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      PREFACE


    


  




  

    Regenerative medicine continues to be a hot and exciting field of research. In chapter 1, Shinoka et al. review a short history of organ and tissue regeneration, including recent breakthrough advances in the regeneration field, and the current state of vascular tissue engineering. The field of regenerative medicine is progressing with an accelerating pace; the prospect of using stem and progenitor cells clinically for vascular regeneration in treating vascular and ischemic diseases is on the horizon. Zeng et al. comprehensively describe the mechanisms of signaling and translation of stem/progenitor cells in vascular regenerative medicine in chapter 2.




    Fortin et al., in chapter 3, cover the field of functional integration of neural tissue grafted in animal models of CNS disease. The review comprises conventional and novel procedures that are being used to treat CNS disorders with neural tissue.




    In chapter 4, Schulze et al. summarize the functionalized 3D scaffolds for template mediated biomineralization in bone regeneration. They describe both conventional and recent development in guided bone tissue engineering.




    Regenerative medicine has undergone major exciting advances over the last few years in the treatment of ocular diseases. Valdez-Garcia et al., in chapter 5, discuss recent development and as well as future prospects by using available bioinformatic tools for corneal endothelium differentiation. In the last chapter of this volume, Agorastou and Tsoulfas present the therapeutic strategies and the advances made in the management of hepatocellular carcinoma (HCC) using stem cells.




    We hope that the readers will enjoy reading this volume which covers many important stem cell and regenerative medicine research. We would like to express our sincere thanks 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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      Tissue Engineering in Vascular Medicine


    


  




  

    

      Introduction




      Tissue engineering has boundless potential for ameliorating patient outcomes who suffer from cardiovascular diseases, especially patients with congenital cardio-vascular anomalies. Congenital cardiovascular anomalies are the most common birth defect in America. Roughly 1% of all newborns is born, each year, with a congenital cardiovascular defect and, despite the significant advances in the surgical treatment of congenital cardiovascular conditions in the newborn period, congenital cardiovascular anomalies remains a leading cause of mortality in the pediatric population. Congenital cardiovascular reconstructive operations are




      created to maintain vascular continuity. They accomplish this through employing synthetic implants such as vascular grafts, valves, or patches. However, there are several associated complications in using these synthetic materials such as: thrombo-embolic events, infection, lack of growth potential, ectopic calcification and neointimal hyperplasia (which is related to poor durability of the synthetic implant). These aforementioned events are the six most common causes of illness and death following reconstructive surgery. In addition, current synthetic materials used in congenital operations, such as Goretex® or Dacron®, lack growth potential and require successive surgeries to continuously increase the size of the graft (by removing and implanting a larger graft) as the patient grows. Tissue engineering has the potential to drastically improve or even eliminate complications from using synthetic grafts through implanting a tissue engineered biologically active graft, instead of a synthetic graft, during the surgical operation. Tissue-engineered vascular grafts (TEVGs) are particularly attractive for repairing pediatric congenital cardiovascular anomalies because they have the ability to integrate with the host tissue, remodel from stress changes due to the hemodynamic environment, and grow with the patient; TEVGs also lack immunogenicity and have a lower incidence of infection.




      Our team was the first in the world to implant TEVGs clinically in the pediatric population for the correction of congenital heart disease via an initial clinical trial involving 25 children; we successfully confirmed the TEVGs significant potential in a late-term follow up assessment [1 - 3]. The results of this study were promising and, after returning from the bedside to the bench and back, we further elucidated several of the findings behind the success of that first trial. Herein, we discuss our important findings, such as: materials for TEVG composition, methods to create TEVGs, the mechanism behind TEVG technology, and our unique experience at the forefront of TEVG clinical investigations.




      

        A Brief History of Tissue Engineering




        The initial concept of regenerative engineering, or tissue engineering, was proposed in the mid-1980s. At the time, a shortage of suitable donor organs was high and tissue engineering was proposed as a way to seek a solution to the problem. In 1993, Langer and Vacanti, pioneers of this new and exciting field, classified tissue engineering as an endeavor that required help across many disciplines, i.e. an interdisciplinary field, with the goal of creating new biological tissue to restore the function of diseased tissues or organs [4]. Tissue-engineered tissue is similar in function to host tissue in that it consists of the extracellular matrix (ECM), cells, and the signaling systems. The task of tissue engineering is to use three main components: 1) a scaffold material, 2) a cell type, and 3) biochemical and physio-chemical signaling to induce new biological tissue formation. How those three components are combined is discussed in further detail below.


      




      

        Scaffolds Used in Tissue Engineered Grafts




        The TEVG scaffold provides a three dimensional structure for optimal cellular attachment to the scaffold, cell infiltration into the scaffold, and cell proliferation within the scaffold. So as not to induce an immunological response, the materials used in making the scaffold must be: 1) biocompatible to reduce inflammation, 2) possess biomimetic properties to stimulate cell proliferation, and 3) are created to have an architecturally porous structure that facilitates cellular infiltration. These three aspects of the TEVG scaffold will better help stimulate neotissue formation and subsequent integration with the native tissue [5, 6]. The scaffolds that best satisfy these requirements are made from biodegradable polymers and/or natural ECM based materials and are regularly used as the scaffolding material for TEVGs.




