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      FOREWORD


    


  




  

    Biomaterials have come a long way since the first total joint replacements, which were introduced at a time when biomaterials were selected for their corrosion resistance. Orthopaedic surgeons initially selected materials which would stimulate the least reaction from the body. Materials used were “nearly inert” metal alloys and polymers. Total joint replacements revolutionised surgery and were life changing for patients. However, such materials are eventually rejected by the body, not in the same way as transplants, but because a thin layer of scar tissue forms around them, isolating them from the body, eventually causing the implant to be forced out of position. This became more problematic when clinicians attempted to repair or restore other parts of the skeleton or other tissues.




    In 1969 (published in 1971), the invention of Bioglass® by Larry Hench, then at the University of Florida in Gainesville (USA), changed the face of orthopaedics. Bioglass was the first synthetic material that was found to bond with bone (no scar tissue). It is also biodegradable. However, it was not until the mid-1990s when the first Bioglass synthetic bone graft for bone regeneration reached the market. Now, it has been used in more than 1.5 million patients. Between the concept and clinical use of Bioglass, other bioactive ceramics reached clinicians first, such as synthetic hydroxyapatite, which is similar to bone mineral and also bonds with bone, albeit slower than Bioglass. This triggered the use of other calcium phosphate variants, such as tricalcium phosphate.




    I mentioned that bioceramics can be biodegradable. This is possible by dissolution (also happens in water) or by cellular action (e.g. macrophages or osteoclasts). Hench termed the combination of biodegradation and bioactivity as 3rd Generation Biomaterials in a Science review in 2002.




    Biomaterials are now being designed to deal with the body’s own healing for many different clinical indications. To work well they must be used as temporary templates or scaffolding, specifically designed for the tissue that is being repaired. Scaffolds made of bioactive and biodegradable materials could present a 4th Generation if they are able to stimulate another course of action, e.g. blood vessel growth or bearing load. They can be labelled as 5th Generation, if they do both.




    Remarkably, biomaterials have now gone beyond bone and orthopaedics. Almost every tissue in the body has received research attention, with clinical products at various stages of development. In this book, scaffolds for nerves, cardiovascular system, liver, kidney and skin applications are described in addition to bone, cartilage and dental. The translation of new devices from concept to clinic is a great challenge for biomaterials researchers, one that is certainly not lost on the authors of this book.




    This book begins with important, and perhaps more conventional biodegradable materials, which are the biodegradable polymers that are used in sutures. Bioceramics are usually too brittle for load bearing structures that must take cyclic load, therefore, in this book they have been included within composites with polymers as the matrix. Metals are now also being made to be biodegradable.




    Scaffolds are often designed to mimic the macrostructure of the host tissue, with blood vessels growing through the pore networks to feed the new tissue. Hydrogels are another important type of polymers which mimic the extracellular matrix of tissues. Hydrogels are particularly beneficial for cell types that exist in a 3D gel-like environment. Their unique property is their ability to transport nutrients through their watery networks to cells.




    Scaffolds can be employed as an implant on their own, or can be seeded with cells (e.g. stem cells) in vitro prior to implantation, which is termed as tissue engineering.




    The concept of bioactive, biodegradable and strong scaffolds is an important area in healthcare. The UK Government highlighted Eight Great Technologies in 2013, suggesting great need and opportunity for growth. Two of those are Advanced Materials and Regenerative Medicine. When new medical devices are created in the laboratory, they must be translated to clinic. In order to deliver these scaffolds, new manufacturing methods are also needed, such as Additive Manufacturing and 3D printing, which can create the required architectures and also promote reproducibility in large numbers.




    Other aspects of technology transfer are the need to pass tests prescribed by regulatory bodies. The devices often highlight ambiguities in the tests, so new tests have to be developed. There is a large area of research in tests that can more closely assess the in vivo situation. While researchers often study how tissue specific cells respond to scaffolds, an important area often neglected is that how immune cells respond.




    This new book provides a basic level of understanding of all of the above topics, starting from scaffold design; some key biomaterials; manufacturing techniques; to technology transfer aspects that include testing scaffolds both in vivo and in vitro. It provides the necessary foundation of science and technology. For the experienced researcher the book provides a comprehensive overview of the important current topics in the field. Happy reading.

Dr. Julian R. Jones


    Department of Materials


    Imperial College London


    South Kensington Campus


    London SW7 2AZ


    UK


    E-mail: julian.r.jones@imperial.ac.uk

  




  




  




  

    

      PREFACE


    


  




  

    Regenerative medicine an umbrella term given to varied approaches of replacing or repairing damaged or diseased organs offers a radical new method for the treatment of injury and disease. Regenerative medicine promises a more permanent solution other than the existing pharmaceutical products, and with the introduction of the first few achievements in the field, it progresses from the realms of science to the surgery. In future, we hope to further extend the scope from skin and bone to liver and heart; damaged organs are being made to regrow, or to be replaced with viable alternatives using stem cells. Although, our understanding of stem cell biology has increased rapidly over the last few years, the apparently tremendous therapeutic potential of stem cells has not yet been realized. To this end, many researchers continue to work in areas such as stem cell niche, reprogramming, nanotechnology, biomimetics and 3D bioprinting. Regenerative medicine is highly cross-disciplinary and serves as a bridge between the basic science to bioengineering and clinical medicine. The objective of this book was to capture and consolidate these research in identifying problems, offering solutions and providing ideas to excite further innovation in the stem cell biology and regenerative medicine field to help scientists, engineers and clinicians to design treatments for traumatic injury or degenerative diseases. This book covers the chapters by leading biologists, engineers and clinicians and therefore, has fundamental information that will be of use to all researchers dealing with the regenerative medicine strategies. In this book, recent advances in the basic knowledge of regenerative medicine involved in tissue damage and regeneration have been discussed with remarkable current progress in stem cell biology such that the vision of clinical tissue repair strategies is shown as a tangible reality. This is a reference book for undergraduate and graduate courses, bioengineers, medical students and clinical laboratories. Finally, the efforts of all the contributors and the publisher are appreciated.

