, basing on their ability to differentiate along different cell lineages, including notochordal cells. 

Notochordal cells are the first cells forming the NP during the embryogenesis of IVD. Moreover, it is also known that the adult NP host chondrocyte-like cells. According to their ability to differentiate along the chondrogenic lineage with opportune culture conditions[133], they could differentiate into cells able to produce extracellular matrix restoring the inner disc material. Sheikh et al[134] investigated the ESC-derived chondroprogenitors transplantation into a degenerated disc in a rabbit model. Researchers performed a pre-conditionating culture of murine ESCs in order to induce differentiation toward a chond​rocyte lineage. In addition, ESC-derived cells have been labeled prior to implantation with a green fluorescent protein. After 8 wk from the implantation, H&E staining, confocal fluorescent microscopy and immunohis​tochemical analysis have performed on disc samples. Com​paring with control non-punctured discs and control degenerate punctured discs, IVDs subdued to implan​tation of chondroprogenitor cells showed islands of notochordal cells at H&E histological analysis and immunofluorescence staining. These authors demon​strated the proliferation of notochordal-like cells, which are responsible of proteoglycan matrix production, into degenerated IVDs transplanted with ESCs.
However, ESCs show notable tumorigenic properties: They characterized by high telomerase activity (which leads to potentially infinite proliferation) and formation of teratoma. Nonetheless, ESCs handling is surrounded by several ethical issues due to their embryonic pro​venance, thus making improbable their use in IDD treatment[135].

TISSUE ENGINEERING APPROACHES 

The choice of a suitable scaffold for stem cells remains an important issue in the development of this new therapy. Injectable viscoelastic scaffolds are more desirable for IVD tissue engineering to minimize the annular damage and to favor the implantation in a high-pressure structure. Sakai et al[42,89,90] compared cell viability after injection into rabbit NPs of a pure cell suspension compared to a soluble cell-augmented polymer such as fibrin glue that can polymerize in situ, providing the evidence that matrix-assisted cell transfer allows efficient augmentation of IVD. Besides fibrin glue, other scaffolds have been used in IVD tissue engineering such as collagen gels, hyaluronan gel[88], and genipin cross-linked chitosan[136]. The architectural and mechanical properties of the scaffold are also important. New micro- or nano-scale dimension scaffold as well as new signal release technologies may provide new perspective in IVD stem cell based tissue engineering.

Mercuri et al[137] explored the use of a chemical stabilized elastin-glycosaminoglican-collagen hydrogel as a scaffold capable of resembling NP resilient, mechani​cal and hydrophilic properties. This material proved to induce chondrogenic differentiation of human-derived adipose tissue stromal cells (hADSCs), resulting into increased aggrecan and type II collagen synthesis in vitro. In vivo evaluation performed by transplantation of the hydrogel into subdermal pockets of the dorsal mid-line of rats; at 4 wk after injection, the material showed full biocompatibility, cell infiltration and evident remodeling.

Tsaryk et al[138] investigated the use of a collagen-low molecular weight hyaluronic acid semi-interpenetrating network loaded with gelatin microspheres in order to resemble NP main features, such as gel-like consistency, high hydration rate and appreciable biomechanical strength. Moreover, this fully biocompatible material has proved to easily inject inside the NP and to favor proliferation and chondrogenic differentiation of bone marrow MSCs and nasal chondrocytes, both in vitro and in vivo.

Liu et al[139] designed aligned fibrous polyurethane scaffolds using electrospinning to culture rabbit AFSCs in order to perform functional AF replacement. Random fibrous scaffolds were used as a control: Both showed comparable cell attachment and proliferation features, while AFSCs cultured on aligned scaffolds exhibited more natural morphology, higher gene expression activity and increased type I collagen and aggrecan synthesis.
Peroglio et al[140] designed a thermoversible hyalu​ronan-based hydrogel [hyaluronan-poly(N-isopro​pyla​crylamide)] to induce human MSCs differentia​tion into the disc phenotype and to evaluate the effects of preconditioning. Cells conducted in the hydrogel or alginate for 1 wk under hypoxic conditions in a chondropermissive media alone or with TGF-1 or GDF-5. Then, the cells suspended ex vivo in the gel and supplied to bovine IVDs. The HA-pNIPAM gel led to disc phenotype differentiation more promptly than alginate: Higher GAG/DNA ratio, type II collagen, SOX9 and other markers reported in vitro. In addition, preconditioning seemed to induce a lower degree of differentiation if compared to direct combination of the cells with the gel into the disc environment.