        

          Biodegradable Polymers for Tissue Engineered Grafts




          The goal of biodegradable polymer scaffolding is to serve as temporary architecture for cells to infiltrate and proliferate. While degrading, these polymers produce fragments which lead to a loss in their mechanical properties. This loss in mechanical properties is followed by a continuous decrease in their mass when compared to their volume (mass/volume). In addition, a crucial first step in designing a regenerative scaffold is in the selection of an appropriate scaffolding material. This selection is determined based on a group of factors such as the materials biodegradability, biocompatibility, and mechanical properties (Table 1). Several biodegradable polymers, such as poly (ε-caprolactone) (PCL), poly (lactic acid) (PLA), and poly (glycerol sebacate) (PGS), have been investigated for TEVG applications. PCL and PLA have a successful clinical application history and are thus commonly used to construct vascular scaffolds [7]. Both PLA and PCL are maintained for a long period in the body due to their hydrophobic properties. Combining PCL and PLA with other degradable synthetic polymers will create copolymers where the degradation time and mechanical properties can be better adjusted for optimal performance of the graft, such as with poly (lactide-co-ε-caprolactone) (PLCL) which allows for fine adjustments of degradation rates and mechanical properties (Table 1). For instance, we have studied and confirmed the feasibility of using in-vivo small-diameter PLA-PLCL arterial grafts in the high-pressure arterial environment [8]. Slow polymer degradation allows the scaffold to retain its mechanical properties, thus enabling the TEVG to endure the high hemodynamic blood pressure for longer periods; however, this slow degradation also prevented quick cell infiltration, which delayed tissue remodeling. Wu et al. showed good patency and fast tissue remodeling using PGS, the first polymer made exclusively for biomedical implantation, in a rat arterial implantation model.




          

            Table 1 Biodegradable polymers for Tissue-Engineered vascular grafts.




            

              

                

                  	Polymer



                  	Tm



                  	Tg



                  	Initial Tensile


                  Strength (MPa)



                  	Elastic Modulus (GPa)



                  	Elongation at Break (%)

                


              



              

                

                  	PGA



                  	230



                  	36



                  	890



                  	8.4



                  	30

                




                

                  	PLA



                  	170



                  	56



                  	900



                  	8.5



                  	25

                




                

                  	PCL



                  	60



                  	-60



                  	50



                  	0.3



                  	70

                




                

                  	PLCL (LA/CL=75/25)



                  	140



                  	22



                  	500



                  	4.8



                  	70

                




                

                  	PLCL (LA/CL=50/50)



                  	105



                  	-17



                  	12



                  	0.9



                  	600

                


              

            




            

              GPa, gigapascal; MPa, megapascal; PCL, poly(ε-caprolactone); PLCL, poly(l-lactide-co-ε-caprolactone); PGA, poly(glycolic acid); PLA, poly(lactic acid); Tm, melting temperature; Tg, glass-forming temperature.

            




          




          Other materials used for TEVGs that have clear potential for small artery grafts are natural proteins such as chitosan [9] and silk fibroin [10]. These materials can show long-term patency and favorable vessel remodeling. However, this research needs to be expanded into large animal models that have longer life-spans to further understand complete degradation of these grafts.


        




        

          Fabrication Method of Scaffold Materials for TEVGs




          There are several methods used in the construction of a polymer scaffold. However, many of the more popular techniques involve electrospinning, self-assembly, and phase separation. Electrospinning uses electric force to draw charged threads of polymer solutions to create fiber diameters of varying nanometer sizes. The apparatus is comprised of: 1) a voltage source for generating energy (10-30k), 2) a syringe pump that shoots out the fibers through a capillary like a whip, and 3) a grounded target for collecting the entangled polymer chains. The resulting electrospun fabric can be controlled by adjusting the amount of polymer concentration, the solvent type, by varying the voltage, by varying the distance from the tip to collector, and varying the flow rate of the system. By making these alterations the fiber diameter can range from less than 50 nm to over 10 µm [11]. Another benefit of electrospun scaffolds is their unique topographies that have a large surface area to volume ratio. This unique topography allows the electrospun nanofibers to resemble the structural components of native ECM. This improves conditions for cellular attachment and proliferation [12, 13].




          Self-assembly relies on peptide-based fibers that can self-assemble into nanofibers. Many groups have focused on collagen-like and elastin-like structures to produce biomimetic scaffolds due to the elasticity and strength of the vascular tissue determined from the ECM proteins elastin and collagen. The self-assembly of elastin-like and collagen-like materials uses elastin like and collagen like polypeptides to produce bioactive materials which are similar in mechanical properties and architecture to native elastin and collagen [14 - 16]. This assembly of structural protein is exciting; however it does contain limitations including the complexity and cost, which limits its use and availability.




          Phase separation creates a macro-porous scaffold which helps in cell seeding through facilitating cell infiltration [17]. In phase separation a polymer is dissolved into a solvent and a non-solvent is added to create a polymer-poor and polymer-rich emulsion. The emulsion is then snap frozen and lyophilized, which leaves a porous interconnected polymer scaffold. Thermally induced phase separation (TIPS) is a similar strategy. TIPS uses solvents with high melting temperatures, then cools the mixture to the point of solid–liquid or liquid–liquid phase separation. Morphology of the scaffold is controlled by varying certain components in material creation such as the concentration of the polymer, the solvent used, and the cooling rate. For example, high temperatures typically form more platelet-like structures whereas low gelation temperatures typically create more open nanoscale fiber networks.


        




        

          ECM Matrix-Based Natural Materials Used in TEVGs




          Scaffolds composed of biologic ECM proteins have received attention for their biocompatibility and potential therapeutic use. Weinberg and Bell used a collagen gel as the scaffolding material in the first recorded use of a TEVG. This method of research was very innovative at the time; however, though innovative, the collagen graft lacked sufficient strength to withstand the hemodynamic environment of the body, and was therefore unsuitable for implantation [18]. The graft was later reinforcement with the synthetic Dacron® graft and evaluated in vivo in the arterial circulation [19]. Several methods have been investigated for improving the mechanical properties of collagen gels, though none have yielded a sound TEVG [20]. Fibrin holds promise for natural ECM-based scaffolds, because it can induce collagen and elastin synthesis which could improve the mechanical properties of the graft [21]. In addition, endothelialized vessels have been successfully implanted in sheep carotid arteries by combining cell seeding of autologous arterial-derived cells with fibrin gels and biodegradable polymeric scaffolds [22, 23].




