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      PREFACE


    


  




  

    The second volume of ‘Frontiers in Stem Cell and Regenerative Medicine Research’ presents comprehensive reviews contributed by leading exponents in the exciting field of regenerative medicine.




    Tomokiyo et al., the Japanese group of scientists have dealt with dental tissue regeneration and elaborated the potential of dental stem cells in clinical application in Chapter 1. MartinandMetcalfe in Chapter 2 have reviewed epidermal stem cells in the context of clinical application for patients with severe cutaneous injuries. This holds the potential to significantly improve wound healing in patients and positively influence clinical outcomes. Cancer stem cells (CSCs) are a subset of cells within a tumor having self-renewal and differentiation capacity.Risueño et al. in Chapter 3 present the biological and therapeutic implications of CSCs in preclinical and clinical studies.




    Recent developments on stem cells in heart regeneration have stimulated studies directed towards potential clinical applications of this field. In Chapter 4, Xiong present an overview of the progress made towards unravelling the mechanisms underlying stem cell development and heart regeneration. In Chapter 5 of this volume Li et al. present the current state of research on the differentiation potential of stem cells into ovarian cells, their limitations and future prospects within the context of regenerative medicine. Smith et al. in Chapter 6 present the challenges and opportunities in the development of induced pluripotent stem cell therapeutics with special emphasis on immuno-compatibility and immune suppression issues.




    

      The cell cycle machinery and its associated signaling pathways play important roles in regulation of stem cell properties. Wang and Stanbridge have summarized the current understanding of the role of the cell cycle and cell cycle regulators in the process of development, pluripotency, differentiation, and reprogramming in Chapter 7. Neural stem cells (NSCs) derived from the spinal cord have been shown to be useful in peripheral nerve regeneration. However, the stem cell therapy still exibits low efficiency. In Chapter 8Liuand Tao discuss the effects of microenvironment on neural stem cell therapy for peripheral nerve injury and recent progress in this field.




      A growing number of studies on the beneficial effects of umbilical cord blood cells (UCBCs) have improved our understanding regarding fundamental neuroprotective action of transplanted cells in animal models of HIE, intrauterine hypoxia and neonatal stroke. In Chapter 9, Pimentel-Coelho et al. discussed recent data from several clinical trials and case reports that have estimated the safety and feasibility of UCBCs therapy in newborns with hypoxic-ischemic encephalopathy (HIE) and in children with cerebral palsy.




      In the last chapter, Toh et al. have reviewed the stem cell-based strategies that include direct intra-articular injection of mesenchymal stem cells and implantation of tissue-engineered cartilage grafts for treatment of cartilage defects and osteoarthritis.




      We owe our special thanks to all the contributors for their valuable contributions to the second volume of this book. We are also grateful to the editorial staff of Bentham Science Publishers, particularly Dr. Faryal Sami, Mr. Shehzad Naqvi and Mr. Mahmood Alam for their constant help and support.
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      1. INTRODUCTION




      After the age of approximately 55–65 years, the average person loses around 8–10 of their permanent teeth [1]. The loss of one or more teeth negatively affects an individual’s oral health and quality of life because it reduces their facial aesthetic and can hamper speech and mastication. Surprisingly, a large German survey demonstrated that missing more than 19 teeth had a worse influence on health-related quality of life than having cancer, hypertension, or allergy [2]. A variety of options exist to replace missing teeth, such as dentures, bridges, or dental




      implants, however, each of these approaches have disadvantages, with patients often complaining of discomfort, color disagreement, and allergic responses. Deep dental caries and severe periodontal disease are two of the main attributing factors that lead to the need for tooth extraction; deep dental caries destructs the components of the tooth and severe periodontal disease damages the supportive tissues around teeth. Therefore, the ideal therapy for destructed tooth components, damaged supportive tissue, and missing teeth would be to apply a dental tissue replacement that looks, feels and functions just like natural dental tissue.




      Stem cells have the capacity for self-renewal and the ability to differentiate into multiple cell types of different tissues or organs, and thereby hold great promise as a potential cell source for use in cell-based therapies. Somatic stem cells, also known as adult stem cells, possess the same basic characteristics of all stem cells and are found among differentiated cells in most tissues throughout the human body. Somatic stem cells were firstly studied more than 70 years ago [3]. In the 1970s, it was discovered that bone marrow contains at least two types of stem cells; hematopoietic stem cells and bone marrow-derived mesenchymal stem cells (BMMSCs). Hematopoietic stem cells which have the capacity to differentiate into all blood cell types [4], whereas BMMSCs, which is a quite rare population of stromal cells, have the capacity to give rise to bone, cartilage, muscle, and fat cells, which are involved in the formation of blood and connective tissue [5]. Following these findings, somatic stem cells were reported to be present in many organs and tissues, such as the brain, skeletal muscle, skin, heart, gut, liver, ovarian epithelium, and testis [6]. Furthermore, somatic stem cells are believed to reside in a specific compartment within each tissue, termed a stem cell niche, that provides a particular microenvironment where stem cells can survive in an undifferentiated and self-renewable state [7].




      The principal roles of somatic stem cells are maintaining and healing the tissues in which they reside. For example, epidermal cells undergo daily turnover as a part of their normal homeostatic process, which requires the constant use of somatic stem cells [8]. These cells are very active, expending and consuming vast amounts of energy during their migratory and differentiative processes. Conversely, dormant tissues such as adult skeletal muscle and brain also contain stem cell populations. These dormant tissue-derived stem cells are quiescent or they undergo extremely low division during normal homeostasis, but can respond efficiently to stimulation caused by injury to induce tissue repair [9]. The involvement of these cells in tissue homeostasis and repair has offered the potential for new clinical treatments using somatic cell transplantation. In fact, adult bone marrow-derived hematopoietic or blood-forming stem cells have been applied in transplantation therapies for more than 40 years [10]. If researchers and clinicians can find a mechanism to control the differentiation of somatic stem cells in the laboratory and clinic, these cells could be guided to generate specialized cells and become the basis of transplantation-based therapies.




      Dental tissues are easily accessible for dentists during a routine extraction procedure in the dental clinic. Recently, a lot of reports have demonstrated the presence of somatic stem cells in various dental tissues, such as dental follicle, apical papilla, exfoliated deciduous teeth, periodontal ligament, and pulp. Furthermore, numerous in vitro and in vivo studies have shown the unique characteristics of these dental stem cells. Therefore, the aim of this article is to summarize the current status of the dental stem cell biology, along with the potential benefits of using dental stem cells to treat damaged tissues, and future prospective of dental stem cell-based regenerative therapies.


    




    

      



      2. DENTAL FOLLICLE




      

        



        2.1. Definition of Dental Follicle




        The dental follicle is an ectomesenchyme-derived component that surrounds the enamel organ and the dental papilla of the developing tooth germ before tooth eruption [11]. Dental follicle cells (DFCs) have been known to play important roles in the tooth development. In addition, when a tooth erupts, DFCs differentiate into periodontal ligament (PDL) cells to form the PDL, which anchors the tooth in its socket to the surrounding alveolar bone [12]. Moreover, DFCs near the forming root differentiate into cementum-forming cementoblasts and the cells towards the alveolar bone differentiate into osteoblasts, which secrete bone matrix. [12]. Therefore, it is believed that the dental follicle contains the stem/progenitor cells for the periodontium. There have been a number of studies that have investigated the characteristics of DFCs. Luan et al. established three mouse DFC lines (DF1, DF2, and DF3) using pSV3 plasmid DNA containing the SV40 large T antigen [13]. Surprisingly, their phenotypes were considerably different; DF1 cells exhibited a high proliferative rate, but did not form any mineralization nodules, DF2 cells revealed remarkably high alkaline phosphatase activity, and DF3 cells matched the mineralization characteristics of similar stage osteoblasts in terms of bone-related gene expression and nodule formation. This result indicated that DFCs might contain cells that are in diverse stages of differentiation. Moreover, DFCs strongly expressed the MSC-related cell surface markers, CD29, CD44, CD73, CD90, CD105, CD146 and HLA-I (Table 1) [13, 14]. DFCs and BMMSCs exhibited similar gene expression profiles for COL1, COL3, COL18, FGF7, FGFR1-IIIC, vimentin, and nestin [15].