TOWARDS CLINICAL TRIALS

Though many issues remain unresolved[141-143], exciting progress certainly has been made toward the realization of a stem cell therapy as a potential therapeutic option for the treatment of IDD. 

In a systematic review and meta-analysis, Wang et al[144] assessed the efficacy of cell therapy in IDD treatment in 22 animal controlled trials: Stem cells transplantation was significantly associated with increased disc height index, T2 weighted MRI signal intensity, type II collagen synthesis and diminished degeneration grade. Therefore, these promising results provide a solid basis for testing the effects of cell therapy on humans. 
In order to move toward successful human clinical trials, it is critical to rigorously test the long-term effects of stem cell-mediated strategies in animal models of disc degeneration that closely simulate the human condition on disc biology, nutrition and biomechanical functions such as larger animal models or primates. In fact, animal models of IDD are all of relatively short duration, induced in young and previously healthy animal discs rich in notochordal cells, where the effects of the induced degeneration on disc nutrition are unknown[145-147].

The patients that could expect to benefit from stem cell-mediated therapy are those with mild or moderate grades of IDD, in whom the structural integrity of the disc remains preserved. Because nutrition supply to many degenerated discs is poor[25], there is theoretical concern over the added nutritional demands arising from the increased number of metabolic active cells into the disc after transplantation. Therefore, evaluation of the nutrition transport into the IVD, using microelectrodes able to evaluate oxygen or nitrous oxide diffusion[148,149], may be useful in order to select the patients that could benefit from the treatment (Table 1). 

CONCLUSION

Thanks to the recent research efforts aimed at further developing our knowledge of the biology and biochemistry of the IVD, our understanding of the process of IDD is rapidly growing. While there is still much to learn, some key factors involved in disc breakdown have become evident. Identification of the importance of cell loss within the disc has led to a focus on novel treatments aimed at regenerating the degenerating tissue. With its unique ability to differentiate into different cell types and to secrete a wide range of trophic cytokines, adult stem cell therapy has received considerable interest showing much promise with regard to treating chronic conditions such as IDD. Multiple studies have determined the feasibility of adult stem cell therapy for IDD, and recent studies have demonstrated proof of efficacy of autologous bone marrow MSCs transplantation in reproducible animal models as well as to be safe in human clinical trials. Other stem cells populations are still under evaluation with few proofs of efficacy in animals. Nonetheless, adult stem cell therapy has shown promise in becoming a powerful tool in the future treatment of IDD.
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Figure 1  Major sources for harvesting stem cells used for disc regeneration.
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Figure 2  Flow chart summarizing the main steps of disc regeneration stem cell-based therapy. Stem cells can be either directly isolated and expanded, or combined with biocompatible carriers (e.g., hydrogels) or transfected with target genes, then injected into the nucleus pulposus of the injured intervertebral disc, potentially leading to disc regeneration.
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Table 1  Summary of studies sorted by stem cells types and experimental setting


  Cell type


�
Ref.


�
Years


�
In vitro study


�
Pre-clinical study


�
Clinical study


�
�
�
�
�
Cell culture


�
Organ culture


�
Small animal


�
Large animal


�
�
�
  Bone marrow MSC


�
Sakai et al[42]


�
2003


�
�
�
x


�
�
�
�
�
Crevensten et al[88]


�
2004


�
�
�
x


�
�
�
�
�
Yamamoto et al[80]


�
2004


�
x


�
�
�
�
�
�
�
Risbud et al[61]


�
2004


�
x


�
�
�
�
�
�
�
Zhang et al[87]


�
2005


�
�
�
x


�
�
�
�
�
Steck et al[70]


�
2009


�
x


�
�
�
�
�
�
�
Sakai et al[90]


�
2005


�
�
�
x


�
�
�
�
�
Sakai et al[89]


�
2006


�
�
�
x


�
�
�
�
�
Richardson et al[74]


�
2006


�
x


�
�
�
�
�
�
�
Le Visage et al[71]