          Often times decellularized allograft tissue can serve as a naturally available scaffold. This is used most often with decellularized xenogeneic tissue. Decellularization can be accomplished by treating tissues with a certain combination of detergents, enzyme inhibitors, and buffers. Decellularized tissues contain intact collagen and elastin that is structurally organized and mechanically competent; however the DNA and cellular components have been removed for biocompatibility [24]. These tissues have advantageous mechanical properties and biocompatibility; however some mechanical properties may be altered in the decellularization process [25]. Nevertheless, decellularized materials have been made available for a variety of therapeutic applications. For instance, Kaushal et al. implanted decellularized porcine iliac vessels, that were seeded with endothelial progenitor cells, into ovine carotid arteries [26]. These TEVG constructs remodeled into neotissue and remained patent for up to 130 days whereas the unseeded control group occluded within 15 days. The small intestinal submucosa (SIS) is one of the most widely used decellularized tissues as an ECM scaffold [27]. Small-diameter SIS grafts exhibited a high patency when used in a canine model for replacement of the femoral and carotid arteries [28, 29]. They also had similar mechanical properties to normal arteries [30]. These results suggest that, unless the donor tissue first undergoes complete endothelialization or another biocompatibility modification, decellularized vascular scaffolds are susceptible to early failure. Additionally, in the process of decellularization, exposing elements of the ECM to chemical and physical stresses can adversely affect the biomechanical properties of the ECM, which may ultimately lead to degenerative structural graft failure as was previously mentioned above [31]. Additional limitations include: 1) variability among donor sources, 2) the inability to modify the architecture and content of the ECM, and 3) risk of viral transmission. Quint et al. developed an interesting of decellularization where they used a bioreactor to culture allogeneic aortic SMCs onto a degradable PGA scaffold, then decellularized the tissue, and re-seeded with autologous EC or EPCs on the lumen of the graft [32]. This decellularized graft gradually remodeled in vivo and functioned well as an arterial graft.


        




        

          Sheet-Based Techniques for Building TEVGs




          Sheet-based techniques use autologous cells to create vessels without the use of synthetic or exogenous materials. They accomplish this by first culturing biopsied fibroblasts and ECs on a substrate; then the cultured sheets are carefully removed in contiguous layers, with care to preserve the ECM. These robust cellular sheets are then rolled onto a tubular scaffold to form the TEVG [33]. In one clinical study 10 TEVGs were fabricated using the aforementioned sheet-based tissue engineering methodology and were implanted as arteriovenous shunts for hemodialysis access. Patency was preserved in 7 out of 9 (78%) patients after 1 month and 5 out of 8 (60%) patients after 6 months [34].




          A technique that creates single-cell thickness cell sheets using temperature-responsive culture surfaces has also been reported in the literature [35]. These sheets can be carefully harvested to maintain the intercellular connections, the sheets are then overlaid on each other, thus creating a scaffold free autologous TEVG that can be subsequently implanted.




          Pinnock et al. reported an innovative method for producing customizable, tissue engineered, self-organizing vascular constructs by replicating a major structural component of blood vessels - the smooth muscle layer, or tunica media [36]. They utilized a unique system combining 3D printed plate inserts to control construct size and shape, and cell sheets supported by a temporary fibrin hydrogel to encourage cellular self-organization into a tubular form resembling a natural artery.


        


      




      

        Cell Sources for Seeding Tissue Engineered Constructs




        In tissue engineering, cells are often used in combination with a suitable scaffold. After implantation at the injury site, the scaffold degrades and is replaced by the extracellular matrix that houses the cells; the cells should then proliferate and help create native tissue or neotissue. The ideal cell source for seeding cells on any tissue engineering graft is non-immunogenic, easy to isolate and expand in culture, and can differentiate into the different cell types comprising a vessel. Similar to other fields of tissue engineering, many studies in blood vessel tissue engineering have focused on autologous cells. Below, we will review various cell types and how they are used in tissue engineering.




        

          Matured Somatic Cells for Tissue Engineering




          The growth in tissue engineering is due in large part to the advances in cell biology. Endothelial cells (ECs) and Smooth muscle cells (SMCs) were the first cells used in TEVG research because ECs and SMCs are the main two components of the intima and media layer of blood vessels and are an important component to vessel repair, remodeling, and neotissue formation. ECs are important to blood vessels to maintain thromboresistance, vascular structure, and tone. In addition, ECs synthesize active substances, such as: tissue plasminogen activator, fibronectin, nitric oxide, interleukin-1, and heparin sulfate among others [37]. In 1978, Herring et al. was able to harvest ECs by scraping them from the luminal surface of venous tissue; they then seeded the ECs onto a non-biodegradable prosthetic scaffold, incubated, then implanted the graft in a femoropopliteal artery bypass [38]. The presence of a confluent EC layer on the lumen of the vascular graft enhances its thromboresistance and prevents neointimal hyperplasia development. It accomplishes this through the inhibition of bioactive substances responsible for SMC production, proliferation, and migration. In a study by Meinhart, implantation of Goretex® grafts seeded with endothelial cells resulted in significantly better outcomes than the unseeded control group [39]. Although it is desirable to have a confluent endothelial cell layer on vascular grafts, direct EC seeding is challenging, costly, and may not offer the patient any significant advantage. Similar to endothelial cells, SMCs are an integral part of a healthy blood vessel due to their ability to create the ECM that establishes the mechanical strength and behavior of a blood vessel [40]. Yue et al. implanted a TEVG that was seeded with cultured SMCs onto a biodegradable scaffold into rat aortas [41]. In comparison with unseeded controls, the implanted TEVGs had accelerated neotissue formation. Another interesting technique for creating arterial TEVGs was developed by Niklason et al. at Yale University. In this technique SMCs were seeded onto a biodegradable scaffold made of PGA then cultured in a pulsatile bioreactor for 8 weeks [42]. After the 8 weeks these grafts demonstrated mechanical and physiologic behaviors similar to that of human vessels and are currently undergoing clinical application [43].