        

          Table 1 Surface marker expression in dental stem cells
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        DFC, dental follicle cells; SCAP, apical papilla stem cells; SHED, stem cells from human exfoliated deciduous teeth, PDLSC, periodontal ligament stem cells; DPSC, dental pulp stem cells


      




      

        



        2.2. Differentiation of Dental Follicle Cells




        When DFCs were implanted into immunodeficient mice with hydroxyapatite (HA) scaffolds, they formed PDL-like fibrous and cementum-like mineralized tissues that expressed of cementum attachment protein (CAP), bone sialoprotein (BSP), osteocalcin (OCN), osteopontin (OPN), and collagen type I (COLI), suggesting that DFCs contain stem/progenitor cells that possess multilineage differentiative potential (Table 2). Subsequently, Saito et al. established a cell line of cementoblast progenitors from bovine DFCs through the expression of Bmi-1 and telomerase reverse transcriptase (TERT) [16]. After transplantation of these cells into immunodeficient mice, they also formed cementum-like tissue and the surrounding matrix, and expressed high levels of BSP, OCN, OPN, and COLI. Yokoi et al. also developed a cell line of mouse DFCs that exhibited high alkaline phosphatase (ALPase) activity and the expression of bone-related and PDL-related genes [17]. After 4 weeks of their transplantation into immunodeficient mice, they generated PDL-like fibrous tissues and scattered bone-like tissues. In addition, DFCs were capable of forming colonies from single cells and differentiating into not only mesenchymal lineage cells (osteoblasts, chondrocytes, and adipocytes), but also ectodermal lineage cells (neural cells) (Table 2) [13, 18]. Thus, these cells exhibit prominent characteristics of stem cells. Although various studies have demonstrated the osteoblastic/cementoblastic differentiation potential of DFCs, the mechanism is very complicated and not known in detail. Both DFCs and osteoblasts have been known to have the potential to form mineralized matrices; however, they revealed differences in bone-related marker expression following their culture in osteoblast differentiation medium. Osteoblasts showed strong ALPase activity and BSP, OCN, OPN, and COLI expression, whereas DFCs revealed low ALPase activity and expressed only OPN and COLI [19]. Morsczeck investigated the expression of bone-related genes (DLX-3, DLX-5, MSX-2, Osterix, and Runx2) in DFCs during osteoblastic/cementoblastic differentiation and compared them with BMMSCs [20]. The expression of DLX-5, MSX-2, Osterix, and Runx2 was increased in BMMSCs during osteoblastic/cementoblastic differentiation; however, Runx2, DLX-5, and MSX-2 expression did not change and Osterix expression was not detected in DFCs.


      




      

        



        2.3. Tissue-Forming Potential of Dental Follicle Cells




        Honda et al. transplanted cell pellets of three different types of DFCs without scaffolds into surgically-created full-thickness critical size parietal defects in rats




        
[image: ]





        

          Table (2)




          Overview of multipotency and tissue forming potential in dental stem cells.


        




        [21]. After 4 weeks post-surgery, controls without cell transplantation formed many fibrous tissues and some bone at the site of the defect; however, in all DFC transplantation groups, the defects were robustly filled with newly-formed bone-like tissues. Perk et al. compared the osteogenic potential of BMMSCs, skin-derived MSCs, and DFCs using in vivo mice model [22]; each cell type was mixed with demineralized bone matrix and a fibrin gel scaffold and transplanted into the subcutaneous tissue. At 4 weeks after implantation, all groups produced new bone-like tissues exhibiting high OCN expression and radio-opacity. Furthermore, the DFC-grafted group exhibited higher OCN expression and calcium content compared with BMMSCs and skin-derived MSCs. Yang et al. generated dental follicle cell sheets (DFCSs) using DFCs [23]. Surprisingly, DFCSs showed considerably high expression of COLI, ALP, BSP, and OCN, and formed more small mineralized particles on their surface compared with uninduced DFCs. Guo et al. formed DFCSs and PDL cell sheets (PDLCSs) and compared their features [24]. DFCSs secreted higher amounts of laminin and fibronectin than PDLCSs in vitro. Moreover, in vivo studies demonstrated that both DFCSs and PDLCSs generated periodontium structures, including PDL, cementum, and alveolar bone; however, DFCSs exhibited stronger periodontium regenerative potential than PDLCSs. They also implanted DFCSs in combination with human calcinated dentin into the dorsum of mice [24]. After 8 weeks post-transplantation, the cementum-PDL complex, which consisted of cementum, PDL-like fibers, and blood vessels, was generated outside the scaffolds. In addition, the dentin-pulp complex, which contained newly formed pre-dentin, polarizing odontoblast-like structure, collagen fibers and blood vessels, developed inside the scaffolds. Interestingly, the dentin-pulp complex contained fibers that were positive for the neural cell marker βIII-tubulin, suggesting that the newly-formed pulp was innervated by peripheral nerve (Table 2). These results indicated that DFCs, especially DFCSs, may be an ideal cell source to generate a bioengineered tooth root. More recently, the possibility that DFCs can be used to improve the microenvironment for PDL regeneration was suggested in in vitro coculture experiments, where DFCs enhanced the proliferative activity of periodontal ligament stem cells (PDLSCs), and induced embryonic stem cell (ESC)-related gene expression, and osteoblastic and adipocytic differentiation of PDLSCs [25]. Moreover, PDLSCs cocultured in vivo with DFCs enhanced the formation of a root/periodontal ligament-like complex and a periodontal ligament/bone-like complex, compared with mono-cultured PDLSCs [25].


      


    




    

      



      3. APICAL PAPILLA




      

        



        3.1. Definition of Apical Papilla Stem Cells




        The dental papilla located at the apex of developing permanent teeth is known as the apical papilla. The apical papilla is a soft tissue that is loosely attached to the apex of the developing tooth root, making it is easy to detach and isolate this tissue. Sonoyama et al. firstly isolated and characterized the stem cell population from the root apical papilla of human tooth [26]; these stem cells from the apical papilla (SCAP) expressed mesenchymal stem cell (MSC)-related cell surface markers, CD29, CD73, CD90, CD105, CD106, CD146, CD166, and STRO-1, but were negative for the hematopoietic stem cell-related markers, CD18, CD34, CD45, CD18 and CD150 (Table 1). This expression pattern was similar to that of BMMSCs and dental pulp stem cells (DPSCs); however, CD24 was only detected in SCAP. Moreover, CD24 expression was decreased when SCAP were cultured in osteoblast differentiation medium, suggesting that CD24 is a useful marker to identify SCAP. They also demonstrated that SCAP showed higher potential for proliferation and migration than DPSCs [26]. In addition, it was also reported that SCAP expressed the ESC-related markers, Nanog and Oct4 [27], as well as the neural crest cell markers, nestin, musashi-1, p75NTR, snail-1, snail-2, slug, and Sox9 [28].