Dr. Mehdi Razavi


    Department of Radiology, School of Medicine


    Stanford University, Palo Alto, California 94304


    USA


    E-mail: mrazavi2659@gmail.com
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      Abstract




      Stem cells have attracted great interest of biomedical scientists and clinicians due to their unique abilities of self-renewal and multipotential differentiation. With the most current technologies, stem cells have been isolated from almost all types of tissue, including embryonic stem cells, somatic stem cells, and induced pluripotent stem cells. The mechanisms of cells behavior have been fully studied. In combination with tissue engineering skills, stem cells have been investigated in a better environment by simulating the three-dimensional environment. However, the long-term safety and efficiency of stem cell-based outcomes should be further evaluated prior to any clinical application.
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      INTRODUCTION




      Stem cells are defined as undifferentiated cells that are capable of self-renewal and differentiating into various mature cells, to support an individual’s postnatal life by replacing the aging cells and repairing injured tissue. When the organ injury is too severe for the body to recover, organ/tissue transplantation is the first considered strategy in current clinical practice. Due to the shortage of organ donors, tissue engineering strategies have been rapidly developed with translational and regenerative goals. One important objective of stem cell-based tissue engineering is to avoid immune rejection after transplantation.




      In this chapter, we introduce the basic characteristics of stem cells commonly investigated in biomedical research. It provides a background for the other chapters on stem cell-based tissue engineering applications.


    




    

      EMBRYONIC STEM CELLS




      Embryonic stem cells (ESC) have three features, including infinite proliferation, self-renewal and pluripotency. The studies on ESCs started from teratomas and embryonal carcinoma (EC) cells in the 1950s and 1960s, respectively [1, 2]. In the 1970s, Kahan and Ephrussi established cell cultures from both testicular and embryo-derived teratocarcinomas [3]. In the 1990s, Thomson derived human embryonic stem cell lines from human blastocysts [4]. Currently, ESCs are widely applied to various disciplines, such as regenerative medicine or cell therapy [5-7], developmental biology and pharmacological applications [8]. Although ESC research is consistently the topic of ethical debates, ESCs have shown a vital use in different research and therapeutic modalities.




      

        Pluripotency of Embryonic Stem Cells




        ESCs can be derived from the inner cell mass of the blastocyst [4] and primordial germ cells [9, 10]. The cells from the human inner cell mass can differentiate into primary human embryonic lineages in vitro [11]. ESCs from a mouse model however may be maintained in vitro culture with leukemia inhibiting factor (LIF) and without feeder cells [12]. These in vitro differentiation models are usually designed to mimic early embryonic development. Therefore, the growth factors, extracellular matrix (ECM) components and signaling molecules are selected based on the knowledge of developmental biology. Recent research advances have revealed that the heparan sulfate is also involved in regulating ESC functions and the differentiation fate decision [13]. Many ECM-integrin interactions could also facilitate ESC differentiation [14].




        ESCs can differentiate into various tissues originating from the ectoderm, mesoderm and endoderm. Regarding neuroectoderm lineages, ESCs can differentiate into midbrain neural cells, forebrain and midbrain tyrosine hydroxylase (TH)-positive neurons, neural crest, oligodendrocytes, motor neurons and keratinocytes [15]. For neural induction, different media and chemical inducers should be provided in various combinations and at different time points. Perrier et al. cultured the hESCs (lines H1, H9 and HES-3) on feeders and pretreated them with L-glutamin and β-mercaptoethanol for 16 days. Thereafter, signal sonic hedgehog (SHH), fibroblast growth factor (FGF)-8, brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), ascorbic acid, and dibutyryl cAMP were supplemented for 28 days, to form rosette structures. The cells were detached mechanically from the feeders and seeded in polyornithine/laminin-coated dishes in the presence of SHH, FGF-8, AA, and BDNF for one more week, followed by exposure to Ca2+/Mg2+ free Hanks’ balanced salt solution for 1 h and then cultured in the same medium for another week. Finally, ~30%-50% of all of the cells expressed TUJ1 (a neuron marker). Approximately 64%-79% of the TUJ1+ cell population was also TH positive, 5% were serotonin-positive and 1%-2% were GABA-positive neurons. When cells experienced long-term (>70 days) culturing process, astrocyte-like cells and O4 positive oligodendrocyte-like cells were detected in this system [16].