        




        

          Stem Cells and Progenitor Cells for Tissue Engineering




          Due to the limited expansion potential of mature somatic cells, recent TEVG research has focused on the use of progenitor cells or stem cells for regeneration. These cells include: mesenchymal stem cells (MSCs), endothelial progenitor cells (EPCs), bone marrow derived mononuclear cells (BM-MNCs), embryonic stem (ES) cells, and induced pluripotent stem (iPS) cells.




          

            Mesenchymal Stem Cells (MSCs) for Tissue Engineering




            MSCs originate from the mesenchyme: embryonic connective tissue derived from the mesoderm. MSCs have several advantages such as their presence within various tissues of the adult body [6]. However, when using MSCs in a clinical setting, the following four properties are considered the most important: (1) their ability to differentiate into several cell lineages, (2) their ability to migrate to inflammatory sites, (3) their ability to stimulating cell recovery from injury and inhibit inflammation (4) and their lack of immunogenicity [44]. A 60-day in vivo study that demonstrated the antithrombogenic property of MSCs was conducted by Hashi et al. using seeded nanofibrous arterial grafts. This study had very good long-term patency and illustrated ECs and SMCs that were well-organized in layers in the TEVG [45]. After TEVG implantation, a major problem in graft patency is thrombosis which may cause acute occlusion of an arterial graft, the antithrombogenic property shown in the aforementioned study illustrated a promising option of using MSCs for TEVG.


          




          

            Endothelial Progenitor Cells (EPCs) for Tissue Engineering




            There are many advances to using EPCs, including their ability to serve as mediators of vasculogenesis at sites of neovascularization and in their ability to be easily isolated via non-invasive sampling of peripheral blood, which helps in a medical regulatory feasibility standpoint [46]. In 1997, CD34 positivity on EPCs isolated from adult human peripheral blood was confirmed by Asahara et al. [47]. Another study by Kaushal et al. used isolated EPCs from sheep peripheral blood and seeded them onto decellularized xenogeneic arterial grafts. Results demonstrated that the EPCs effectively achieved luminal coverage, indicating that EPCs have the ability to endothelialize TEVGs [26]. Allogeneic decellularized grafts seeded with EPCs also showed a resistance to both clotting and intimal hyperplasia [32]. In addition, in a canine model, small-diameter biodegradable arterial scaffolds, seeded with EPC cells, demonstrated favorable biological and mechanical functional properties [9].


          




          

            Bone Marrow Mononuclear Cells (BM-MNCs) for Tissue Engineering




            Bone marrow (BM), located in the hollow of bone, represents an abundant supply of stem cells. Bone marrow mononuclear cells (BM-MNC) are a type of bone marrow cell that has had good success in human studies of TEVG. This may be because 1) they have a large amount of cytokines that may further improve neovascular development and 2) they can differentiate into stages of cells along several lineages. Previously, researchers believed that, following TEVG implantation, the BM-MNC population differentiated into mature vascular cells. Our observations, instead, showed an absence of all seeded BM-MNCs within 1 week [48]. These findings suggested that, via an inflammatory process, the TEVG transforms into functional neovessel in situ [49]. Multiple animal studies have demonstrated the viability of using BM cells as a rational therapeutic option. For instance, in 1996, endothelialization of a TEVG created using BM-derived cells seeded onto a biodegradable graft was demonstrated [50]. In a canine study scaffolds were seeded with BM cells and implanted as inferior vena cava interposition grafts, subsequent results showed that the grafts developed neotissue [51]. Although there are several studies that have shown that BM-MNCs reduce stenosis and give rise to neovessel development, the exact mechanism has not been fully elucidated [49, 52].




            We have clinically translated BM-MNCs seeded biodegradable TEVGs to pediatric patients undergoing extracardiac total cavopulmonary connection (TCPC) procedures and our research suggests that this technique is effective and safe to use [1, 3]. Based on the clinical success of our small diameter venous TEVGs, we have expanded our work to apply to small diameter arterial TEVGs which have so far shown good vessel remodeling and patency rates [53, 54].


          




          

            Embryonic Stem (ES) Cells for Tissue Engineering




            Embryonic stem cells, or ES cells, are pluripotent cells that are derived from the early embryo. ES cells were first discovered in 1998; however data on human ES cells are limited and research on human ES cells is still fairly novel [55]. ES are interesting cells because they can 1) differentiate into practically any cell in the body, 2) can proliferate indefinitely, and 3) possess extraordinary proliferative capacity, much more than adult stem cells. These three advantages of ES cells suggest that they might be useful for ex vivo seeding and expansion. In fact, this concept was demonstrated by Shen et al. where they seeded mouse ECs onto a PGA scaffold and confirmed EC monolayer development [56].


          




          

            Induced Pluripotent Stem (iPS) Cells for Tissue Engineering




            iPS cells are an interesting cell source for further discovery, because they can be produced from an individual’s own somatic cells. This solves both the problems with immune rejection and the ethical issues surrounding the use of ESCs. It has also been presented that iPS cells seeded onto a graft may function in a paracrine manner and induce neovascular formation [57]. iPS cells, thus provide an unprecedented opportunity for developing novel approaches for regenerative therapy based on immuno-compatible cells and their pluripotency. Yamanaka et al. was able to use a retrovirus and four genes: Oct3/4, Sox2, c-Myc, and Klf4 to demonstrate the induction of adult fibroblast cells into pluripotent stem cells [58]. iPS cells and ES cells are similar in many aspects such as: proliferation, morphology, telomerase activity, gene expression, surface antigens, and epigenetic status of pluripotent cell-specific genes, but differ with respect to: differentiation potential, epigenetic modification, and lifespan [59]. iPS cells that are differentiated and expanded ex vivo, may be an effective cell source for the construction of TEVGs; however, researchers have yet to demonstrate whether or not iPS cells differentiate into mature vascular cells on the scaffold where it counts the most, in vivo. Even though iPS cells introduce an avenue of discovery, several obstacles must be overcome prior to the application of iPS cells in TEVG operations, one of the most devastating being the potential for undifferentiated seeded iPS cells to form teratomas after implantation.