      




      

        



        3.2. Differentiation of Apical Papilla Stem Cells




        Previous reports demonstrated the potential of SCAP to differentiate into osteoblasts/odontoblasts (Table 2). Interestingly, SCAP showed higher population doubling capacity and produced significantly greater mineralized matrices than DPSCs [26]. Recently, several factors were reported to regulate the osteoblastic/odontoblastic differentiation of SACP; BMP4 induced the expression of Dlx2, which promoted ALPase activity, mineralized nodule formation and the expression of bone-related genes [29]. In addition, overexpressing of nuclear factor I-C or BMP2, stimulation of Wnt signaling using a GSK3β inhibitor, or exogenous addition of BMP9 to SCAP induced an upregulation of ALPase activity, mineral nodule formation, and bone- and dentin-related marker expression [30 - 33]. Conversely, insulin-like growth factor 1 treatment increased ALPase activity, bone-related marker expression, and bone-like tissue formation of SACP; however, dentin-related marker expression was decreased [34]. Conversely, activation of Sonic hedgehog (Shh) by the exogenous addition of Shh and overexpression of active mutant M2-Smoothened in SCAP resulted in decreased ALPase activity, mineral nodule formation, calcium content, and ALP and BSP mRNA levels in vitro, and decreased bone/dentin-like mineralized tissue formation in vivo [35]. SCAP also showed potential to differentiate into adipocytes and chondrocytes (Table 2) [31]. Recently, it was reported that lysine (K)-specific demethylase 2A was a key regulator for the adipogenic and chondrogenic differentiation of SCAP by inducing changes in SOX2 and NANOG mRNA expression [36]. Moreover, SCAP was reported to differentiate into neural cells and, interestingly, SCAP exhibited high levels of expression of neural and glial cell markers, without the induction of neural cell differentiation (Table 2) [37]. The coculture of SCAP and rat trigeminal neurons demonstrated that SCAP promoted neurite outgrowth by secreting BDNF [38], indicating that intact SCAP may have a similar phenotype to neural and/or glial cells.


      




      

        



        3.3. Involvement of Apical Papilla Stem Cells in Apexification and Apexogenesis




        Progressing dental caries or traumatic injury of the permanent teeth of young patients can lead to pulp inflammation and/or necrosis and apical periodontitis. These pathological lesions sometimes induce the development of an incompletely formed tooth root with thin root dentin and a wide apex, which can cause root fracture in the clinical management of pulp and periapical disease. Apexification is the most traditional method to treat infection of an immature tooth, by placing a calcified barrier in a root with an open apex or an incompletely formed root with necrotic pulp [39]. Apexogenesis is a vital pulp therapy procedure that allows the root of the immature tooth to continue developing, increasing its strength and chance of long term survival [40]. The developing process of the immature tooth root after apexification and apexogenesis is still unclear, but recent reports have indicated the involvement of SCAP in this process. Immature permanent teeth are supplied by rich cellular and vascular provisions that may help SCAP to survive infection, as suggested by several clinical case reports showing apexogenesis in immature teeth with pulpal necrosis [41, 42]. SCAP showed the potential to form a typical dentin-pulp-like complex when they were injected into immunodeficient mice [43]. Moreover, the surgical removal of SCAP at an early stage of root development caused an interruption of the developmental process despite the pulp tissue being intact, but other roots of the tooth containing SCAP showed normal growth and development, suggesting that SCAP would be the cell source of primary odontoblasts that have the potential to generate root dentin [44]. Mineral trioxide aggregate (MTA), one of the materials of choice for apexification and apexogenesis procedures, was shown to promote migration and proliferation of SCAP [45]. MTA also increased ALP activity, calcium deposition, and the expression of bone- and dentin-related markers in SCAP via the activation of the nuclear factor (NF)-κB signaling pathway [46]. In addition, SCAP transplanted into empty human root canals containing MTA and poly-D,L-lactide and glycolide (PLGA) induced the formation of vascularized human pulp tissue and a continuous layer of dentin-like tissues covering the root end in vivo [47]. This indicates that MTA may be an ideal material for apexification and apexogenesis because of its potential to accelerate the dentinogenesis of SCAP.


      




      

        



        3.4. Tissue Forming Potential of Apical Papilla Stem Cells




        Wang et al. transplanted rat tooth root segment scaffolds containing SCAP into renal capsules of adult rats. Two weeks later, the formation of new mineralized tissues inside the root canal space or covering the canal orifice was confirmed. In addition, the strong expression of bone- and dentin-related markers was detected in newly formed mineralized tissues (Table 2 ) [48]. Conversely, the control tooth root segment without SCAP did not induce the production of mineralized tissues inside the root canal space. Sonoyama et al. developed a bioengineered tooth root that was composed of a root-shaped hyaluronic acid (HA)/tricalcium phosphate (TCP) scaffold loaded with SCAP and a membrane-like Gelfoam scaffold containing PDLSCs (Table 2) [26]. At 3 months post-transplantation of the bioengineered tooth root into the socket of an extracted tooth in minipigs, a layer of dentin-like tissue formed on the bioengineered tooth root surface and PDL-like tissue was generated that exhibited a natural relationship with the surrounding bone. Furthermore, when a pre-fabricated porcelain crown was attached to the bioengineered tooth root, this crown/root complex revealed high compressive strength. These results indicated that SCAP might have the potential to develop bioengineered human tooth roots. However, root dentin is normally formed via interactions of Hertwig’s epithelial root sheath cells and dental papilla cells during the development of the tooth root. Therefore, further research is needed to clarify the relationship between SCAP and Hertwig’s epithelial root sheath cells and/or dental papilla cells and their involvement in the formation of a new bioengineered tooth root, so that the bioengineered tooth root can perform the same function as a natural tooth root.


      


    




    

      



      4. EXFOLIATED DECIDUOUS TEETH




      

        



        4.1. Definition of Stem Cells from Human Exfoliated Deciduous Teeth




        In 2003, Miura et al. were the first to report that exfoliated human deciduous teeth contained stem cell populations, which they termed stem cells from human exfoliated deciduous teeth (SHED) [49]. SHED are particularly attractive sources of stem cells because they can be isolated noninvasively from naturally exfoliated deciduous teeth. SHED have been shown to express the MSC-related cell surface markers, CD13, CD29, CD44, CD73, CD90, CD105, CD146, CD166, and STRO-1, but not the hematopoietic stem cell- or leukocyte-related markers, CD14, CD34, and CD45 (Table 1) [43, 49, 50]. Interestingly, SHED showed higher expression levels of STRO-1, CD73, and CD146, whereas they exhibited lower expression levels of CD105 and CD166 compared with BMMSCs [51]. SHED showed a higher proliferative potential than BMMSCs and DPSCs [49, 52]. Nakamura et al. revealed that SHED expressed high levels of the growth factors, basic fibroblast growth factor (bFGF), connective tissue growth factor (CTGF), transforming growth factor (TGF)-β2, and TGF-β3, compared with DPSCs [53]. These growth factors and known to regulate the biological activities of many types of cells, and thus, may be secreted from SHED and function in an autocrine manner to stimulate their proliferation.


      




      

        