        ESCs are capable of differentiating into mesoderm cells, such as cardiomyocytes, blood cells, skeletal muscle cells [17] and smooth muscle cells [18, 19]. Cerdan et al. reported that 5 ng/ml vascular endothelial growth factor (VEGF)-A165 could selectively induce erythropoietic development from hESCs (H1 and H9 lines) in the presence of bone morphogenic protein (BMP)-4 and hematopoietic cytokines. These cytokines included stem cell factor (SCF), Fms-related tyrosine kinase 3 ligand (Flt-3L), interleukin (IL)-3, IL-6 and granulocyte-colony stimulating factor (G-CSF). VEGF-A165 increased the co-expression frequency of CD34 and kinase insert domain receptor (KDR, a receptor of VEGF-A165) after 15 days in culture. In addition, the expression of embryonic-globin genes were also upregulated, together with hematopoietic transcription factor SCL/Tal-1 [20]. With the purpose of inducing platelets from ESCs, Kawaguchi et al. first enforced overexpression of Gata2 on mouse ESCs by inserting a cDNA encoding Gata2 into the cells to obtain iGata2-ESCs and used 1 µg/ml doxycycline (Dox) to induce transgene expression. Secondly, after 5 days of differentiation towards hemogenic endothelial cells (HECs) followed by a 7-day subculture on top of OP9 stromal feeder cells with 10 ng/ml mouse thrombopoietin (TPO) and Dox, the majority of the HECs robustly differentiated into megakaryocytes (Mks). Finally, 8 days after the initiation of the HEC culture, platelet-like cells were observed. These iGata2-ESC-induced platelets exhibited a similar morphology to peripheral blood platelets but were larger in size. They also expressed glycoprotein markers, e.g., CD41 (GPIIb), CD42b (GPIb) and CD61 (GPIVa) [21]. As a natural substance found in grapes, resveratrol plays an important role in cardiovascular tissue protection. Ding et al. tested the feasibility of differentiating cardiomyocytes from ESCs by exposing mouse ESCs to different concentrations of resveratrol. Their results showed that 10 µmol/L was found to be safe and optimal to promote the mESC differentiation to cardiomyocytes [22].




        For endodermal differentiation, ESCs could be induced to differentiate into hepatocytes [23] and pancreatic β-cells [24], which have potential applications for tissue regeneration. However, it is technically difficult to induce hepatocyte differentiation because the related molecular mechanisms have not been fully understood. Ishii et al. differentiated murine ESCs to endodermal cells or hepatic progenitor cells. And then, co-cultured these cells with MSCs derived from fetal liver mesenchymal cells to make the progenitor cells undergo further differentiation to mature hepatocytes through cell-to-cell contact. These resulting cells exhibited ammonia removal activity, albumin secretion ability, glycogen synthesis and storage, and cytochrome P450 enzymatic activity [23]. ESC-derived insulin-producing cells have been widely studied for diabetes treatment. Brolen et al. found that spontaneous differentiation of hESCs under 2-D growth conditions could result in Pdx1(+)/Foxa2(+) pancreatic progenitors. Cotransplantation of differentiated hESCs with mouse embryonic dorsal pancreas cells led to further differentiation of β-cell-like cells. These cells share many properties with normal β cells, including the synthesis of insulin and nuclear localization of key β-cell transcription factors: Foxa2, Pdx1, and Isl1 [24].




        Regarding tissue engineering applications, the way in which physical cues, such as the stiffness of biomaterials, influences ESC differentiation has also been reported. Alginate hydrogels, with Young’s moduli in the range of 242 to 1337 Pa, were employed for the investigation of murine ESC initial differentiation and gene expression profiles. The expression of mesodermal lineage markers varies in response to the stiffness changes of the gels. For example, FGF-8 had ~10-fold upregulation when using gels in the range of 650 to 950 Pa. In a lower range of 500 to 850 Pa, an endodermal marker, CXCR4, showed a 30 to 50-fold increase, and AFP exhibited a 90-fold increase in gene expression [25].


      




      

        Establishment of Embryonic Stem Cell Lines




        In 1998, Thomson derived human ESC (hESC) lines including H1, H7, H9, H13 and H14, which retain developmental potency for differentiating into trophoblast, endoderm, mesoderm and ectoderm cells [4]. In these cell lines, H1 and H9 have the normal karyotype of XY and XX, respectively and have been mostly used from 1999 to 2008 [26]. At present, more than 1,200 new human ESC lines have been created globally with various human leukocyte antigen (HLA) types and ethnic groups. A recent survey reported that the quality and developmental stage of embryos, isolation strategies of inner cell mass (ICM) and the culture media, are the four critical factors for hESC line establishment. The ideal conditions for hESC derivation have not been consolidated yet, and all of the lines display significant differences from the murine counterpart in epigenetic stability and morphology [27]. In spite of the enormous contribution of hESC research, the opportunities for U.S. scientists to study human ESCs were curtailed with the announcement from President George W. Bush that studies on cells started after August, 2001, would not be supported by federal grants. Due to the limitations on using federal funds to pursue genetic questions in human ESCs, the U.S. scientists can only employ the 21 lines listed on the NIH registry, which were developed with bovine serum and a limited genetic diversity [28].


      




      

        New Strategies for Deriving Embryonic Stem Cells




        Haploid cells are good materials for genetic analysis, whereas analysis is difficult to do with oocytes and sperm in vitro. To solve this problem, a series of studies have been conducted to establish haploid cell lines for genetic analysis. Modlinski [29], Tarkowski [30], Kaufman [31], Latham [32], and Yang [33] produced mouse haploid embryos, of which Yang and his co-workers [33] successfully established five mouse haploid embryonic stem cell (haESC) lines from androgenetic (AG) blastocysts by nuclear transfer techniques. The authors injected a haploid sperm head from the Oct4-enhanced green fluorescent protein (EGFP) transgenic mouse (C57BL/6 background) into an enucleated oocyte. Another set was created by removing the female pronucleus from oocytes and fertilized by Actin-EGFP transgenic male mice. After multiple rounds of FACS and passaging, the haploid cells were enriched. Finally, the derived AG-haESCs were expanded in vitro for 30 more passages, maintaining paternal imprints, expressing classical ESC pluripotency markers and differentiating into various types of tissues. In addition, injection of the haESCs into metaphase II (MII) oocytes can generate fertile mice. However, no AG-haESC lines with a Y-chromosome were observed in this study.