          


        


      




      

        Mechanism of Neotissue Formation in TEVG Remodeling






        

          Inflammatory Mediated Process




          During TEVG regeneration macrophages located in the TEVG release a variety of growth factors, cytokines, and chemokines, In addition, macrophage-derived signaling molecules induce migration of native endothelial cells and smooth muscle cells (SMCs) into the scaffold. As scaffold degradation begins, fibroblasts, SMCs, and macrophages start to deposit proteins into the ECM. In addition, the ECM continues to undergo remodeling as the neotissue of the TEVG forms. Over time, scaffold characteristics no longer determine the biomechanical properties of the neovessel. These properties are instead characterized by its makeup of elastin and collagen [60]. The end result is a completely transformed TEVG composed mostly of neotissue that has similar biomechanical, cellular, and physiologic characteristics of a native vessel.




          Monocyte and macrophage mediated inflammation not only plays an important role in the development of neotissue formation, it also heavily determines stenosis within a bioresorbable vascular graft (Fig. 1) [49]. Controlling monocyte and macrophages is thus highly important in creating patent TEVGs. Research has shown that the administration of liposomal clodronate depletes monocytes and macrophages in vivo. Hibino et al showed that after liposomal clodronate was administered in a murine IVC TEVG implant model, the neotissue formation and vascular repair was effectively suppressed, demonstrating the importance of monocytes/macrophages in TEVG tissue remodeling [52]. On the other hand, excessive macrophage infiltration produces neotissue hyperplasia, which led to occluded/stenotic grafts.


        




        

          Endothelial-to-Mesenchymal Transition




          In cell differentiation progenitor cells transform from immature to mature cell types via a well-worn pathway. However, endothelial-to-mesenchymal transition (EndMT) is a complex process, where endothelial cells lose their adhesion and cellular polarity, yet gain migratory and invasive properties as they develop into SMC-like and fibroblast-like mesenchymal cells [61]. EndMT has been shown to occur in organ fibrosis, wound healing, and vein graft remodeling [62]. The EndMT contribution to vascular neotissue and stenosis formation has been demonstrated during TEVG remodeling [63]. EndMT is thought to be driven by TGF-β in both a SMAD-dependent and independent manner [64, 65]. For this reason anti-TGF-β therapy has been studied for its potential utility to prevent TEVG stenosis.
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            Fig. (1))


            Proposed mechanism of neovessel formation after implantation of a cell-seeded biodegradable scaffold. 1) Early pulse of monocyte chemoattractant protein-1 (MCP-1) and related cytokines from seeded bone marrow-derived mononuclear cells (BM-MNCs) enhances early monocyte recruitment to the scaffold. 2) Infiltrating monocytes release multiple angiogenic cytokines and growth factors.

          


        


      




      

        Developing Arterial TEVGs




        Atherosclerotic cardiovascular disease (CVD) is a systemic narrowing and hardening of arteries. Atherosclerotic CVD includes conditions such as carotid artery stenosis, coronary heart disease, and peripheral arterial disease. Because of this, atherosclerotic CVD is a leading cause of impacted quality of life and possibly even death for millions of people in the world. Surgical intervention using autologous venous or arterial grafts is the most common corrective procedure. However, either as a result of their underlying vascular disease or previous surgery, many patients lack suitable donor tissue. For patients who do have suitable donor tissue, using an autologous graft leads to a longer operative time and an increased risk of infection. An alternative strategy is to use synthetic materials like expanded polytetrafluoroethylene (ePTFE, Goretex®) and polyethylene terephthalate (PET, Dacron®). Even so, this approach has limited effectiveness when applied to small-diameter (<6 mm) arterial grafts due to various complications such as calcium deposition, thrombosis, stenosis, the persistent need for anticoagulation therapy, and increased risk of infection. Therefore leaders in the medical field turned toward tissue engineering to address the critical need for a more viable long-term solution.




        The first human clinical trial investigating TEVGs as inferior vena cava interposition conduit in pediatric patients with congenital heart defects began in 2001 [1]. There are several advantages for the application of TEVG in a low-pressure environment (<30mmHg) such as growth potential, favorable biocompatibility, and low risk of rejection or infection. However, to apply TEVGs to an arterial system, the scaffold must withstand mechanical loadings akin to the hemodynamic environment of a native artery such as durability, shear stresses, arterial pressure, and compliance. In addition, so as not to induce an immunological response, TEVG materials must also be biocompatible [6]. Our group confirmed the viability of biocompatible TEVGs, with and without cell seeding, in a small diameter arterial model [8, 53]. Other groups have also demonstrated the efficacy of using various TEVG types without cell seeding for small-diameter arterial grafts [66, 67]. Similarly, electrospun TEVGs implanted in an arterial implantation model have shown good mechanical and surgical properties with high patency rates [49]. Also, the electrospinning technique has enabled nanofiber-based scaffold production and has shown promise for arterial TEVG fabrication [5]. In the following sections we will introduce scaffold materials for arterial TEVGs, the electrospinning technique, the cell component and sources for arterial TEVGs, the remodeling process, and calcific deposition.