�
2006


�
x


�
�
�
�
�
�
�
Ho et al[91]


�
2008


�
�
�
x


�
�
�
�
�
Vadala et al[67]


�
2008


�
x


�
�
�
�
�
�
�
Hiyama et al[97]


�
2008


�
�
�
�
x


�
�
�
�
Yang et al[77]


�
2008


�
x


�
�
�
�
�
�
�
Sobajima et al[62]


�
2008


�
x


�
�
x


�
�
�
�
�
Jeong et al[92]


�
2009


�
�
�
x


�
�
�
�
�
Henriksson et al[96]


�
2009


�
�
�
�
x


�
�
�
�
Le Maitre et al[85]


�
2009


�
�
x


�
�
�
�
�
�
Chen et al[86]


�
2009


�
�
x


�
�
�
�
�
�
Wei et al[123]


�
2009


�
�
�
x


�
�
�
�
�
Svanvik et al[72]


�
2010


�
x


�
�
�
�
�
�
�
Watanabe et al[81]


�
2010


�
x


�
�
�
�
�
�
�
Yoshikawa et al[103]


�
2010


�
�
�
�
�
x


�
�
�
Hee et al[94]


�
2010


�
�
�
x


�
�
�
�
�
Korecki et al[78]


�
2010


�
x


�
�
�
�
�
�
�
Yang et al[93]


�
2010


�
�
�
x


�
�
�
�
�
Strassburg et al[82]


�
2010


�
x


�
�
�
�
�
�
�
Serigano et al[98]


�
2010


�
�
�
�
x


�
�
�
�
Allon et al[95]


�
2012


�
�
�
x


�
�
�
�
�
Zhang et al[99]


�
2011


�
�
�
�
x


�
�
�
�
Di Martino et al[143]


�
2012


�
�
�
x


�
�
�
�
�
Subhan et al[100]


�
2014


�
�
�
x


�
�
�
�
�
Cai et al[101]


�
2015


�
�
�
x


�
�
�
�
�
Tsaryk et al[138]


�
2015


�
x


�
�
x


�
�
�
�
�
Orozco et al[102]


�
2011


�
�
�
�
�
x


�
�
�
Vadalà et al[147]


�
2015


�
�
x


�
�
�
�
�
  Adipose tissue MSC


�
Lee et al[54]


�
2000


�
x


�
�
�
�
�
�
�
Lu et al[105]


�
2007


�
x


�
�
�
�
�
�
�
Lu et al[106]


�
2008


�
x


�
�
�
�
�
�
�
Jeong et al[107]


�
2010


�
�
�
x


�
�
�
�
�
Ganey et al[108]


�
2009


�
�
�
�
x


�
�
�
�
Mercuri et al[137]


�
2014


�
x


�
�
x


�
�
�
�
  Muscle-derived SC


�
Vadalà et al[76]


�
2008


�
x


�
�
�
�
�
�
  Olfactory SC


�
Murrell et al[118]


�
2009


�
�
�
x


�
�
�
�
  iPSCs


�
Chen et al[122]


�
2013


�
x


�
�
x


�
�
�
�
�
Liu et al[115]


�
2014


�
x


�
�
�
x


�
�
�
  Synovial MSC


�
Miyamoto et al[112]


�
2010


�
�
�
x


�
�
�
�
  Hematopoietic SC


�
Haufe et al[124]


�
2006


�
�
�
�
�
x


�
�
  Disc stem cells


�
Liu et al[125]


�
2011


�
x


�
�
�
�
�
�
�
Sakai et al[130]


�
2012


�
x


�
�
�
�
�
�
�
Wang et al[131]


�
2014


�
x


�
�
x


�
�
�
�
�
Liu et al[139]


�
2015


�
x


�
�
�
�
�
�
�
Shi et al[126]


�
2015


�
x


�
�
�
�
�
�
  Embryonic SC


�
Sheikh et al[134]


�
2009


�
�
�
x


�
�
�
�
  Wharton’s Jelly SC


�
Liu et al[125]


�
2011


�
x


�
�
�
�
�
�
MSC: Mesenchymal stem cells; SC: Stem cells; iPSCs: Induced pluripotent stem cells.
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