        In humans, somatic cell nuclear transfer (SCNT) has been envisioned as an important approach for deriving patient-specific ESCs, which have the potential application for cell-based therapies. The largest barrier for deriving human NT-ESCs is the absence of activated critical embryonic genes from the somatic donor cell nucleus, so that the embryos fail to develop beyond the eight-cell stage [34, 35]. In 2013, Tachibana et al. [36] made an important breakthrough in this process. They reported that critical reprogramming factors in human MII oocytes are physically related to the chromosomes or spindle apparatus, which are depleted after enucleation. Therefore, they made a few improvements in the SCNT protocol, including the use of inactivated hemagglutinating virus of Japan (HVJ-E) to fuse nuclear donor cells with enucleated oocytes. It further stimulates the fused embryos with electroporation to activate them before exposing them to the standard ionomycin/DMAP (I/DMAP) activation. Approximately 10% of SCNT embryos could finally reach the blastocyst stage. Adding 10 nM trichostatin A (TSA) contributes to the achievement of stable NT-ESC lines, while adding 1.25 mM caffeine during spinal removal and fusion enhanced the blastocyst development rate and ESC line derivation. All of the derived cell lines expressed OCT-4, NANOG, SOX2, SSEA-4, TRA-1-60, and TRA-1-81. The efficiency of this method, by which NT-ESC lines can be derived from two oocytes, was very high. However, the donor cells are from fetal skin cells and skin fibroblasts from an 8-month-old patient with Leigh syndrome [37]. Therefore, it is necessary to further study if NT-ESC lines can be derived from adult somatic cells.


      




      

        Embryonic Stem Cells versus Induced Pluripotent Stem Cells




        Induced pluripotent stem cells (iPSCs) have similar gene expression profiles and developmental potential as ESCs. iPSCs were derived from somatic fibroblasts for the first time by enforcing expression of four transcription factors (Yamanaka factors), octamer 4 (Oct4), sex-determining region Y-box 2 (Sox2), Kruppel-like factor 4 (Klf4), and c-Myc [38]. Choi et al. recently reported that hiPSCs are similar to hESCs in their function by comparing genetically matched hESC with hiPSC lines [39]. ESCs have been applied to devastating and currently incurable diseases including spinal cord injury [5], Parkinson's disease [6], retinal degenerations [7], and type 1 diabetes [40]. In addition, ESCs also have considerable value for the development of biology research [41] and drug discovery [8]. Meanwhile, iPSCs can also be widely used in regenerative medicine, disease modeling, and drug discovery [42]. Therefore, the dilemma arises if iPSCs can replace ESCs in disease modeling and clinical applications in the future [38].




        Importantly, the use and potential damage of human embryos for the derivation of human embryonic stem cells have evoked drastic ethical debates. iPSCs do not have this ethical issue as they are reprogramed from somatic cells. Moreover, it is more difficult to study ESCs compared to iPSCs. It is that the extraction and derivation of ESCs are limited, while the derivation of iPSCs from somatic cells is relatively less complicated [37].




        It is dangerous to have undifferentiated stem cells, such as ESCs and iPSCs, under differentiated derivatives for transplantation because, with gene manipulation, the cells may form a teratoma [43]. The reprogramming process may cause genomic instability and abnormalities. Therefore, NT-ESCs and iPSCs may be more likely to cause tumorigenesis. In addition, mutations that are detected in human iPSCs do not necessarily exist in human ESCs [44-47].




        As a result of the differences in the genotype between blastocyst-derived hESCs and the cells of a patient, hESCs commonly cause an immunological rejection. Whereas iPSCs are patient-specific and do not lead to an immunological rejection [36].


      


    




    

      SOMATIC STEM CELLS




      Somatic stem cells (SSCs) are self-renewable, multipotent cells with the ability to differentiate into several restricted lineages. They can be found in a variety of children and adult tissues, and have been known as adult stem cells [48]. The role of SSCs is to maintain and repair injured tissue. Typically, SSCs are named on the basis of the organ from which they are derived (such as haematopoietic stem cells) [49]. Here, we have outlined a few sources that have been considered for tissue engineering and therapeutic uses.




      

        Mesenchymal Stem Cells




        Mesenchymal stem cells (MSCs) are prototypical multipotent adult stem cells that were initially isolated and characterized by Friedenstein and his colleagues in 1970. Their observation was based on the tight adherence of cells to tissue culture surfaces and formation of fibroblast colonies [50]. MSCs were originally found in bone marrow (BMSCs). However, they have been isolated from many other tissues in humans such as adipose tissue (AMSCs) [51], cartilage [52], peripheral blood [53], umbilical cord [54], placenta [55], and synovial tissue [56]. MSCs isolated from various adult tissues express different morphology, differentiation potential, and gene expression profiles in standard culture conditions [57, 58]. It is common to classify MSCs based on their origin tissue, such as BMSCs for bone marrow-derived MSCs and AMSCs for adipose-derived mesenchymal stem cells [53, 59]. Following in vitro isolation and expansion, MSCs have been defined by their expression of various surface markers including CD105, CD73 and CD90 and the lack of expression of CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR [58, 60]. Consequently, MSCs are isolated and highly enriched by their cell surface markers using immunostaining and cell sorting technologies. In terms of stemness, MSCs possess the ability to differentiate into multiple cell types that are specific for different tissues, including adipocytes, chondrocytes, osteocytes, and myocytes [59]. These specialized cells have their own characteristic morphologies, structures and functions, and each belongs to a particular tissue.