        

          Scaffold Materials for Arterial TEVGs




          The characteristics we look for in small-diameter arterial TEVGs are similar to the characteristics we look for in vein TEVGs. These characteristics are that they should be: 1) readily available (“off-the-shelf”), 2) biocompatible, 3) easily implanted, 4) able to transform into neotissue comparable to native arteries, and 5) resistant to ectopic calcification, aneurysmal dilatation, and thrombosis [68]. Biodegradable, porous PLCL sponge-type scaffolds, reinforced with PGA mesh, have been successfully applied clinically in low pressure environments [69]. Mikos et al. and Jeong et al. showed that a 50% L-lactide and 50% ε-caprolactone PLCL co-polymer had high elasticity and was suitable for tissue-engineering applications [70, 71]. PLCL sponge type scaffolds show promise as arterial scaffolds due to their elastic properties, though outer layer reinforcement is required to withstand arterial pressure [72]. While the slow degradation of certain polymers aids in mechanical property retention, it consequently results in undesirable delayed tissue remodeling. However, using a sponge type scaffold composed of the fast degrading poly (glycerol sebacate) (PGS) elastomer, Wu et al. was able to demonstrate rapid tissue remodeling; in a rat arterial implantation model, the PGS scaffold displayed good patency and favorable vessel remodeling [66].


        




        

          Electrospinning Technique




          Electrospinning technologies have shown promise with regards to arterial scaffold fabrication (Fig. 2) [73]. Small-diameter electrospun scaffolds composed of PCL [74] and PLCL [75] have shown high patency rates and good mechanical and surgical properties with an arterial implantation model. However, PLCL and PCL scaffolds displayed poor cellular migration into the scaffold, causing foreign body reactions and prolonged neotissue remodeling. Cell migration into the scaffold was likely inhibited by the tight-knit nanofiber construction and small-fiber diameter (≤1μm). On the other hand, electrospun thick-fiber PCL scaffolds with large pores (~40 µm), enhanced the vascular regeneration and remodeling process by mediating M2 phenotype macrophages, generally defined as anti-inflammatory macrophages, polarization [76]. Furthermore, electrospun nanofibers show great promise in controlled drug release which may eventually lead to cell-free TEVGs [75, 77].
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            Fig. (2))


            Representative electronic microscope images of electrospun poly(lactic acid) (PLA) nanofiber. Electrospinning technique enables the production of nanofiber-based scaffolds, which improves cellular infiltration and endothelialization over standard synthetic grafts.

          


        




        

          Cell Component for Arterial TEVGs






          

            Endothelial Cells (ECs)




            ECs possess several physiologic functions in vivo, including: angiogenesis induction, thromboresistance, transport of blood constituents, and blood pressure control via vasodilation/vasoconstriction. The prevention of neointimal hyper-plasia is another important EC function in TEVG tissue remodeling. ECs are able to prevent neointimal hyperplasia through the inhibition of bioactive substances responsible for ECM production as well as SMC migration and proliferation.




            A vital and primary step toward the development well-organized TEVG neotissue formation is the development of a confluent endothelial monolayer; however, mature ECs do not have a large capacity for regeneration. Mature ECs can no longer divide after about 70 cell cycles. In humans, currently available graft implants show limited EC ingrowth that typically does not extend 2 cm beyond the anastomoses site [78]. The observed number of ECs found on the luminal surface in synthetic grafts was less than 10% of that seen in native vessels [79]. EC seeding has been applied to synthetic arterial grafts for better graft surface endothelialization. However, the clinical efficacy of seeding EC to produce patent synthetic grafts remains a controversial subject [39]. As a result, the main hurdle for the clinical application of arterial TEVG is the safekeeping of ECs from damaging factors, such as oxidative and sheer stresses.


          




          

            Smooth Muscle Cells (SMCs)




            As mentioned in the previous section, SMCs ultimately defines the mechanical properties of blood vessels as they are the predominant component of the ECM complex and are therefore an integral component of a stable and functional blood vessel [18]. Yue et al. showed that, in comparison to the unseeded controls, seeding of cultured SMCs onto biodegradable scaffolds implanted in rat aortas had rapid neomedia growth [41]. Niklason et al. seeded SMCs onto a PGA scaffold, cultured it in a bioreactor in vitro for two months, and then implanted it in-vivo [42]. Not only were these vessels robust, they also demonstrated mechanical and physiologic functions similar to human vessels; these vessels are currently under clinical investigation [43].




            SMCs are complex cells capable of switching phenotypes (i.e. contractile to synthetic) when exposed to various stimuli [80]. In the vascular wall a synthetic SMC is characterized by its migration, proliferation, and ECM synthesis. These dedifferentiated SMCs can be identified by detection of α-SMA expression. α-SMA expression is detectable early in the developing vasculature [81]. In contrast, contractile SMCs are distinguished by the expression of the smooth muscle-myosin heavy chain and have less proliferation potential [81]. Degradation products from PGA are thought to induce synthetic SMC differentiation. Similarly, these factors can also play roles in SMC phenotype determination: scaffold geometry, biochemical stimulation, and mechanical stimulation. Although, synthetic SMCs are necessary for neovessel development during the remodeling process, excessive synthetic SMCs may induce neotissue hyperplasia which can lead to TEVG stenosis.


          




          

            Extracellular Matrix (ECM)




            As mentioned previously the ECM is predominantly comprised of elastin, collagen type I and III, and proteoglycans. Tensile stiffness, elasticity and compressibility are mechanical properties relevant to arterial vessel function. Collagen provides ECM with the tensile strength to resist rupture, elastin confers elasticity to arteries and proteoglycans contribute to ECM compressibility [82, 83]. The ECM undergoes continuous remodeling as the scaffold degrades.




            It is important to discuss elastin further because elastin is considered the most important component of the ECM in the arteries. Elastin is an autocrine regulator of vascular SMC activity, it confers elasticity to the arteries, it stretches under loading to prevent dynamic tissue creep, and recoils back to its original shape after the load is released. In addition, its regulatory effects of elastin help prevent fibrocellular pathology [84]. However, one limitation is that, elastic matrices are difficult to repair due to 1) inefficient crosslinking of tropoelastin, the precursor to the elastin molecule, into an elastic matrix, 2) poor tropoelastin synthesis by adult cells, and 3) continued organization into elastic fibers [84, 85]. Therefore it is important to understand elastin to better use elastic materials and tropoelastin coatings on scaffolds for better TEVG performance.