        4.2. Differentiation of Stem Cells from Human Exfoliated Deciduous Teeth




        The differentiation potential of SHED into osteoblasts/odontoblasts was confirmed in in vitro and in vivo studies (Table 2); SHED highly expressed osteogenic-associated growth factor receptors [54], and showed the formation of mineralized nodules and an increase in osteoblast- and odontoblast-related marker expression after culturing in osteoblast differentiation medium [49]. SHED exhibited similar properties in mineralized tissue formation and bone-related marker expression compared with BMMSCs [51]. Gosau et al. also demonstrated that the potential of SHED and SCAP to develop the mineralized nodules was similar after osteogenic induction [55]. However, the dentin-related marker DMP1 was highly expressed in SCAP but not in SHED, whereas the bone-related marker BSP was highly expressed [55]. The authors indicated that SCAP had the potential to differentiate into primary odontoblasts, while SHED mainly differentiated into odontoblast-like cells or replacement odontoblasts of reparative dentine. SHED had the capacity to give rise to adipocytes that formed Oil red O-positive lipid droplets and expressed adipocyte-related marker genes (Table 2) [49]. Li et al. demonstrated that bFGF treatment enhanced the formation of Oil red-O positive lipid droplets in SHED, compared to that in untreated cells [56]; however, other studies reported their lower potential to generate lipid droplets and to express adipocyte-related markers compared with BMMSCs [51, 57]. Moreover, neither of two clonal strains derived from SHED by single-cell cloning could show the capacity to differentiate into adipocytes [50]. The chondrocytic differentiation potential of SHED was also determined by the significant upregulation of chondrocyte-related marker genes [57], and the development of Safranin O-positive glycosaminoglycans after culturing in chondrogenic medium (Table 2) [58]. SHED constitutively expressed vascular endothelial growth factor (VEGF) receptor (VEGFR)-1 and its co-receptor neuropilin-1, and moreover, could differentiate into endothelial cells via exogenous VEGF addition, as identified by the upregulation of endothelium-related marker expression and the formation of capillary-like sprouts (Table 2) [59]. Extracellular signal-related kinase (ERK), AKT, and signal transducer and activator of transcription 3 (STAT3) signaling was reported to be involved induction of endothelial cell differentiation of SHED [60]. Surprisingly, a recent study demonstrated that SHED also secreted soluble proangiogenic factors that promoted the formation of capillary-like sprouts in endothelial cells [61]. These results suggested that SHED possessed the potential not only to differentiate into endothelial cells, but also to induce the differentiation of endothelial cells that were located around them. SHED constantly expressed the neural cell-related markers, βIII-tubulin, nestin, Sox2, and ATP-binding cassette sub-family G member 2 (ABCG2) without any cell induction [62]. These markers were also detected in DFCs; however, the expression of a representative neural stem cell marker gene, PAX6, was only confirmed in SHED. In addition, SHED formed neurospheres, which are known to form during an early stage of neural differentiation, when they were exposed to serum-free medium containing epidermal growth factor (EGF) and bFGF; however, DFCs did not generate neurospheres under the same culture conditions [63]. After 4 weeks of neurogenic induction, SHED generated neurite-like multi-cytoplasmic processes and expressed a variety of neural cell markers, including glutamic acid decarboxylase (GAD), NeuN, glial fibrillary acidic protein (GFAP), neurofilament medium polypeptide (NFM), 2',3'-cyclic nucleotide 3'-phosphodiesterase (CNPase), polysialylated neuronal cell adhesion molecule (PSA-NCAM), Tau, microtubule-associated protein 2 (MAP2), and tyrosine hydroxylase (TH) (Table 2) [49, 64].


      




      

        



        4.3. Dental Tissue Forming Potential of Stem Cells from Human Exfoliated Deciduous Teeth




        When subcutaneously transplanted into immunocompromised mice, SHED showed the capacity to produce bone-like structures on the surface of ceramic bovine bone scaffolds (Table 2) [52]. Miura et al. demonstrated that SHED induced new bone formation by the recruitment of host osteogenic cells into the transplanted sites, instead of their direct differentiation into osteoblasts in vivo [49]. Conversely, SHED exhibited the potential to differentiate into odontoblasts and endothelial cells, and consequently, promoted the formation of dentin and microvessels. Rosa et al. demonstrated that SHED cultured in tooth root complexes that were composed of the roots of human premolars within nanofiber hydrogel or collagen scaffolds upregulated the expression of dentin-related genes in vitro (Table 2) [65]. After implantation of these complexes into the dorsum of immunocompromised mice, SHED-derived connective tissues occupied the full extension of the root canal. Moreover, the tooth root complexes containing SHED demonstrated new dentin and microvessel development throughout the length of the root. Surprisingly, the pulp tissue engineered with SHED in tooth root complexes revealed similar cellularity and vascularization compared with normal human dental pulp.


      




      

        



        4.4. Non-Dental Tissue-Forming Potential of Stem Cells from Human Exfoliated Deciduous Teeth




        Several studies have examined the application of SHED to the repair and/or regeneration of non-dental tissues, including neuron, skin, and cranial bone (Table 2). The implantation of SHED into rats suffering from spinal cord contusion injuries increased oligodendrocyte- and myelination-related marker expression and improved general locomotor activities [66]. The injection of SHED into the striatum of 6-OHDA-treated parkinsonian rats exhibited their long-time survival at the injury site and the potential for recovery in rotational behavior [63]. Following removal of a 10 mm segment of the sciatic nerve in rats, SHED were transplanted into the defect using tubular shaped electrospun poly(ε-caprolactone)/gelatin nanofibrous scaffolds [67]. Within 16 weeks after transplantation, SHED definitely promoted functional recovery and axonal regeneration of the damaged sciatic nerve, as evidenced by walking track analysis, plantar testing, electrophysiology and immunohistochemistry. SHED injected into full-thickness excisional skin wounds in nude mice exhibited decreased skin wound areas and an increase of hyaluronic acid production in wounded tissues, suggesting that they promoted wound healing by inducing re-epithelialization and attachment to the extracellular matrix [68]. Interestingly, the wound healing effect of SHED was significantly higher than those of phosphate-buffered saline controls and human fibroblasts. Seo et al. transplanted SHED into critical-size calvarial defects with HA/TCP particle scaffolds in immunocompromised mice [54]. The formation of bone-like tissues and the expression of bone-related markers were significantly upregulated in the SHED transplantation group compared with the control scaffold only group. In addition, newly-formed bone-like tissues, including osteocytes that were positive for anti-human-specific mitochondria antibody staining, suggested that SHED were involved in the bone regeneration of calvarial defects.


      


    




    

      



      5. PERIODONTAL LIGAMENT




      

        



        5.1. Definition of Periodontal Ligament Stem Cells




        The PDL is a highly specialized connective tissue that anchors the tooth root to the tooth socket bone and plays important roles in tooth anchorage, sensation, and facilitating nutrient delivery to surrounding cells [69]. From many years, the PDL fibroblast population has been believed to contain stem/progenitor cells that migrate from endosteal spaces to the PDL, where they differentiate into the critical PDL cell populations, fibroblasts, osteoblasts, and cementoblasts, in response to their microenvironment [70, 71]. In 2004, Seo et al. were the first to isolate PDLSCs from the PDL tissue of extracted human third molar teeth [72]. Following their study, many researchers identified the presence of PDLSCs, not only in human but also in various animals. PDLSCs were shown to express the MSC-related cell surface markers, CD10, CD13, CD26, CD29, CD44, CD71, CD73, CD90, CD105, CD106, CD146, CD166, CD349, STRO-1, STRO-3, and tissue non-specific alkaline phosphatase (TNAP)/mesenchymal stem cell antigen (MSCA)-1 (Table 1) [73 - 75]. Interestingly, a recent report also demonstrated the expression of pericyte-related cell surface markers NG2 and CD140b in PDLSCs [76]. Moreover, PDLSCs expressed the ESC-related markers, c-Myc, Klf4, Nanog, OCT-4, TRA-1-60, TRA-1-81, SOX2, REX1, SSEA-1, SSEA-3 and SSEA-4, as well as the neural crest cell-related markers, Snail, Slug, Twist, SOX9, SOX10, Nestin, p75NTR, CD49d, and Tuj1 [73, 74, 77, 78]. PDLSCs have been known to have a capacity for self-renewal, whereby they can develop single-cell derived colonies when seeded on a culture dish at an extremely low density [79]. In addition, the STRO-1-positive fraction of PDLSCs exhibited significantly higher colony-forming capacity than the STRO-1-negative fraction [72]. One characteristic of MSCs is their ability to exhibit immunomodulatory behavior. Indeed, PDLSCs were also reported to exhibit an inhibitory effect on the proliferation of allogeneic and xenogeneic peripheral blood mononuclear cells (PBMCs) by suppressing the cell cycle [80]. Moreover, PDLSCs suppressed the secretion of interferon (IFN)-γ in PBMCs by indirect soluble mediators and direct cell-to-cell contact [81]. This inhibitory effect of PDLSCs on PBMCs was mediated by soluble factors, including transforming growth factor (TGF)-β, hepatocyte growth factor (HGF), and indoleamine-2,3 dioxygenase (IDO) [82].