        Compared to ESCs and iPSCs, MSCs are free of ethical concerns and have a low risk of forming teratomas and other types of tumors, as well as low immunogenicity [61]. In addition to their multilineage differentiation potential, MSCs have been widely used for cell-based tissue repair and tissue engineering. When MSCs are transplanted directly, as many as 90% of them would die in short time due to the inappropriate microenvironment, such as physical stress, inflammation, and hypoxia. Therefore, the cells could not be efficiently delivered and exert their functions on the damaged tissues. Advanced techniques for cell delivery are required, whereby MSCs can be incorporated into three-dimensional scaffolds that mimic the microenvironment in the tissue of the body. These scaffolds retain the cells, improve cell survival and assist with the integration into the host tissue. The results obtained from animal models have shown that MSCs are promising in the treatment of numerous diseases, mainly tissue injury and immune disorders. Clinical studies using MSC treatment are still in their infancy, and more work is needed before such therapies can be used routinely in patients. Several possibilities for their use in the clinic are currently being explored for safe and effective new treatments in the future [62-64].


      




      

        Neural Stem Cells




        Neural stem cells (NSCs) are stem cells derived from the central nervous system (CNS) that can self-renew and give rise to differentiated progenitor cells through asymmetric cell division to generate lineages of neurons as well as glia cells, such as astrocytes and oligodendrocytes [65]. In 1961, the first evidence of neurogenesis was reported in the adult mammalian brain using [3H]-thymidine incorporated into the DNA of dividing cells to study proliferation [61]. Neurogenesis from endogenous NSCs was primarily identified to occur mainly in two regions of the adult brain, the subgranular zone (SGZ) and the subventricular zone (SVZ) of the dentate gyrus (DG) in the hippocampus and olfactory bulb (OB), respectively. Other areas of the adult brain exhibit low levels of neurogenesis [66, 67].




        In the SVZ, NSCs were shown to be genetically predetermined to generate specific subclasses of olfactory interneurons [68]. The mechanism of neurogenesis in normal conditions is not fully understood and still under intense investigation. The molecular control of fate determination from postnatal NSCs shares many aspects with fate determination in embryonic development. Because adult NSCs are normally found in a quiescent state, regulatory pathways can affect adult neurogenesis in ways that have no clear counterpart during embryogenesis. Bone morphogenic protein (BMP) signaling, for instance, regulates NSC behavior both during embryonic and adult neurogenesis. However, this pathway maintains stem cell proliferation in the embryo, while it promotes quiescence to prevent stem cell exhaustion in the adult brain [69]. Two major signaling pathways, Notch and Wnt, are involved in the regulation of NSC quiescence [70]. It is still unclear which molecules could activate NSCs. Generally, NSCs are activated in pathological conditions such as neurodegenerative diseases [71] or brain injury [72], but they are not altered in the same way.




        NSCs isolated from OB (OBNSCs) could be used for autotransplantation due to their biosafety and histocompatibility properties. It was reported that the OBNSCs are less likely to form tumors compared to other stem cells when they were transplanted into CNS on animal models. It is relatively easier to obtain these cells through the nasal cavity via minimally invasive surgery. Therefore, OBNSCs are considered a good cell resource for the treatment of neurodegenerative conditions. Compared to SVZ-NSCs, OBNSCs demonstrated similar positive percentage of cells which express stem cell markers, e.g. nestin, SOX2, CD133 [73]. When compared to ESCs, the expressions of epigenetic-related transcription factor genes are highly increased in OBNSCs. However, the expressions of TUJ1, glial fibrillary acidic protein (GFAP), microtubule-associated protein (MAP) and O4 showed a lower positive ratio [74]. After the transplantation of OBNSCs into rat spinal cord injury (SCI) model, the cells differentiated into oligodendrocytes, astrocytes and neurons, and integrated into both grey and white matter with normal morphology. However, this study showed negative results of behavior tests in restoring the lost sensory and motor functions [75].




        NSCs can give rise to different functional neuronal sub-types that use a variety of neurotransmitters such as dopamine, γ-aminobutyric acid (GABA), glutamate, and nitric oxide (NO) [76]. In addition, growth factors and other extrinsic signals could cause or induce neurons of different types. For example, epidermal growth factor (EGF), fibroblast growth factor 2 (FGF2) and brain-derived neurotrophic factor (BDNF) [77]. Studies on the genetic control of NSC-fate commitment may also have important therapeutic implications. NSCs’ fate could be programed in vivo and the NSCs’ progenies could be used for cell replacement in response to a lesion or disease. Finally, these studies may also be used to refine the in vitro protocols for the differentiation of NSCs into desired neuronal phenotypes and provide a promising approach for neural regeneration.


      




      

        Satellite Cells




        Satellite cells, or myosatellite cells, are quiescent muscle precursor cells in adult muscles. They were discovered through two independent studies in 1961 by Katz and Mauro [78, 79]. They are normally quiescent in adult muscle, located between the sarcolemma and basement membrane of terminally differentiated muscle fibers [80]. As a reserve population of cells, satellite cells have the potential to provide additional myonuclei to grow myoblasts in response to muscle injury. These cells can also give rise to regenerative muscle cells or return to a quiescent state to proliferate more satellite cells [81]. The recent discovery of a number of markers expressed by satellite cells has provided evidence that satellite cells differ from muscle stem cells [82]. It is possible that a sub-population of satellite cells may be derived from a more primitive stem cell. Satellite cell-derived muscle precursor cells may be used to repair and regenerate damaged or myopathic skeletal muscle or to act as vectors for gene therapy. In adults, satellite cells can be recruited to supply myoblasts for routine muscle fiber homeostasis or for the more sporadic demands of myofibre hypertrophy or repair [81]. The idea that satellite cells’ function as myogenic precursors was initially based on studies of the distribution of labeled thymidine in growing or regenerating muscles. It led to the commonly accepted view that satellite cells divide to provide myonuclei for myofiber growth before becoming mitotically quiescent in normal mature muscles. Recently, transplantation of such single myofibers into muscles has provided good evidence that the satellite cells indeed act as myogenic stem cells in vivo. They are also able to give rise to new myofibers and, importantly, are able to renew themselves [83]. The satellite cell therefore fulfills the basic definition of a stem cell in that it can give rise to a differentiated cell type and maintain self-renewal process [84].