          


        




        

          Cell Source for TEVG Remodeling




          It was recently discovered that neotissue cells are not derived from seeded cells and since then several sources have been introduced for the spontaneous in vivo SMC proliferation and endothelialization of TEVGs including: 1) migration of circulating cells from the luminal surface of TEVGs, 2) transmural ingrowth of native capillaries that are outside the grafts, and 3) transanastomotic outgrowth from native blood vessels that are adjacent to the graft [51].




          

            Migration of Circulating Cells from the Luminal Surface of TEVGs




            CD34+ endothelial progenitor cells (EPCs) can differentiate into mature ECs and can be found in the circulating blood stream [47]. CD34+ EPCs also participate in postnatal neovascularization [86]. EPCs were seeded onto decellularized xenogeneic arterial grafts and effectively achieved luminal coverage indicating that EPCs possess the ability to endothelialize TEVGs [26]. BM cells may bring other vascular progenitor cells to the TEVG that contribute to vascular remodeling [87]; a stromal cell-derived factor-1α/heparin coating was applied to a TEVG to increase EPC and progenitor SMC migration from the peripheral blood onto the luminal surface [88]. The results showed that the coated TEVG had accelerated SMC differentiation and endothelialization.


          




          

            Transanastomotic Outgrowth from Native Blood Vessels that are Adjacent to the Graft




            The principal source of SMCs and ECs in implanted TEVGs is transanastomotic outgrowth from the adjacent blood vessel [48]. However, after implantation, transanastomotic outgrowth gradually slows down [89] and typically does not extend more than 2 cm beyond the anastomoses [78]. Transanastomotic outgrowth provides sufficient endothelial coverage for short vascular grafts in small animal models and transanastomotic intimal hyperplasia is a major contributor to graft failure. Therefore other cell sources are necessary to obtain favorable endothelialization and SMC proliferation in longer grafts.


          




          

            Transmural Ingrowth of Native Capillaries that are Outside the Grafts




            By using a unique looped interposition graft model transanastomotic outgrowth was clearly distinguished experimentally from transmural endothelium ingrowth and provides another realistic mechanism of spontaneous in vivo endo-thelialization [89]. Capillaries provide sources of SMCs and luminal endothelium and can penetrate the graft wall. Moreover, capillaries can have rapid coverage of porous synthetic graft surfaces [79]. Interestingly, the tight knit electrospun nanofiber by itself, or used as sheath for added mechanical strength, may restrict cell migration and/or transmural capillary ingrowth from outside the graft.


          


        




        

          Tissue Remodeling Process in Arterial TEVGs




          It is important to study the mechanisms underlying vascular neotissue formation in TEVG remodeling at the cellular and molecular level because a clear understanding of the process of neotissue formation is critical for the rational design and continued improvement of TEVGs. Neovessel formation is a dynamic process characterized by cellular scaffold infiltration, scaffold degradation, and ECM deposition. Understanding the tradeoff between neotissue formation and scaffold degradation is important when TEVGs are applied to the hemodynamic environment of the high pressure arterial circulation system.




          Collagen type I and III deposition increases gradually after graft implantation. The following characteristics characterize vascular neotissue formation within 6 weeks post-implantation: lack of elastin, partial endothelialization of the scaffold, and SMC proliferation in the medial layer [8]. Within 4 months post-implantation favorable endothelialization and elastin deposition are achieved which is important to note because, as mentioned previously, the elastic matrix is responsible for providing compliance for systolic stretch [90]. The most prominent MMP type present during the foreign body inflammatory response is MMP-9, is shown in an acute phase of neotissue formation, and is the primary cellular component during the early stages of arterial TEVG remodeling. Moreover, the migration of SMCs is dependent on both MMP-9 and MMP-2. MMP-2 is primarily produced by mesenchymal cells in the inflammatory process and peaks during the late phase of neotissue formation. However, MMP activity in the arterial TEVG model is prolonged when compared to the venous model because of fiber remnants.


        




        

          Calcific Deposition




          A potentially fatal long term complications in implants are their susceptibility to calcification during neovessel remodeling. The role that scaffold architecture has on long-term calcific deposition in arterial TEVG neotissue formation is unknown. Chondroid metaplasia contributes to arterial TEVG calcification; however, the precise mechanisms that cause osteogenic differentiation during atherosclerosis development are still unknown [91]. Vascular SMCs can undergo osteogenic calcification and differentiation [92, 93]. However, an interesting fact is that normal vascular SMCs have the potential to prevent calcium deposition because these SMCs express transcription factors of both osteogenesis and osteoclastogenesis. Therefore, it seems that neointimal SMCs are required to maintain the balance of osteogenesis and osteoclastogenesis.




          Another key component to consider in tissue remodeling of TEVGs is the scaffold degradation period [66]. After one year Allen et al. reported that fast degrading grafts had a rapid remodeling process that developed into well-organized neotissue with no incidence of calcification [94]. Consequently, slow degradation of grafts has been shown to have prolonged foreign body reactions and calcified deposition.


        


      




      

        Clinical Application of TEVGs




        Prosthetic materials lack growth potential. Additionally, non-degrading prosthetic grafts are prone to thrombosis and infection. By use of the classic tissue engineering paradigm, we herein introduce the long-term results of a 25 patient clinical trial with single ventricle physiology that underwent implantation of TEVGs as extracardiac total cavopulmonary connections (TCPCs) (Fig. 3A).