      




      

        



        5.2. Differentiation of Periodontal Ligament Stem Cells




        Seo et al. cultured PDLSCs in osteogenic medium, which induced the formation of mineralized nodules and an upregulation of bone-related gene expression, suggesting that PDLSCs can differentiate into osteoblasts (Table 2) [72]. Additionally, several factors were demonstrated to regulate the osteoblastic differentiation of PDLSCs; whereby a cyclic tension force enhanced collagen synthesis, mineral deposit formation, and bone-related marker expression [83]. Furthermore, estrogen-related receptor (ERR)α, which was expressed throughout osteoblastic differentiation of PDLSCs, regulated ALP activity, mineralized nodule formation, and bone-related marker expression [84]. The differentiation capacity of PDLSCs into adipocytes and chondrocytes was also determined by the development of Oil red O-positive lipid droplets and Safranin O-positive glycosaminoglycans, respectively (Table 2) [72, 85]. However, a recent study demonstrated that the osteoblastic and adipocytic differentiation potential of PDLSCs was lower than that of BMMSCs [86]. This outcome may be related to the effect of Wnt/β-catenin signals, because the canonical Wnt pathway enhanced osteoblastic differentiation of BMMSCs, but suppressed it in PDLSCs [87]. PDLSCs were also differentiated into endothelial cells that expressed endothelial cell- and smooth muscle cell-related markers and constructed capillary-like sprouts with lumens [88]. Moreover, a phosphoinositide 3-kinse (PI3K) inhibitor suppressed the proliferation and endothelial cell-related marker expression in PDLSCs, suggesting that PI3K activation played crucial roles in the endothelial cell differentiation of PDLSCs. Previous reports suggested that PDLSCs can be induced to differentiate into cells with neural phenotypes relatively easily because they are derived from the neural crest and express various neural crest-related markers. Indeed, PDLSCs cultured in serum-free neural induction media were shown to generate free-floating neurospheres [89]. In addition, PDLSCs that migrated from adherent neurospheres gave rise cells with one, two, or more neurite-like processes, and distinctly expressed specific markers for neurons, glia, and oligodendrocytes (Table 2). Cells with one, two or three or more neurites are classed as unipolar, bipolar or multipolar, respectively.




        ERK1/2 signaling was suggested to be involved in the process of neural cell differentiation in PDLSCs [90]. Interestingly, Bueno et al. injected PDLSC-derived neural cells into the hippocampus of immunosuppressed mice [78]. Three weeks after injection, these cells survived, migrated, and integrated in the hippocampus of the adult mouse brain. A recent study also generated retinal progenitors from PDLSCs via the formation of neurospheres, which was shown by the expression of eye field transcription factors and photoreceptor markers, and by a calcium transient in response to glutamate insult [91]. PDLSCs exposed to a three-dimensional culture in pancreatic differentiation medium formed tight cellular aggregations that resembled pancreatic islets (Table 2) [92]. RT-PCR and flow cytometry analyses revealed an increase of pancreatic marker expression in PDLSC-derived pancreatic islet-like cellular aggregations. Additionally, these aggregations were positive for insulin-producing β-cells-specific antibodies and secreted insulin in response to glucose in a manner similar to pancreatic β-cells.




        Our recent work revealed that semaphorin 3A (Sema3A) plays a dominant role in preserving stem cell properties of PDLSCs; the expression of Sema3A was detected at high levels in dental follicle, the origin of PDL tissue, only during the cap stage; however, its expression was significantly decreased in mesenchymal tissue surrounding the dental organ at the bud stage and in dental follicle tissue at the late bell stage [93]. The expression level of Sema3A was stronger in multipotent human PDL cell lines compared with low-differentiation potential lines. In addition, Sema3A-overexpressing low-differentiation potential PDL clones showed an upregulation of ESC- and MSC-related marker expression and an increased capacity to differentiate into osteoblasts and adipocytes.


      




      

        



        5.3. Establishment of Human Periodontal Ligament Stem/Progenitor Cell Lines




        The stem cells in the PDL are a quite rare population; thus it is very difficult to acquire enough numbers of cells that can be used for repeated experiment to ensure consistency of results. Therefore, studies have focused on the development of immortalized PDL stem cell lines using the SV40 large T-antigen, human telomerase reverse transcriptase, human papillomavirus 16-related E6E7, Bmi-1, and BMP4. Initially, immortalized PDL cell lines were generated from mice, swine, and human PDL cells [94, 95]. More recently, Shirai et al. established clonal swine PDL cell lines that exhibited the potential to form mineralized nodules and vascular tube-like structures [96].




        Recently, our group reported the establishment of an immortalized PDL cell line using the SV40 large T-antigen and human telomerase reverse transcriptase [97]. Following limiting dilution, two clonal human PDL cell lines with multipotency were isolated; cell line 1-11 showed the ability to differentiate into osteoblasts and adipocytes [98], whereas cell line 1-17 could differentiate into osteoblasts, chondrocytes, adipocytes and neural cells [99]. These cell lines strongly expressed several MSC-related cell surface markers; however, it was suggested that their characteristic was partly different from BMMSCs because both cell lines expressed the PDL cell-related markers, periostin and scleraxis, whereas BMMSCs do not. Cell lines 1-11 and 1-17 also exhibited several different properties in addition to their multipotency; cell line 1-17 strongly expressed OCT4 and Nanog mRNA, whereas their expression level was very low in cell line 1-11 [100]. Additionally, cell line 1-17 had a higher number of p75NTR-positive cells (38.41%) than cell line 1-11 (6.26%) (Fig. 1).




        bFGF has been known to suppress matrix mineralization in immature human calvarial osteoblastic cells and promote it in more mature cells [101]. When cell lines 1-11 and 1-17 were exposed to osteoblastic differentiation medium, they generated nearly the same amount of calcified deposits (Fig. 1, F). Conversely, bFGF enhanced calcium deposition in cell line 1-11 (Fig. 1), whereas it almost completely suppressed it in cell line 1-17 (Fig. 1) as well in the control medium (Fig. 1, E). Following subcutaneous transplantation of both cell lines into the dorsal side of immunodeficient mice, cell line 1-11 generated bone-like tissues containing Sharpy’s fiber-like tissues [98]. Cell line 1-17 also showed the capacity to form bone-like tissues; however, no fibers were observed (data not shown). Furthermore, when these cell lines were injected into artificially-fabricated periodontal defects, cell line 1-11 attached to the surfaces of alveolar bone and tooth root, and within the PDL tissue [100]. In contrast, cell line 1-17 was identified only within the PDL tissue [100]. These our results suggested that both cell lines had the typical characteristics of stem cells, but differed in maturity; cell line 1-17 was thought to be at a much earlier stage of differentiation than cell line 1-11, according to their differences in multipotency, ESC- and neural crest-related marker expression, their response to bFGF in osteoblastic differentiation, and the results of transplantation assays (Fig. 2).
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          Fig. (1))




          Difference in CD271 expression and calcified deposit formation between cell lines 1-11 and 1-17 cultured in DM+bFGF. (A) Flow cytometry analysis of cell line 1-11 and 1-17 using antibodies reactive to the IgG isotype control and the neural crest cell-related surface molecule CD271. (B–G) von Kossa staining images of cell lines 1-11 (B–D) and 1-17 (E–G) cultured in CM (B, E), DM (C, F), and DM+bFGF (D, G) for 4 weeks. Scale bar = 200 μm. CM, control medium; DM, osteoblastic differentiation medium; bFGF, basic fibroblast growth factor.


        


      




      

        



        5.4. Differentiation-Inducing Capacity of Periodontal Ligament Stem Cells




        It has been reported that BMMSCs express and secrete significant amounts of various growth factors that have the potential to promote repair and regeneration of damaged tissues [102]. Recent studies have suggested that PDLSCs also have the capacity to induce differentiation of other cell populations; when dedifferentiated fat cells were exposed to indirect coculture with PDLSCs, their methylation status was upregulated in adipogenic gene promoters, but downregulated in bone-related gene promoters [103]. Additionally, indirect coculture with PDLSCs promoted bone-related gene expression and the
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          Fig. (2))




          Schematic of the different characteristics of cell lines 1-11 and 1-17, regarding cell surface marker expression, ESC-related marker expression, and PDL-related marker expression, osteoblastic differentiation in the presence of bFGF, and tissue formation after in vivo transplantation. ESC; embryonic stem cell, PDL; periodontal ligament.