      




      

        Cardiac Stem Cells




        A population of resident cardiac stem cells (CSCs), known as cardiogenic progenitor cells (CPCs), has been found intimately connected by gap junctions to myocytes and fibroblasts as the supporting cells within the cardiac niches in the heart [85-87]. They are self-renewing, clonogenic, and multipotent. As well as giving rise to three major cardiac cell types: cardiomyocytes, vascular smooth muscle, and endothelial cells in vitro and in vivo [85]. These CSCs are thought to account for the physiological turnover of cardiac myocytes and vascular endothelial cells, which occurs in the heart in the absence of injury [88]. CSCs comprise less than 1% of the cells in the heart and have been subclassified according to their expression of surface marker transcription factors. These subclassifications are, c-kit-positive cells, cardiosphere-derived cells, stem cell antigen (Sca)-1-positive cells, islet 1-positive cells, stage-specific embryonic antigen (SSEA) 1-positive cells and Wt1 epicardial-derived cells [89-93]. Thus, the markers that show the phenotype of the CSC population are varied among different researchers. The existence of each cell population opens up additional opportunities for cardiac repair, especially in patients with ischemic cardiomyopathies.




        Stimulation of endogenous regenerative activity is an attractive strategy but is limited to myocardial regeneration and repair. Drugs, growth factors or cytokines have been used to stimulate endogenous cardiomyocytes or CSCs in situ. For example, local delivery of biotinylated insulin-like growth factor (IGF)-1 complex increased cardiomyocyte growth both in vitro and in vivo [94, 95]. Alternatively, regeneration can be achieved by ex vivo propagation of CSCs followed by transplantation of the cells into the injured area. The anatomical source of the CSCs in the heart is an important factor for understanding their role in maintaining cardiac homeostasis and therapeutic potential. A proteolysis enzyme cocktail can digest small biopsies of the myocardium. It is followed by proliferation and expansion of CSCs in culture, and then these cells are transplanted into the injured area in the end. Animal studies have demonstrated that transplantation of c-kit-positive cells into the heart could enhance the formation of new blood vessels and myocardium [85]. MSCs are a promising source for cell-based treatment of myocardial infarction (MI). However, they contribute to scar formation without enhancing cardiac function. Thus, another approach for CSC activation was done by co-culturing CSCs together with MSCs [96]. To become a feasible option for clinical trials, cardiac cell therapy should adopt improved methods of cell survival and engraftment after transplantation. It can be done by the addition of growth factors [97, 98], genetic engineering and restoration of the damaged area with CSC-loaded scaffold constructs [99].


      




      

        Liver Progenitor Cells




        Liver stem/progenitor cells (LPCs) are often referred to as oval cells in rodents, which were first described by Farber using a rat model of liver carcinogenesis [100]. They are thought to reside within the terminal bile ductules (Hering Canals) located at the interface between parenchyma and biliary tracts. LPCs are activated and differentiated to hepatocytes and cholangiocytes, leading to functional recovery of the organ upon severe or chronic liver injury. Many groups have succeeded in isolating LPCs from the adult liver based on marker gene expression and flow cytometric cell purification followed by in vitro cultivation. Potential LPCs are usually identified as those that are positive for cholangiocyte markers with the expression of EpCAM, CD133, MIC1-1C3, and CK19 in mice, rats and humans [101].




        Numerous molecular factors contribute to LPC activation or expansion either by direct or indirect signals. Among those factors, FGF7 and tumor necrosis factor (TNF)-related weak inducer of apoptosis (TWEAK) are of a particular interest for their capability to induce de novo activation of LPCs [102]. Other growth factors, such as hepatocyte growth factor (HGF) and EGF, have also been implicated in regulating proliferation and/or differentiation of LPCs [102-105]. These factors are mainly secreted from the surrounding environment and other cell types that interact with LPCs. Stellate cells have been suggested to physically interact with LPCs, provide HGF and promote pericellular collagen deposition to support LPC expansion [106]. These factors could be applied to cells in potential cell-based therapies to encounter liver disease by enhancing the regenerative capacity within the organ. However, patient with end-stage liver failure often require liver transplantation, for which donors are of a short availability with the concomitant risks of rejection. Similar with other types of adult stem cells, the very few resident endogenous LPCs and poor donor engraftment and survival are limited to the repair and restoration of the function of the injured liver. Development of LPC-based liver support constructs provides a promising alternative to liver transplantation for patients, especially those with acute hepatic failure (AHF) and end-stage chronic liver disease [107].


      




      

        Dental Stem Cells




        With the discovery of stem cells in teeth, several populations of cells with stem cell properties have been isolated from different parts of the tooth. All of these cells share a common lineage of being derived from neural crest cells and have generic mesenchymal stem cell-like properties. At least five types of dental MSC-like cells have been reported to differentiate into odontoblast-like cells. Those include dental pulp stem cells (DPSCs), stem cells from exfoliated deciduous teeth (SHED), periodontal ligament stem cells (PDLSCs), stem cells from apical papilla (SCAP), and dental follicle progenitor cells (DFPCs) [108]. The cells residing in different parts of the tooth play different roles in the formation of relevant tissues in vivo. Similarly, they have been shown to have different growth rates, marker gene expression and differentiation potential in vitro.