        

          Scaffold Fabrication




          A tubular scaffold composed of a woven PGA and PLCL fabric was constructed as previously described [95]. The diameter size of the scaffold was selected (range, 12–24 mm) on the basis of hemodynamics and vessel size. The scaffolds used in this study were 13 cm long and 0.6 - 0.7 mm thick. During the surgical procedure the length of the scaffold was modified as necessary to accommodate each patient's anatomy.


        




        

          Cell Collection and Scaffold Preparation




          When the patient was under general anesthesia, bone marrow (5 mL/kg body weight) was aspirated from the anterosuperior iliac spine; this took place before median sternotomy for the definitive operation. The mononuclear cell component of the marrow was collected with Histopaque-1077 (Sigma Chemical Co., St. Louis, MO) centrifugation. These cells were seeded onto the scaffold and the seeded scaffold was incubated for 2 hours before implantation in diluted autologous plasma.
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            Fig. (3))


            A: A schematic of extracardiac total cavopulmonary connections (TCPCs). B: A representative 3D-CT image 1 year after implantation. SVC: superior vena cava, IVC: inferior vena cava, PA: pulmonary artery, TEVG: tissue-engineered vascular graft.

          


        




        

          Surgical Implantation




          In 2001, Tokyo Women's Medical University approved the implantation of TEVGs in human subjects with the following criteria used for screening of the patients: this was an elective surgery, full understanding of the procedure by the patient or family, the patients were younger than 30 years of age, and the patients had minimal extracardiac disease burden. Before proceeding, informed consent was obtained from each patient or from the parent/guardian if the patient was a minor. Twenty-five patients underwent an extracardiac total cavopulmonary connection (TCPC) using a TEVG from September 2001 to December 2004. The median patient age was 5.5 years (range 1–24 years). The mean patient body weight was 19.5 kg (range 7.5–51.6 kg). Body weight and age were taken at the time of operation. Warfarin sodium and aspirin anticoagulation therapy was started 2 days post-surgery and continued for 3 to 6 months. Patients were monitored radiographically with transthoracic echocardiography, multislice CT, cineangiography, or MRI angiography. All patients results were follow up postoperatively.


        




        

          Results




          We defined early results as clinical and radiographic events within 30 days of patient discharge. At that time all patients were living and free of symptoms. Postoperative imaging demonstrated that all TEVGs were patent with no evidence of aneurysmal dilation, stenosis, or thrombosis of the TEVG.




          During the follow-up period (range, 4.3–7.3 years; mean, 5.8 years), there was no graft-related mortality. All patients underwent a catheterization-based angio-graphic study, CT, or MRI which showed no evidence of ectopic calcification, aneurysm formation, or graft rupture in any graft (Fig. 3B). Four patients died of causes unrelated to the graft during the follow-up period and individual imaging in the months before their deaths showed a patent TEVG. Six (24%) of the patients had graft narrowing and four of those six underwent successful balloon angioplasty (Table 2).




          

            Table 2 Patient late-term status after TEVG implantation.




            

              

                

                  	Patient



                  	Age at Operation (year)



                  	Graft Type



                  	Graft Size (mm)



                  	Graft-related Complication

                


              



              

                

                  	1



                  	2



                  	PLA



                  	16



                  	None

                




                

                  	2



                  	1



                  	PLA



                  	20



                  	None

                




                

                  	3



                  	7



                  	PLA



                  	18



                  	Stenosis

                




                

                  	4



                  	21



                  	PLA



                  	24



                  	None

                




                

                  	5



                  	4



                  	PLA



                  	20



                  	None

                




                

                  	6



                  	12



                  	PLA



                  	24



                  	None

                




                

                  	7



                  	17



                  	PLA



                  	24



                  	None

                




                

                  	8



                  	19



                  	PLA



                  	22



                  	None

                




                

                  	9



                  	3



                  	PLA



                  	12



                  	Stenosis

                




                

                  	10



                  	2



                  	PLA



                  	16



                  	None

                




                

                  	11



                  	2



                  	PLA



                  	20



                  	None

                




                

                  	12



                  	13



                  	PGA



                  	16



                  	Stenosis

                




                

                  	13



                  	2



                  	PGA



                  	16



                  	None

                




                

                  	14



                  	2



                  	PGA



                  	18



                  	None

                




                

                  	15



                  	2



                  	PGA



                  	12



                  	None

                




                

                  	16



                  	2



                  	PGA



                  	16



                  	None

                




                

                  	17



                  	24



                  	PGA



                  	18



                  	None

                




                

                  	18



                  	1



                  	PGA



                  	16



                  	Stenosis

                




                

                  	19



                  	11



                  	PGA



                  	18



                  	None

                




                

                  	20



                  	2



                  	PGA



                  	16



                  	None

                




                

                  	21



                  	3



                  	PGA



                  	16



                  	None

                




                

                  	22



                  	4



                  	PGA



                  	18



                  	None

                




                

                  	23



                  	4



                  	PGA



                  	18



                  	None

                




                

                  	24



                  	13



                  	PGA



                  	16



                  	None

                




                

                  	25



                  	2



                  	PGA



                  	18



                  	None

                


              

            




          


        


      






      

        Perspectives for the Future




        Cardiovascular disease is a leading cause of death in developed countries; however, current surgical procedures to repair damaged tissues rely heavily on autologous blood vessels or synthetic materials. The problem is that many cardiovascular patients do not have acceptable donor tissue for implantation and synthetic grafts are known to have an inability to grow or remodel, have low patency rates, and have a high risk of infection. This is a growing clinical problem due to increasing vascular disease rates and in turn the field of vascular tissue engineering has made several steps towards addressing this issue; however not enough patients are benefiting from this technology. In addition, to be widely accepted, a TEVG must be cost efficient, less invasive, time saving, and have “off-the-shelf” availability. To achieve successful translation to the clinic, tissue engineering requires the concerted, direct, and active participation of clinicians, biologists, and engineers.
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