        




        suppression of adipocyte-related gene expression in dedifferentiated fat cells compared with non-coculture conditions. Cell pellets of PDLSCs and chondrocytes derived from the temporomandibular joint (TMJ-CH) revealed increased proliferation and glycosaminoglycan formation than pellets containing PDLSCs only and TMJ-CH only [104]. Furthermore, PDLSC-conditioned medium also promoted proliferation, glycosaminoglycan formation, and cartilage-related gene expression in TMJ-CH. We performed coculture of rat adrenal pheochromocytoma-derived PC12 cells with cell line 1-17, which resulted in the induction of neural differentiation of PC12 cells [74]. In addition, coculture of PC12 cells on devitalized cell line 1-17 induced neural differentiation in a small number of PC12 cells; however, cell line 1-17-conditioned medium distinctly induced it. Furthermore, NGF secretion from cell line 1-17 was suggested to play crucial roles in the promotion of neural differentiation of PC12 cells following the discovery that addition of a NGF neutralization antibody or the NGF receptor antagonist K252a to the conditioned medium inhibited this effect. We also performed a coculture of both cell lines 1-11 and 1-17 in the presence of bFGF, by placing the cell lines in two different chambers that were separated by a permeable barrier (Fig. 3). Although the formation of calcified deposits was not identified in the culture of cell line 1-17 alone (Fig. 3, D), it was induced when it as cocultured with cell line 1-11 (Fig. 3, D). The expression of BMP4 mRNA was detected in cell line 1–11, whereas cell line 1–17 did not express it (Fig. 3).
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          Fig. (3))




          Osteoblastic differentiation of cell line 1–17 cocultured with cell line 1–11. (A) The schematic of the two chambers with the permeable barrier used for the indirect coculture. (B, C) von Kossa staining images of cell line 1-17 cultured in DM+bFGF (B) and cocultured with cell line 1-11 in DM+bFGF (C) for 4 weeks. (D) Net values of the size of von Kossa-positive areas for each culture condition. **p<0.01. (E) BMP4 mRNA expression was investigated in cell lines 1–11 and 1–17 cultured in DM+bFGF by semi-quantitative RT-PCR. (F, G) von Kossa staining images of cell line 1-17 cocultured with cell line 1-11 in DM+bFGF (F) and DM+bFGF+noggin (G). (H) Net values of the size of von Kossa-positive areas for each culture condition. **p<0.01. Scale bar = 200 μm. RT-PCR, reverse transcriptase-polymerase chain reaction; DM, osteoblastic differentiation medium; bFGF, basic fibroblast growth factor.


        




        Furthermore, exogenous addition of the BMP antagonist Noggin to the coculture significantly downregulated the generation of calcified deposits in cell line 1-17 when cocultured with cell line 1-11 (Fig. 3–H). These results suggested that cell line 1-11 induced the osteoblastic differentiation of cell line 1-17 by the production and secretion of BMP4.


      




      

        



        5.5. Dental Tissue Forming Potential of Periodontal Ligament Stem Cells




        Seo et al. transplanted PDLSCs into the dorsal surfaces of immunocompromised mice seeded in HA or β-TCP scaffolds [72]. Eight weeks later, several types of dental tissues, including bone-, cementum-, dentin-, pulp-, and PDL-like tissues were identified around scaffolds (Table 2). In addition, PDLSCs transplanted into artificially-fabricated periodontal defects in immunocompromised rats incorporated into the host PDL tissue as well as on the surfaces of alveolar bone and the tooth root. These results suggested that PDLSCs have the capacity to differentiate into many types of dental cells and may have a high potential to induce dental tissue regeneration. Following their findings, many researchers have investigated the application of PDLSCs in regenerative studies for dental tissues. Although DPSCs, DFCs, and MC3T3 cells did not change their round or polygonal shapes when they were cultured with a cementum chip, PDLSCs elongated adjacent to and on the cementum surface and exhibited the capacity to tightly attach to the surface, developing into elongated and perpendicular fibers resembling the PDL [105]. In addition, in a periodontal root organ culture model, consisting of a barren tooth root surface covered with PDLSCs, new PDL-like fibrous tissues developed with fibers aligned in parallel with each other and perpendicularly linked to the root surface [105]. In in vivo assays, PDLSCs transplanted with a hyaluronic acid-based scaffold strongly induced collagen fiber formation in a subcutaneous pocket of immunocompromised mice [106]. Importantly, the collagen fiber-forming potential of PDLSCs was significantly higher compared with an adipose-derived stem cell [106]. A PDLSC sheet with a dentin block scaffold also developed cementum-like mineralized tissues and PDL-like collagen fibers [107]. Histological analysis revealed that newly-formed PDL-like fibers connected cementum-like tissues and alveolar bones in the peritoneal cavity. Perpendicular and oblique orientated fiber-guiding PDL architectural scaffolds were designed to match PDL fenestration defects surgically created in nude rats [108]. PDLSCs implanted into the defects with these fiber-guiding scaffolds demonstrated the generation of new bone, cementum, and specific oriented fibrous bundles that were attached and anchored similar to mature, healthy periodontal complexes. Moreover, Feng et al. transplanted autologous PDLSC into the intrabony defects of deep periodontal pockets of three periodontitis patients [109]. All experimental patients displayed significant improvement in probing depth, gingival recession, and attachment gain, and these clinical improvements persisted for 3 to 72 months without immune rejection or tumorigenesis, suggesting that clinically severe periodontitis with deep pockets could be improved in terms of safety by the transplantation of autologous PDLSCs.


      




      

        



        5.6. Non-Dental Tissue-Forming Potential of Periodontal Ligament Stem Cells




        In the crush-injured mental nerve model rats, autologous PDLSC injection into the injury site induced regeneration of retrogradely-labeled sensory neurons and myelinated axons [110]. PDLSC injection also improved the sensory function of the mental nerve, as determined by the touch sensitivity to mechanical stimulation (Table 2). Surprisingly, there was no significant difference between the PDLSC injection and the autologous Schwann cell injection groups in the number of regenerated labeled sensory neurons and myelinated axons, or in sensory function. When PDLSCs were implanted into a surgically created calvarial critical size defect with a nanohydroxyapatite-coated genipin-chitosan conjugation scaffold, a thick layer of fibrous connective tissue covered the defect with newly-formed bone, including many osteocyte-like cells [111]. Interestingly, the PDLSC transplantation group exhibited higher regenerated bone volume and bone fill ratio in a calvarial defect than a gingival mesenchymal stem cell (GMSC) transplantation group [112]. TGF-β3 has been suggested to be essential in the induction of stem cell differentiation into tenocytes because fetal tendons were absent in a TGF-β3 knockout mouse [113]. A TGF-β3-loaded alginate microsphere scaffold containing PDLSCs developed wave-like aligned fibrils with a tendon-like structure under the dorsal skin in nude mice (Table 2) [114]. In addition, yellow-colored collagen fibers, which were positive for the tendon-related marker scleraxis, were more easily observed in the PDLSC transplantation group compared with the GMSC transplantation group. These results suggested that PDLSC had significantly greater potential to induce calvarial bone and tendon regeneration than GMSC.