        Various growth factors have been shown to regulate dental stem cells, such as FGF2, vascular endothelial growth factor (VEGF), or platelet-derived growth factor (PDGF), and bone morphogenetic protein-7 (BMP7). Such growth factors play a major role in neovascularization, neodentin or newly dental pulp tissue formation [109]. Recently, dental stem cells have been considered to be potential sources of cells for tissue regeneration and engineering. Studies have shown its positive outcomes in areas of repairing damaged tooth tissue, such as dentine, periodontal ligament and dental pulp, as well as other tissues [110].


      


    




    

      INDUCED PLURIPOTENT STEM CELLS




      Embryonic stem cells have the ability to differentiate into all cell types and proliferate rapidly after maintaining pluripotency. Human ESCs have been considered promising sources in cell transplantation therapies for various diseases and injuries. For example, spinal cord injury, myocardial infarction, type I diabetes, and muscular dystrophy. However, the clinical application of human ESCs faces ethical issues, as well as possible tissue rejection following implantation. One way to solve these problems is to generate pluripotent stem cells directly from somatic cells.




      In 1960, Gurdon et al. generated tadpoles by transferring the nuclei of intestinal cells from an adult frog into oocytes [111]. His successful cloning showed that pluripotency-inducing factors do exist. In 2006, iPSCs were generated from adult fibroblasts by the retrovirus-mediated introduction of four transcription factors including Oct3/4, Sox2, c-Myc, and Klf4 [112]. These iPSCs are similar to ESCs in morphology, proliferation, and teratoma formation. In addition to fibroblasts, iPSCs have been generated from human hair follicle mesenchymal stem cells [113], nasal epithelial cells [114], neural stem cells [115], and hepatocytes [116]. These data demonstrated that pluripotency could be induced in various somatic cells, using only a few defined factors. A recent progress involving the derivation of iPSCs from malignant cells has opened a new door for cancer investigation [117].




      

        Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblasts




        In 2006, Takahashi et al. generated iPSCs successfully from mouse embryonic or adult fibroblasts by retrovirus-mediated introduction of four transcription factors. Those factors are including Oct3/4, Sox2, c-Myc, and Klf4 [112]. They selected 24 genes as candidates for factors that induce pluripotency in somatic cells. It was based on their hypothesis that such factors play pivotal roles in the maintenance of ESC identity.




        Fbx15, as an undifferentiated ESC marker, is specifically expressed on ESCs and early embryos. However, it is dispensable for the maintenance of pluripotency and mouse development. It was expected that even partial activation of the Fbx15 locus would result in resistance to normal concentrations of G418. They therefore developed an assay system where the induction of the pluripotent state could be detected as resistance to G418 to evaluate these 24 candidate genes. At first, they introduced each of the 24 candidate genes into mouse embryonic fibroblasts (MEFs) from Fbx15bgeo/bgeo embryos by retroviral transduction. However, they did not obtain drug-resistant colonies with any single factor, indicating that no single candidate gene was sufficient to activate the Fbx15 locus. In contrast, transduction of all 24 candidates together generated G418-resistant colonies. Secondly, to determine which genes of the 24 candidates are necessary for reprogramming, they examined the effects of the withdrawal of individual factors from the pool of transduced candidate genes on the formation of G418-resistant colonies. Finally, this research showed that Oct3/4, Klf4, Sox2, and c-Myc play important roles in the generation of iPSCs from MEFs. After subcutaneous injection of iPS-MEF4 into nude mice, histological examination revealed that the clone differentiated into all three germ layers, including neural tissue, cartilage, and columnar epithelium. This demonstrates that the majority of iPS-MEF4 clones exhibit pluripotency [112].


      




      

        Improving the Reprogramming Rate of Induced Pluripotent Stem Cells




        Although iPSCs have made prominent progress in various aspects, a significant limitation with using iPSCs in clinical treatment is the low translation efficiency of the cells. To improve the translation efficiency of the iPSCs, mainstream research on stem cells is focused on regulatory factors in the cell nucleus and high-throughput screening of small molecules. Researchers from Kyoto University found that the translation rate of iPSCs was significantly improved by reducing the oxygen concentration of the culture, and proved that the volume fraction of 5% oxygen concentration is the most appropriate [118]. It was also found that adding an antioxidant, such as Vitamin C, into the culture medium could improve the efficiency of somatic cell reprogramming [119]. Inhibiting the expression of p53 genes also helps to improve the reprogramming rate, which has been tested on mouse embryonic fibroblasts and colon cancer cells HCT116 [120].


      




      

        Mesenchymal Stem Cells Derived from Induced Pluripotent Stem Cells




        The use of mesenchymal or stromal stem cells in cancer patients or cancer survivors is a promising strategy to improve treatment of advanced cancer [121] and to repair tissue damage from cancers or radical therapies [122]. In general, it is easy to isolate the organization source of MSCs from the body and to expand them in vitro. However, bone marrow derived MSCs (BMSCs) and adipose derived stem cells (ASCs) have had many concerns in preclinical and animal research. The proliferation ability of MSCs is limited in vitro, which makes it challenging to meet the demand for high cell numbers for clinical applications. In addition to MSCs’ limited proliferation potentials, they can lose some of their characteristics and functions. These changes could involve cellular phenotype, genotype, differentiation, cell cycle, intracellular reactive oxygen species (ROS) levels or any other traits [123, 124]. Moreover, tissue-derived MSCs may promote cancer progression and have considerable donor variations [125].