      


    




    

      



      6. PULP




      

        



        6.1. Definition of Pulp Stem Cells




        Dental pulp is a highly vascularized connective tissue in the center of the tooth containing heterogeneous cell populations, such as fibroblasts, odontoblasts, neural cells, endothelial cells, and immune cells [114]. Additionally, Gronthos et al. were the first to identify human third molar-derived DPSCs that exhibited a higher proliferation rate and colony-forming ability than BMMSCs [115]. DPSCs were reported to express the MSC-related cell surface markers, CD9, CD13, CD29, CD44, CD49a, CD49b, CD49c, CD49d, CD49e, CD51/61, CD54, CD62E, CD71, CD73, CD90, CD102, CD105, CD106, CD119, CD146, CD120a, CD166, CD271, and CD318 (Table 1) [116, 117]. Additionally, a recent report demonstrated strong expression of CD117 and CD123 in DPSCs, but weak expression in PDLSCs [75]. STRO-1 has been used to identify stem cells in both bone marrow-derived and dental stem cells [118]. Both Shi and Gronthos revealed that approximately 6% of the total pulp cells were positive for STRO-1 [119] and Bakopoulou et al. demonstrated that DPSCs isolated from three different donors were positive for STRO-1, with the number of positive cells ranging from 13.26 ± 1.86% to 22.52 ± 2.3% [120]. However, STRO-1 reactivity of DPSCs remained controversial because several studies also exhibited little to no expression of STRO-1 in DPSCs [117, 121]. The ESC-related marker genes Oct4, Rex-1, FoxD-3, Sox2, Klf4, c-Kit, and Nanog were identified in DPSCs [122, 123]. Among them, Oct4 and Nanog were suggested to be important to maintain the stem cell properties of DPSCs because silencing Oct4/Nanog expression decreased their proliferation rate and mineralized nodule formation [124]. Moreover, Oct4/Nanog-overexpressing DPSCs exhibited an increase in STRO-1 and CD146 expression, and increased osteoblastic, chondrocytic, and adipocytic differentia-tion potentials. A recent study demonstrated that 21.2% of dental pulp cells expressed SSEA-4 and these cells showed high differentiation potential into adipocytes, osteoblasts, and chondrocytes, suggesting that SSEA-4 is be a promising marker that can be used to identify DPSCs [117]. Dental pulp tissue is known to be derived from the cranial neural crest and the DPSC gene expression profile includes genes associated with neural crest cells, such as Gsc, GATA6, TrkC, PDGFRA, p75NTR, Twist, Snail, Slug, Sox10, NCAM, and Musashi1 [123]. p75NTR is an efficient marker for MSC isolation from bone marrow; however, the differentiation potential of p75NTR-positive DPSCs into osteoblasts and adipocytes was significant lower than that of p75NTR-negative DPSCs [125]. Similarly, there were no sound indications of differentiation by p75NTR-positive cells from umbilical cord blood, suggesting that p75NTR is an insufficient marker for stem cell isolation from dental pulp and umbilical cord blood [126]. Periostin is heavily expressed in PDL cells and PDLSCs, and, furthermore, its expression was also identified in dental pulp cells and DPSCs [127]. Interestingly, the response of dental pulp cells and DPSCs to TGF-β1-induced periostin expression was different. Although periostin mRNA expression did not change and periostin protein expression was significantly downregulated in dental pulp cells treated with TGF-β1, periostin gene and protein expressions in DPSCs were significantly upregulated under the same conditions [128].


      




      

        



        6.2. Differentiation of Dental Pulp Stem Cells




        DPSCs showed the potential to differentiate into osteoblasts by the formation of mineralized nodules (Table 2). The pattern of forming mineralized nodules in DPSCs was different from that of BMMSCs; DPSCs produced only sporadic, but densely mineralized nodules, whereas BMSCs formed extensive sheets of mineralized deposits [115]. The adenosine receptors may be involved in this difference in differentiation between DPSCs and BMMSCs; in DPSCs, adenosine A1 receptor stimulation exhibited significantly increased bone-related gene expression, ALP activity, and mineralized nodule formation; however, adenosine A2B receptor activation showed a small effect on ALPase activity [129]. Conversely, adenosine A2B receptor activation of BMMSCs highly induced ALPase activity and mineralized nodule formation [130]. The dental pulp tissue is surrounded by dentin, of which three types have been identified: primary, secondary and reparative. The reparative dentin responds to irritation and trauma, such as erosion and dental caries. DPSCs have been believed to play important roles in maintaining dentin in response to irritation and trauma by migrating to regions of damage, differentiating and depositing reparative dentin [131]. In fact, many reports have revealed the differentiation potential of DPSCs into odontoblasts that express odontoblast-related markers and form dentin-like tissues [115, 132, 133]. Additionally, a recent study demonstrated that lipopolysaccharide, a major pathogenic factor of pulpitis and endodontic infections, promoted the odontoblastic differentiation of DPSCs in a dose-dependent manner [134]. This result reflects the involvement of DPSCs in forming reparative dentin in pulp following inflammatory trauma. Adipocytes and chondrocytes were successfully generated from DPSCs following treatment with the respective induction medium (Table 2) [123]. Harrington et al. compared the differentiation potential of three clones each from BMMSCs and DPSCs into adipocytes and chondrocytes [135]. All clones from BMMSCs readily differentiated into adipocytes and chondrocytes; however, only one clone from DPSCs formed adipocytes and another clone generated chondrocytes, suggesting that DPSCs had a lower capacity for adipogenesis and chondrogenesis than BMMSCs. Our previous study demonstrated the differentiation capacity of DPSCs into neuron-like cells that possessed neurite-like processes and expressed neuron-related markers in vitro (Table 2) [136]. Moreover, DPSCs injected into an avian embryo could migrate into the central nervous system [137]. Surprisingly, transplanted DPSCs which were incorporated into the central nervous system spontaneously differentiated into neurons. Mature melanocytes that expressed melanocyte-related markers, formed many melanosomes, and exhibited high tyrosinase activity were also generated from DPSCs cultured in a melanocytic differentiation medium [138]. Moreover, CD34-negative and sphere-forming DPSCs exhibited a high potential to differentiate into melanocytes [139]. After culture in hepatic induction medium, DPSCs changed their morphologies from spindle-shaped fibroblast-like shapes to polygonal and parenchymal-like shapes (Table 2) [140]. These cells were positive for hepatocyte-related markers and stored a large amount of glycogen, suggesting the differentiation potential of DPSCs into hepatocytes. DPSCs could form islet-like cell aggregates that stained with dithizone, expressed islet cell-related markers, and released insulin and C-peptide in a glucose-dependent manner [141]. Additionally, DPSC-derived aggregates implanted into streptozotocin-induced diabetic mice restored their blood glucose level to normoglycemia [142].


      




      

        



        6.3. Differentiation-Inducing Capacity of Dental Pulp Stem Cells




        As with BMMSCs and PDLSCs, DPSCs were also reported to induce the differentiation of other cell populations. DPSCs promoted the formation of mature blood vessels in endothelial cells by secreting VEGF, and, furthermore, DPSC transplantation induced the reduction of infarct size, higher capillary density, and increased wall thickness without their differentiation into cardiac or smooth muscle cells in myocardial infarction animal models [143]. DPSCs also promoted the survival and neuritogenesis of retinal cells by secreting nerve growth factor (NGF), brain-derived nerve growth factor (BDNF), and neurotrophin (NT)-3 [144]. In addition, DPSCs implanted into the vitreous body of the eye after surgically-created optic nerve injury protected retinal ganglion cells from death and promoted axonal regeneration. Interestingly, DPSCs secreted greater levels of NGF, BDNF and VEGF compared to BMMSCs and adipose tissue-derived MSCs [145]. Moreover, DPSCs induced increased vessel formation of endothelial cells and showed a higher potential to induce survival and neurite outgrowth of retinal ganglion cells than BMMSCs.


      




      

        



        6.4. Dental Tissue-Forming Potential of Dental Pulp Stem Cells




        Gronthos et al. transplanted DPSCs into the dorsal surface of immunocomp-romised mice using HA/TCP scaffolds (Table 2) [115]. Six weeks later, newly generated dentin-like structures were confirmed on the surfaces of the scaffolds. The odontoblast-like cells elongated their processes into the dentin matrix, which interacted with pulp-like interstitial tissue-containing blood vessels. Their results demonstrated the potential of DPSCs to generate the dentin-pulp complex in vivo. Subsequent investigations transplanted DPSCs seeded in various types of scaffolds to determine the optimal scaffold for dentin/pulp tissue engineering [146 - 148]. Recently, the dentin-pulp complex was successfully generated by DPSCs without scaffolds; in vitro-fabricated scaffold-free prevascularized microtissue spheroids containing DPSCs and human umbilical vein endothelial cells were implanted into immunodeficient mice, where they generated well-vascularized and cellular pulp-like tissues [149]. Murakami et al. generated mobilized DPSCs (MDPSCs) using granulocyte-colony stimulating factor [150]. MDPSCs exhibited increased multipotency and a higher proliferation rate than DPSCs, and furthermore, the newly-formed pulp area was significantly larger following MDPSC transplantation into immunodeficient mice compared with DPSCs and human minicircle induced pluripotent stem cell (iPSC) transplantations. Our previous research has suggested the potential of DPSCs as a vital pulp therapy for dental caries-exposed permanent teeth because the transplantation of DPSCs demonstrated the induction of the dentin-pulp complex on the surface of artificially exposed pulp in dogs [136]. Calcium hydroxide, the most common direct pulp-capping agent, has been known to induce the formation of a necrotic layer with mixture of inflammatory cells because of its high pH in vivo. Surprisingly, calcium hydroxide with DPSCs generated a heavily calcified area on the surfaces of pulp defects, without the formation of a necrotic layer or inflammatory cell infiltration [151]. Khorsand et al. investigated the capacity of DPSCs to induce periodontium regeneration following DPSC transplantation into periodontal defects that were surgically developed in the mesial of the canine first molar (Table 2) [152]. The amount of newly-formed cementum and PDL formation in the DPSC transplantation groups was significantly larger compared with the control groups. However, Nakashima et al. demonstrated that DPSC transplantation exhibited no induction of periodontium regeneration similar to the cell-free controls [153].


      




      

        



        6.5. Non-Dental Tissue Forming Potential of Dental Pulp Stem Cells




        DPSCs implanted into rat critical calvarial defects with β-TCP or granular deproteinized bovine bone scaffolds significantly induced bone regeneration, as determined by micro-computed tomography imaging, bone mineral density, and standard uptake value of tracer incorporation [154]. Alveolar bone defects and dental implant cavities filled with DPSCs resulted in the formation of new bone in a tubular pattern, along with abundant vascularization [155, 156]. Interestingly, transplantation of DPSCs with platelet rich plasma (PRP) showed a significant increase in newly-formed alveolar bone area compared with PRP only, BMMSC with PRP, and SHED with PRP [157]. DPSCs injected into the ventricle of the brain in a neonatal rat model of hypoxic-ischemic brain damage showed significant improvement in behavioral dysfunction and differentiation of neural and glial cells (Table 2) [158]. Transplantation of DPSCs into a completely transected adult rat spinal cord revealed significant improvement of hind limb locomotor activities compared with BMMSCs and skin-derived fibroblasts [159]. DPSCs transplanted into muscular dystrophy dogs at an early age integrated with the host muscle, where they persisted for at least 1 year [160]. Additionally, these cells were induced to form new chimeric fibers with recipient muscles (Table 2).


      


    




    

      



      7. Future perspectives




      Our understanding of the cellular and molecular biology of dental stem cells has progressed significantly in the recent years, and this has allowed us to gain a better understanding of the cellular processes responsible for dental regeneration. However, we still unable to state with any certainty what specific cells play the central roles during dental regeneration, although various cell populations potentially involved in the process are being identified. In part, this is due to the fact that the long-term success of cell-based tissue repair and regeneration depends on the ability of biological signals and scaffolds.




      A variety of reports have been published on the regenerative effects of several biological signals, such as effect of growth factors on dental stem cells. DPSCs treated with TGF-β1 promoted their migration and differentiation into odontoblast-like cells [161]. Our recent research demonstrated that TGF-β1 induced COLIA1 and α-SMA gene transcription and α-smooth muscle actin (α-SMA) protein expression in PDL stem/progenitor cell line; however, two different human PDL cells showed no significant change in gene and protein expression of COLIA1 and α-SMA, suggesting the crucial roles of TGF-β1 in collagen and α-SMA production of predominantly immature PDL cells [162]. DPSCs treated with bFGF for 1 week promoted ALP activity, bone-related gene expression [163]. Furthermore, the combination of bFGF and TGF-β1 synergistically promoted ALP activity, the formation of mineralized nodules, and odontoblast-related gene expression in DPSCs [164]. CTGF enhanced collagen type I and III, biglycan, and periostin protein synthesis and mineral deposit formation in DFCs and PDLSCs [165]. Our study demonstrated that CTGF upregulated proliferation, migration, bone/cementum-related gene expression, and mineralization in a PDL stem/progenitor cell line, however the combination of CTGF and bFGF or TGF-β1 downregulated mineralization of the PDL stem/progenitor cell line, while significantly upregulated their expression of connective tissue-related genes [166].




      Scaffolds are important components for tissue repair and regeneration because they provide structural support for cell attachment and have capability for growth factor delivery and subsequent tissue integration. Natural polymers, such as collagen and chitosan, have been shown to promote migration, proliferation, differentiation, and matrix formation of PDLSCs and DPSCs [146, 167, 168]. Synthetic polymers, such as polylactic acid (PLA), have also been applied as scaffold materials for dental tissue engineering. PDLSCs and DPSCs could survive and proliferate in PLA over long time periods and their culture in PLA revealed a higher growth rate than when they were cultured in collagen scaffolds [169]. Moreover, transplantation of a PLA scaffold in a human tooth slice with SHED and dermal microvascular endothelial cells induced the formation of a dental pulp-like tissue [170]. A rapid prototyping system is computerized technology that can generate effective scaffolds for tissue engineering applications [171]. Rapid prototyping can control the features of the scaffolds, such as porosity, surface design, and mechanical properties; and thus allows us to fabricate scaffolds with desired structural integrity. Park et al. applied rapid prototyping to a rat model of surgically-created PDL fenestration defects, whereby they formed two types of customized defect-fit hybrid scaffolds (random-porous scaffolds and PDL fiber-guiding scaffolds) and transplanted them with PDLSCs into the defects [172]. The fiber-guiding scaffolds significantly enhanced the formation of PDL, bone, and cementum in the fenestration defects, compared with random-porous scaffolds, suggesting that well-designed custom-made scaffolds with controlled and oriented fiber channels are crucial to achieve regeneration of functional periodontium.




      More recently, human clinical trials were performed to investigate the efficacy of a combination of dental stem cells with growth factors and/or scaffolds for healing bone and PDL tissues; d'Aquino et al. isolated DPSCs from seven patients undergoing extraction of their third molars and implanted them with a collagen sponge scaffold into their tooth sockets [173]. After 3 months post-surgery, the amount of newly-formed bone and the expression of BMP-2 and VEGF were significantly higher in the DPSC transplantation group compared with the control group. Yamada et al. transplanted autologous PDLSCs combined with PRP and atelocollagen scaffolds into bone defects adjacent to the tooth root surface in 17 periodontitis patients with deep intraosseous defects [174]. One year post-treatment, mean levels of clinical attachment, proving depth, and alveolar bone were significantly increased compared with their mean levels pre-treatment.




      In conclusion, dental stem cells alone should be a key element of dental tissue regeneration due to their inherent potential to differentiate into various types of dental cells. Moreover, a biological complex composed of dental stem cells, biological signals, and scaffolds could be of great potential in the achievement of dental regenerative medicine that would provide great benefits for the management of the complications of dental disease. However, one of the biggest issues that we have to overcome is the safety of dental stem cell application. Safety is an essential prerequisite for cell transplantation therapies and their safety evaluation is more extensive than that of the somatic cells because they have the risk to generate tumors and to show their unexpected biodistribution due to their high proliferative potential and multipotency. Unfortunately, intensive monitoring of the safety in the dental stem cell-based therapy has not been performed. Therefore, our future task is accumulating data from preclinical and early phase clinical trials of dental stem cell transplantation therapies to perform the detailed evaluation of the safety of dental stem cell application.
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