        On the other hand, iPSCs proliferate with impunity in theory, meeting the demand for the large number of cells. However, the self-renewal and pluripotency of iPSCs may also lead to tumorigenesis and instability after transplantation in vivo. Sánchez [126] reported that inhibition of SMAD-2/3 signaling promoted derivation of MSCs from human embryonic stem cells (ESCs) rather than human iPSCs. This method was modified by using chemically de-fined mTeSR1 medium [127]. It was supplemented with SMAD-2/3 inhibitor (SB-431542) and an atmosphere of 7.5% CO2 [128] to culture cell colonies on Matrigel-coated plates. This modified method could derive MSCs efficiently from human iPSCs, which was shown by flow cytometric analysis. MSC markers were expressed by the vast majority of adherent cells (>99.6% for CD73, CD105, and CD166 and >88.4% for CD44 and CD90). MSCs derived from transgene-free human iPSCs (iPS-MSCs) were readily expandable. And under oncogenic conditions, iPS-MSCs showed a lower potential for promoting epithelial-mesenchymal transition, invasion, stemness and growth of cancer cells [125].




        An interesting study compared the ability of iPS-MSCs and primary MSCs to act as feeder cells supporting the growth of hematopoietic progenitor cells (HPCs). It was shown that iPSCs could support HPC proliferation and maintain their immunophenotype and colony-forming unit (CFU) potential. However, in a long-term study, the expression of vascular cell adhesion molecule 1 (VCAM-1) was down-regulated in iPS-MSCs compared to primary MSCs. It may be correlated with the lower long-term culture-initiating cell (LTC-IC) frequency. In other words, iPSCs were not as suitable as primary MSCs for supporting HPC culture [129].




        Along with their capacity to differentiate and transdifferentiate into cells of different lineages, iPS-MSCs have also generated great interest for their ability to display immunomodulatory capacities [130]. Frobel et al. derived iPSCs from human BMSCs and then redifferentiated them into MSCs. The primary MSCs and iPS-MSCs showed similar gene expression and DNA methylation profiles whereas primary MSCs expressed more T-cell activation and immune response-associated proteins. Thus, it could mean that they have better immunomodulatory properties than iPS-MSCs [131]. Mesenchymal stem cells have been used in regenerative medicine to treat a number of diseases including cardiovascular disease. Mesenchymal stem cells act as a repair cell that is stimulated by physiological need. Chronic inflammation plays an integral role in the cascade leading to heart failure, and mesenchymal stem cells may be further developed to function as a biological anti-inflammatory factor [132].


      




      

        Neural Stem/Progenitor Cells Derived from Induced Pluripotent Stem Cells




        It has been reported that induced neural stem cells (iNSCs) can be obtained from rodent and human somatic cells through the forced expression of defined factors. Neural stem cells can be used to treat nervous system diseases, such as Parkinson’s disease, amyotrophic lateral sclerosis, Alzheimer’s disease and spinal cord injury. Two different approaches have been successfully used to obtain iNSCs; a direct and an indirect method, which involve an unstable intermediate state.




        iPSCs could also be reprogrammed from live cells in human urine (HUC) [132]. HUCs were transfected with non-integrating oriP/EBNA episomal vectors carrying Oct4, Sox2, SV40LT, Klf4 and microRNA MIR302-367. It was done via electrophoretic transfer, followed by the addition of FGF-2 and five types of small molecules into the culture medium (including CHIR99021, PD0325901, A83-01, thiazovivin, and DMH1). Transfected cells showed the rosette-like morphology of typical neuroprogenitor cells (NPCs). These obtained cells could proliferate in vitro and differentiate into neuronal subtypes and astrocytes [133]. There were visible neural stem cells cloning twelve days after electrophoretic transfer. And they could express neural stem cell signature genes Sox1, Sox2 and PAX6.




        Induced neural stem cells can differentiate into astrocytes, dopaminergic neurons, and glutamatergic neurons, but cannot differentiate into oligodendrocytes. However, after using small stimulation molecule PDGF - AA or NT3, they could differentiate into oligodendrocytes [134]. At the same time, after transplanting the induced neural stem cells into the striatum of newborn mice, neural stem cells could survive and migrate without brain tumor formation. It proves that induced neural stem cells have differentiation capacity in vitro. Oct4, Sox2, Klf4 and c-Myc were transferred into human fibroblasts using the Sendai virus, three small molecules, LIF, CHIR99021, and SB431542. They were added to the neural stem cell culture medium; and the temperature was elevated (39 oC) to inactivate the sendai virus. Thirteen days later, visible neural stem cell clones had formed. Those cells express neural stem cell signature genes (Sox1, Sox2, FABP7, PAX6, HES5 and NOTCH1) and can differentiate into astrocytes, neurons and oligodendrocytes in vitro.




        Several animal studies have evaluated the efficacy of transplanting iPS-NPCs in the treatment of spinal cord injury (SCI), but most of them just delivered the cells directly to the affected area where most of the transplanted cells cannot survive for a long time [135]. However, iPS-NPC transplantation improved the function of the injured spinal cord by forming synapses with the host tissue [136] and remyelinating the injured axons [137]. In addition, the transplanted iPS-NPCs could also protect the injured cord from secondary damage through immunoregulation and neurotrophic effects [138]. However, in a rat model, most of the grafted cells underwent neural and astroglial differentiations, while a small portion of them retained stemness and kept proliferating at the end point. These uncontrolled cells pose a potential tumor formation risk, which could explain the functional decrease shown in the experimental animals [139].
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